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Temporal lobe epilepsy (TLE) is a severe chronic neurological disease caused by abnormal discharge of neurons in the brain and seriously affect the long-term life quality of patients. Currently, new insights into the pathogenesis of TLE are urgently needed to provide more personalized and effective therapeutic strategies. Accumulating evidence suggests that sphingosine kinase 1 (SphK1)/sphingosine 1-phosphate receptor 2 (S1PR2) signaling pathway plays a pivotal role in central nervous system (CNS) diseases. However, the precise altered expression of SphK1 and S1PR2 in TLE is remaining obscure. Here, we have confirmed the expression of SphK1 and S1PR2 in the pilocarpine-induced epileptic rat hippocampus and report for the first time the expression of SphK1 and S1PR2 in the temporal cortex of TLE patients. We found an increased expression of SphK1 in the brain from both epileptic rats and TLE patients. Conversely, S1PR2 expression level was markedly decreased. We further investigated the localization of SphK1 and S1PR2 in epileptic brains. Our study showed that both SphK1 and S1PR2 co-localized with activated astrocytes and neurons. Surprisingly, we observed different subcellular localization of SphK1 and S1PR2 in epileptic brain specimens. Taken together, our study suggests that the alteration of the SphK1/S1PR2 signaling axis is closely associated with the course of TLE and provides a new target for the treatment of TLE.

Keywords: temporal lobe epilepsy, SphK1, S1PR2, astrocyte, neuron


INTRODUCTION

Epilepsy is a common neurological disease characterized by recurrent spontaneous epileptic seizures. According to recent data, epilepsy affects about 65 million people worldwide (Moshé et al., 2015). Temporal lobe epilepsy (TLE) is the most common pharmacoresistant epilepsy type, which accounts for 30–40% of newly diagnosed epilepsy patients (Kwan and Sander, 2004). Numerous neuropathological findings have shown that hippocampal sclerosis (HS) is a representative histopathological alteration in patients with refractory epilepsy, including neuronal loss and gliosis (Lanerolle et al., 2010). Astrocyte, the major glial cell type of mammalian central nervous system (CNS), whose activation is an important cause of chronic epilepsy (Hong et al., 2019). Gliosis, aberrant neurogenesis, and hippocampal network plasticity contributed to an epileptic focus and was considered to involve in the epileptogenesis of TLE (Mathern et al., 1996; Buckmaster and Dudek, 1997; Parent et al., 1997; Robel et al., 2015).

Sphingosine kinase 1 (SphK1) is a key enzyme that catalyzes sphingosine into sphingosine-1-phosphate (S1P), which is located in hippocampal neurons, astrocytes, microglia, and cerebellar granule cells in CNS (Anelli et al., 2005; Yang et al., 2018). S1P acts as a bioactive molecule in an autocrine or paracrine manner that is mediated by five high-affinity G protein-coupled receptors (S1PR1–S1PR5) on the cell membrane, thus regulating a complex network of intracellular signaling pathways (Herr and Chun, 2007; Chun et al., 2010). Recent research on the role of SphK1/S1P receptor signaling has shown that this plays a pivotal role in onset and progression of CNS disorders; for example, the suppression of SphK1 can decrease the production of IL-17 and relieve neuronal damage induced by microglia in cerebral ischemia-reperfusion (IR) or an in vitro oxygen-glucose deprivation reperfusion system, and S1P levels affect hippocampal neuronal cell fate after transient global cerebral ischemia (tGCI) (Su et al., 2017; Rashad et al., 2018). Furthermore, FTY-720, a sphingosine analog that inhibits SphK1 (Paugh et al., 2003), has been used clinically for the treatment of multiple sclerosis as an immune modulatory drug (Racine, 1972). Recently, S1P receptor subtype 2 (S1PR2) activity has been reported to increase the risk of autoimmunity and epileptogenesis (Akahoshi et al., 2011). SphK1 was a critical signal molecular upstream of S1PR2 in the SphK1/S1P receptor signaling pathway in the modulation of proliferation, survival, and apoptosis in many cell types. We have previously described partial expression characteristics of SphK1 and S1PR2 in a pilocarpine rat model, especially in hippocampal astrocytes (Dong et al., 2019). However, the distribution of SphK1 and S1PR2 in pilocarpine epileptic rats and TLE patients have not yet been systematically elucidated.

The study of epilepsy has been dependent on the use of animal models and brain tissues from the patients. Pilocarpine model replicates several phenomenological features of human TLE and is widely used to study the underlying mechanisms of epileptogenesis (Fisher, 1989; Cui et al., 2019). In the present study, we aimed to determine the alteration of SphK1 and S1PR2 expression in the hippocampus of pilocarpine epileptic rats and the brain tissue of TLE patients and focus on the preferential localization of SphK1 and S1PR2 in astrocytes and neurons.



MATERIALS AND METHODS


Experimental Animals

Adult male Sprague-Dawley (SD) rats (8 weeks, 220–240 g, Shandong Lukang Pharmaceutical Co., Ltd.) were used for animal experiments. Rats were randomly divided into control and experimental groups. The Jining Medical University Animal Ethics Commission approved animal studies and all procedures conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978). Rats were fed with standard water/chow and housed in a constant temperature (24 ± 1°C) house and relative humidity (55 ± 5%), under a fixed 12-h light/dark cycle. Rats were euthanized by intramuscular injection of ketamine (10 mg/kg).



Electrophysiology

Rats were anesthetized by an injection of 10% chloral hydrate (300 mg/kg, i.p.) and stabilized in a stereotactic apparatus (RWD Life Science, Co., Ltd., Shenzhen, China). Two stainless steel screws were implanted as reference electrodes into focal lobe skulls using dental cement. The recording electrodes were implanted into the right dorsal hippocampus (2.8 mm lateral and 3.6 mm posterior to bregma) with a depth of 3.6 mm underneath the dura mater (Budantsev et al., 1993; Zhang et al., 2017). The local field potentials (LFPs) were recorded using a multichannel acquisition processor system (Plexon, Dallas, TX, United States). Signals were filtered between 0.1 and 1000 Hz, amplified (1000×) and digitized at 4 kHz, as previously described (Xu et al., 2016). LFPs signals were analyzed with the NeuroExplorer® v4.0 system. The following experiments were performed 7 days after electrodes implantation.



Lithium-Pilocarpine Rat Model

A robust convulsive epileptic seizure was induced in rats by intraperitoneal injection (i.p.) of pilocarpine hydrochloride (30 mg/kg; Sigma, United States), 20 h following the injection of lithium chloride (LiCl) (127 mg/kg, i.p.; Sigma, United States). Scopolamine methyl bromide (1 mg/kg, i.p.; Sigma, United States) was administered 30 min before pilocarpine administration to prevent peripheral cholinergic effects. Seizure severity was evaluated by using the Racine Scale. The control rats were injected with respective of 0.9% saline (Racine, 1972). Electrographic seizure activity was defined as the appearance of high amplitude (>2 times baseline), fast activity (>5 Hz) that lasted more than 5 s. In rats with status epilepticus (SE), 0.5% diazepam (10 mg/kg) was administered to terminate their seizures 60 min after the onset of the motor seizure. Control rats and rats that reached stage IV and V after the epileptogenic insults were sacrificed by 10% chloral hydrate overdose at different time points.



Patient Tissue Collection and Clinical Characteristics

The diagnosis of drug-refractory TLE was based on the International League Against Epilepsy (ILAE) criteria (Engel and International League Against Epilepsy, 2001). The brain samples from sixteen drug-resistant TLE patients and ten control samples (from 2016 to 2019) in this study, primarily from the temporal cortex, were collected from the Neurological Department lab’s established brain tissue bank at the Affiliated Hospital of Jining Medical University. Our study received prior approval by the Ethics Committee of Affiliated Hospital of Jining Medical University, and all patients signed an informed consent. All experiments adhered strictly to the declaration of Helsinki.

All TLE patients underwent extensive presurgical evaluation including a detailed history, a complete general and neurological physical examination, long term video electroencephalogram (EEG) monitoring, neuropsychological testing, and anatomical evaluation by Magnetic Resonance Imaging (3.0T, Siemens, Germany) and PET-CT (GE, United States). These TLE patients experienced three or more seizures per month. Control study used histologically normal temporal cortex from ten patients treated for severe intracranial hypertension after traumatic brain injury (Zhang et al., 2017; Lu et al., 2019). These patients had no seizures after trauma, no history of epilepsy, no exposure to anti-epilepsy drugs or other neurological diseases. The clinical details are summarized in Tables 1, 2.


TABLE 1. Clinical features of patients with drug resistance TLE.
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TABLE 2. Clinical features of the non-epileptic controls.
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Brain Tissue Preparation

Rats used for histochemical staining were deeply anesthetized by intraperitoneal injection of chloral hydrate (300 mg/kg) and transcardially perfused with heparinized 0.9% NaCl solution followed by cold 4% paraformaldehyde (PFA) in 0.1 M PBS. Brains were extracted and postfixed in 4% PFA overnight and then transferred to 30% sucrose in 0.1 M PBS at 4°C until they sank. The coronal brain sections were prepared at the level of the hippocampus. One 5 μm slice was taken every 25 μm. Rats prepared for Western blot analysis were anesthetized with 10% chloral hydrate (300 mg/kg, i.p.), and the brain was then extracted after sacrificed. Fresh hippocampal tissues was dissected from the brain, rapidly frozen in liquid nitrogen, and stored at −80°C until use. The hippocampal sample of each rat was homogenized in pre-cooled RIPA lysis buffer containing 1 mM phenylmethane sulphonyl fluoride (PMSF). The tissue mixtures were vortexed incubated on ice for 10 min. The supernatants were aliquoted after centrifugation at 12000 rpm for 20 min at 4°C and stored at −80°C for subsequent Western blotting. Before Western blotting, total protein concentrations were qualified by the BCA Protein Assay Kit (Beyotime Biotechnology, China).

Human brain tissues were collected immediately after resection and fixed overnight in 4% buffered paraformaldehyde, cryoprotected in 30% sucrose in 0.1M phosphate buffer (PH = 7.40) for 48 h, and stored at −20°C. The fixed human brain tissue was then sectioned at a slice thickness of 5 μm for immunohistochemical staining and double-immunofluorescence labeling. Tissue section slides were stored at −80°C until use.



Western Blotting Analysis

SDS-PAGE sample loading buffer (5X) was added to the protein samples at a volume ratio of 4:1 before incubating them at 98°C for 5 min. Equal amounts of protein extracts (30 μg) were loaded into each lane of 5–12% gradient precast acrylamide SDS-PAGE gel and were separated at 80–110 V for 2 h. After electrophoresis, separated proteins were electro-transferred onto 0.45 μm polyvinylidene difluoride (PVDF) membranes using a constant voltage of 100 V for 1 h. Membranes were blocked in 5% non-fat milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 for 1 h at room temperature and then incubated with monoclonal mouse anti-SphK1 antibody (Santa Cruz Biotechnology, CA, United States; used at 1:1000), mouse anti-S1PR2 antibody (Santa Cruz Biotechnology, CA, United States; used at 1:1000), and rabbit anti-ß-actin antibody (ABclonal, Wuhan, China; used at 1:50000) diluted in TBST (10% goat serum) at 4°C overnight. After incubation, the membranes were rinsed three times for 10 min in TBST. Then the membranes were incubated with HRP-conjugated goat anti-mouse IgG secondary antibody (ABclonal, Wuhan, China; used at 1:10000) or HRP-conjugated goat anti-rabbit IgG secondary antibody (ABclonal, Wuhan, China; used at 1:10000) in blocking solution for 1 h at room temperature, and washed further three times in TBS-T for 10 min. The protein bands were visualized using ECL Western-blot detection reagents (Millipore, United States), semi-quantified using Image J 1.51j8 software (National Institutes of Health, United States), and normalized to the corresponding band intensity of ß-actin.



Immunofluorescence Staining

For immunofluorescence staining, tissue sections were washed with 0.1 M PBS for 10 min at room temperature. After rinsing with PBS, tissue sections were blocked with 10% normal goat serum in 0.1 M PBS containing 0.3% Triton X-100 for 2 h at room temperature and then incubated with the following primary antibodies overnight at 4°C, rabbit anti-SphK1 (Abcam, Cambridge, MA, United States; used at 1:500), mouse anti-SphK1 (Santa Cruz, United States; used at 1:500), mouse anti-S1PR2 (Santa Cruz Biotechnology, CA, United States; used at 1:500), rabbit anti-GFAP (Abcam, Cambridge, MA, United States; used at 1:1000), and rabbit anti-NeuN (Abcam, Cambridge, MA, United States; used at 1:1000). On the following day, tissue sections were washed three times for 10 min in 0.1 M PBS and then incubated for 2 h at room temperature with donkey Anti-Rabbit IgG H&L (Alexa Fluor® 488, Abcam, United States; used at 1:500), and goat anti-mouse IgG H&L (Alexa Fluor® 647, Abcam, United States; used at 1:500) conjugated secondary antibodies. Following this incubation period, tissue sections were washed three times with 0.1 M PBS for 10 min and then mounted with Vectashield DAPI Hardset mounting medium (Solarbio, China). Immunofluorescence staining pictures were captured employing a LSM800 confocal microscope (Zeiss, Germany).



Immunohistochemistry

Frozen tissue sections were washed with 0.1M TBS for 10 min at room temperature. Antigen retrieval was achieved by microwaving the sections in 0.01M sodium citrate buffer for 10 min. Between all steps, the tissue sections were washed thoroughly using 0.1M TBS. Tissue sections were blocked with 5% BSA for 30 min at 37°C and followed by incubation with primary mouse anti-SphK1 antibody and mouse anti-S1PR2 overnight at 4°C. The next day, tissue sections were incubated with biotinylated-conjugated goat anti-mouse for 2 h at 37°C, followed by streptavidin-biotin complex (SABC) for 1 h at 37°C. Color reactions were performed using 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium (BCIP/NBT). Tissue sections were air-dried and sealed with coverslips using the water-soluble mounting medium. SABC-AP kit was supplied by Boster Biological Technology (Wuhan, China). Images were acquired using an ordinary microscope (Carl Zeiss A1, Jena, Germany), and accompanying software for image acquisition.



Quantification of Immunofluorescence Intensity and Image Analysis

Immunofluorescence quantification was performed using Image J software, following the Image J User Guide1 (NIH, Bethesda, MD). For calculating GFAP-positive cells, SphK1-positive cells, and S1PR2 -positive cells, five brain slices of each sample were analyzed in histological analysis using the Image J cell counting plugin tool (Chen et al., 2019; Tozaki-Saitoh et al., 2019).



Statistical Analysis

All data from this study are presented as mean ± SD. The statistical analyses were performed using the statistical software SPSS, version 24.0 (Chicago, IL, United States), and GraphPad Prism software, version 8.2.1 (San Diego, CA, United States). One-way analysis of variance (ANOVA) with LSD post hoc test was used for multiple comparisons. Two-group analysis was performed using the Student’s t test. Clinical characteristics were compared between groups with the use of Student’s t-test or Fisher’s exact test. A value of P < 0.05 was accepted to indicate a statistically significant difference.



RESULTS


Behavior and Seizures in the Pilocarpine Rat Model

No obvious abnormal behavior was observed in rats after LiCl treatment. Within 10–15 min after the administration of pilocarpine, all rats developed a series of peripheral cholinergic symptoms, including pupil narrowing, diarrhea, mild tremors, salivation, weeping blood, and stereotype of movements such as paw licking, sniffing, and wet dog shakes at onset. About 20 min after pilocarpine injection, most rats experienced continues Racine’s stage IV-V seizures (Racine, 1972), characterized by rearing, falling, and generalized convulsions. After 60 min from SE onset, SE was quelled by the administration of diazepam (10 mg/kg, i.p.). Rats were individually housed in cages for further experiments. The pilocarpine rats experienced severe epileptic seizures during the first 72 h after pilocarpine administration (Figure 1). Rats were killed at different time points, corresponding to the period of epileptogenesis: the acute phase (6 h post-SE, 1 day post-SE, 3 days post-SE) (the rats experienced epileptic seizures), the latent phase (7 days post-SE) (the rats in this group did not display seizures between 4 days post-SE and 7 days post-SE), the chronic phase (30 days post-SE, 56 days post-SE) (the rats in this group presented recurring spontaneous seizures). No seizures were observed in rats from the control group.


[image: image]

FIGURE 1. LFPs signals in hippocampal CA3 region in response to SE induction. (A) LFPs recordings in control rats. (B) Representative recordings of pilocarpine induced SE in epileptic rats. (C) Representative recordings of the pilocarpine induced chronic spontaneous seizures (day 30 after SE).




Clinical Characteristics

In this study, the examination of age, gender, and surgical resection site showed no significant difference between the subjects in the control and drug-resistant TLE groups. The control group included six males and four females with an average age of 27.0 ± 8.9 years. For the TLE group patients, the mean age was 26.6 ± 12.9 years, the mean duration of epilepsy was 11.2 ± 7.6 years, and contained nine males and seven females.



Astrocyte Activation in Epileptic Rats and TLE Patients

Glial fibrillary acidic protein (GFAP) is an intermediate filament predominantly expressed in astrocytes in the CNS (McCall et al., 1996). Astroglial activation is generally characterized by astrocyte hypertrophy, proliferation, and an increase in GFAP (Anderson et al., 2014). The expression of GFAP in epileptic rats and TLE patients was determined by immunofluorescence to elucidate the astrocyte reaction involved in epilepsy. Immunofluorescence analysis confirmed that astrocytes exhibit a strong increase of GFAP and hypertrophy in rat hippocampus 7 days post-SE and in the temporal cortex of TLE patients (Figures 2A,B). Quantitative analysis with Student’s t-test revealed that the mean optical density (OD) value of GFAP immunoreactivity in the rat hippocampus and in the TLE patient temporal cortex was significantly higher than that of the control group (Figures 2D,F) (∗∗P < 0.01). Further, there was a significant increase in the number of GFAP-positive cells in the rat hippocampus 7 days post-SE and the temporal cortex of TLE patients (Figures 2C,E) (∗P < 0.05, ∗∗P < 0.01).
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FIGURE 2. Astrocyte activation in the hippocampal section of pilocarpine-induced epileptic rats at day 7 after SE and the temporal cortex specimens of drug-resistant TLE patients. (A) Immunofluorescence staining showed the activation of astrocyte in the epileptic rat hippocampus. SR, stratum radiatum; GCL, dentate granule cell layer. Scale bar = 50 μm. (B) Immunofluorescence staining demonstrated the activation of astrocyte in the TLE patient temporal cortex. Scale bar = 50 μm. (C) GFAP positive cell number in rat hippocampus. (D) Quantitative analysis of the mean OD value of GFAP positive cells in rat hippocampus. (E) GFAP positive cell number in the patient temporal cortex. (F) Quantitative analysis of the mean OD value of GFAP-positive cells in the patient temporal cortex. Data are presented as mean ± SD (n = 4). Student’s t-test, ∗P < 0.05, ∗∗P < 0.01, versus the control group.




SphK1 and S1PR2 Expression in the Hippocampus After Pilocarpine Treatment

Consistent with our previous study, we first investigated whether epileptic seizures could affect the expression of SphK1 and S1PR2 protein levels (Figure 3A). We performed Western blot analysis to assess the temporal dynamics of SphK1 and S1PR2 protein levels in the hippocampus of control rats and rats subjected to SE (the acute phase, the latent phase, and the chronic phase), which were sacrificed at each time point (Figures 3A–C).
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FIGURE 3. Hippocampal expression of SphK1 and S1PR2 after pilocarpine treatment. (A) Representative western blots identified SphK1 and S1PR2 in epileptic and control rats. (B) Quantitative analysis of the SphK1/ß-actin ratio (n = 4). (C) Quantitative analysis of the S1PR2/ß-actin ratio (n = 4). (D) Immunofluorescence staining for SphK1 (green) and S1PR2 (red) in hippocampal CA3 region 7 days after pilocarpine treatment. Data are presented as mean ± SD, one-way ANOVA with LSD post hoc test, ∗P < 0.05, ∗∗P < 0.01 versus the control group.


The level of SphK1 protein expression in epileptic rat hippocampus (3 days post-SE, latent phase, and chronic phase) was increased when compared with that in control rats (∗P < 0.05, ∗∗P < 0.01) (Figures 3A,B). In particular, the expression of SphK1 was increase at 3 days after pilocarpine treatment (Figure 3B). No differences with statistical significance were found in SphK1 levels in the acute phase group (6 h post-SE and 1 day post-SE) when compared with the control group (Figure 3B) (∗P > 0.05). This increase in SphK1 was similar to that previously seen at 48 h in the kainic acid (KA)-induced mice model (Lee et al., 2010).

In pilocarpine-induced epileptic rats, the S1PR2 protein level was decreased in the hippocampus (1 day post-SE, 3 days post-SE, latent phase, and chronic phase), and this downregulation persist for several weeks (Figure 3C) (n = 4, ∗P < 0.05, ∗∗P < 0.01). Statistical analysis showed no significant difference in the expression of S1PR2 protein between the control group and acute phase group (6 h post-SE) (P > 0.05).

In addition, immunofluorescence staining demonstrated that SphK1 (green) co-expressing with S1PR2 (red) in the hippocampus of epileptic rats. The two proteins predominantly co-localized in the cytoplasm, and small amounts were also present in the nucleus (Figure 3D).



Cellular Localization of SphK1 in the Hippocampus From Epileptic Rats

Our previous study showed that SphK1 signal was well co-expressed with the astrocyte marker GFAP in the hippocampus (Dong et al., 2019). On this basis, we further evaluate the SphK1 expression in the neuronal cells of hippocampal CA3 region. Immunofluorescence staining verified that SphK1 co-localized with neuronal dendrite-specific marker NeuN (green) in both control and epileptic rat hippocampus (Figure 4). Note that SphK1 was observed mainly on the neuronal membrane as well as in the cytoplasm of the control rats (Figure 4). As is well known, SphK1 is found to be present in the cytosol (Pitson et al., 2003). Accumulating evidence suggest that the activation of SphK1 is associated with its translocation to the plasma membrane (Pitson et al., 2005; Ceccom et al., 2014). In the epileptic rats (7 days post-SE), SphK1 was predominantly positive in the neuronal membrane and rarely in the cytoplasm (Figure 4). These results mentioned above lead us to the hypothesis that pilocarpine treatment might alter SphK1 translocation in neurons in CA3 fields of rat hippocampus. However, more studies are needed to confirm these findings.
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FIGURE 4. Cellular localization of SphK1 in CA3 region of the hippocampus in epileptic rats. (left) Confocal images showing co-localization of SphK1 and DAPI in neurons. (right) Enlarged view of indicated co-localization between SphK1 with neurons.




Cellular Localization of S1PR2 in the Hippocampus From Epileptic Rats

We used immunofluorescence staining to evaluate the cellular localization of S1PR2 protein in the hippocampus of epileptic rats. It was noticeable that S1PR2 signal (red) co-located in both astrocyte cytoplasm and nucleus (green) in the control rat hippocampus (Figure 5A). We found that S1PR2 was expressed in the cytoplasm of astrocytes in rat hippocampal 7 days after pilocarpine injection (Figure 5A). In addition, we observed only a small amount of S1PR2 signal (red) co-localized with the neuronal cell marker NeuN (green) in both the control and epileptic rat hippocampal CA3 region (Figure 5B). Concomitantly, the number of hippocampal astrocytes was increased 7 days post-SE and showed hypertrophy of cell bodies as mentioned previously. These findings considered together indicate that SphK1 and S1PR2 were linked to a great degree with the activation of astrocyte in the epileptogenesis.
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FIGURE 5. Cellular localization of S1PR2 in hippocampal tissues from epileptic rats. (A, left) Confocal images showing co-localization of S1PR2 and DAPI in astrocytes. (A, right) Enlarged view of indicated co-localization between S1PR2 with astrocytes. (B, left) Confocal images showing co-localization of S1PR2 and DAPI in neurons. (B, right) Enlarged view of indicated co-localization between S1PR2 with neurons.




Expression and Cellular Localization of SphK1 in Temporal Cortex From TLE Patients

Having characterized the spatial and temporal expression pattern of SphK1 protein in epileptic rats, we next determined SphK1 protein expression in the temporal cortex specimens obtained from patients with drug-resistant TLE patients through immunohistochemistry and immunofluorescence staining. Immunohistochemistry showed that SphK1-positive cells were expressed in the controls and TLE patient brain, and a higher level of SphK1 was detected in TLE specimens than in non-epileptic controls. The co-expression of DAPI with SphK1 positive cell number was significantly increased in the TLE specimens compared with that in the control specimens (Figures 6A,C) (∗P < 0.05, ∗∗P < 0.01), which was consistent with the immunohistochemistry result (Figures 7A,C) (∗P < 0.05). The optical density analysis revealed that the mean OD value of SphK1 in the brain temporal cortex was markedly increased in the TLE group compared with the control group (Figure 6D) (∗P < 0.05). Importantly, SphK1 was co-localized with GFAP, an astrocyte marker, and with NeuN, a neuronal marker in the non-epileptic controls and TLE patients (Figures 8A,B). Moreover, in both control and TLE patient temporal cortex, SphK1 primarily accumulates in the cytoplasm of the astrocyte and neuron.
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FIGURE 6. Expression of SphK1 and S1PR2 in the drug-resistant TLE patient temporal cortex. (A) Immunofluorescence staining demonstrated the SphK1 protein levels in the temporal cortex of TLE patients. (B) Immunofluorescence staining demonstrated the S1PR2 protein levels in the temporal cortex of TLE patients. (C) The number of SphK1-positive cells in the temporal cortex. (D) Quantitative analysis of the mean OD value of SphK1-positive cells in the non-epileptic patient temporal cortex and drug-resistant TLE patient temporal cortex. (E) The number of S1PR2-positive cells in the temporal cortex. (F) Quantitative analysis of the mean OD value of S1PR2-positive cells in the non-epileptic patient temporal cortex and drug-resistant TLE patient temporal cortex. Data are presented as mean ± SD, Student’s t-test, ∗P < 0.05, ∗∗P < 0.01 versus the control group.
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FIGURE 7. Immunohistochemical analysis of SphK1 and S1PR2 expression in drug-resistant TLE patient temporal cortex. (A) Representative SphK1 immunostaining in the temporal cortex specimens of control patients and drug-resistant TLE patients. (B) Representative S1PR2 immunostaining in the temporal cortex specimens of control patients and drug-resistant TLE patients. (C) Quantitative analysis of the number of SphK1-positive cells in the temporal cortex. (D) Quantitative analysis of the number of S1PR2-positive cells in the temporal cortex. Data are presented as mean ± SD, Student’s t-test, ∗P < 0.05 versus the control group.
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FIGURE 8. Cellular localization of SphK1 in temporal cortex tissues from patients with drug-resistant TLE patients. (A, left) Confocal images showing co-localization of SphK1 and DAPI in astrocytes. (A, right) Enlarged view of indicated co-localization between SphK1 with astrocytes. (B, left) Confocal images showing co-localization of SphK1 and DAPI in neurons. (A, right) Enlarged view of indicated co-localization between SphK1 with neurons.




Expression and Cellular Localization of S1PR2 in Temporal Cortex From TLE Patients

Cellular localization of S1PR2, evaluated by immunofluorescence, showed that in both controls and TLE patient temporal cortex specimens, S1PR2 signal (red) was observed in astrocytes (green) and neurons (green). Decreases in the amount of S1PR2 positive cells were observed on TLE patients in these temporal cortex fields when compared to the non-epileptic controls (Figures 6B,E, 7B,D) (∗P < 0.05, ∗∗P < 0.01). Immunofluorescence analysis demonstrated that the S1PR2 expression level was obviously reduced in TLE specimens compared with non-epileptic controls (Figure 6F) (∗P < 0.05). Our study also established that S1PR2 was widely expressed in the human temporal cortex and located in both astrocyte cytoplasm and nucleus, neuronal cytoplasm, and other brain cells (Figures 9A,B). In particular, S1PR2 was easily seen in the cell bodies of astrocytes whereas less discovered in nucleus in controls (Figure 9A). In TLE group, S1PR2 presented mainly in the astrocyte nucleus, except for a small amount in the cytoplasm (Figure 9A). The results also showed S1PR2 was not appreciably expressed in neuronal nucleus (Figure 9B).
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FIGURE 9. Cellular localization of S1PR2 in temporal cortex tissues from patients with drug-resistant TLE patients. (A, left) Confocal images showing co-localization of S1PR2 and DAPI in astrocytes. (A, right) Enlarged view of indicated co-localization between S1PR2 with astrocytes. (B, left) Confocal images showing co-localization of S1PR2 and DAPI in neurons. (A, right) Enlarged view of indicated co-localization between S1PR2 with neurons.




DISCUSSION

In the present study, we have identified the spatiotemporal expression of SphK1 and S1PR2 protein in the pilocarpine rat model and the temporal cortex specimens from patients with drug-resistant TLE. To the best of our knowledge, we demonstrated for the first time that SphK1 was increased in epileptogenic foci of drug-resistant TLE patients and mainly located in astrocytes and neurons. In addition, the expression of S1PR2 was downregulated in specimens of drug-resistant TLE patients and widely expressed in astrocytes and neurons. Of note, the expression and localization of SphK1 and S1PR2 in the hippocampus of epileptic rats were similar to those observed in TLE patients’ temporal cortex specimens. These findings indicated that SphK1 and S1PR2 might be involved in the pathological mechanism of spontaneous seizures and might represent a potentially novel therapeutic target for seizure prevention.

Sphingosine kinase 1 and S1P receptors (S1PR1–S1PR5) have been widely acknowledged in the CNS. In particular, SphK1 is a rate-limiting enzyme that converts sphingosine into S1P through phosphorylation and plays a critical role in regulating cellular processes by affecting multiple downstream corresponding effector molecules. Most of the known actions of S1P are mediated by a family of five specific G protein-coupled receptors. However, little known about the role of SphK1 and S1PR2 in TLE.

Pilocarpine model in rats has been considered as a well-established model in TLE due to its capability to resemble the behavioral, electrographic, and the neuropathological features of human TLE (Turski et al., 1989). Rats injected with pilocarpine leads to SE and after a period time without seizures, finally develops into a chronic epileptic condition characterized as spontaneous recurrent seizures (Curia et al., 2008; Scorza et al., 2009; Ali et al., 2018). It is well known that astrocytes respond to neuronal activity and has been proposed as an accurate detector of neuronal activity (Araque et al., 2002; Guo et al., 2007). In the control group, the astrocyte processes were long and radially ranged. We observed astrocyte activation, as assessed by overexpression in GFAP immunoreactivity and demonstrated larger cell body and long processes, throughout the epileptic rat hippocampus and the TLE patient temporal cortex. Reactive astrocytes may exhibit beneficial effects on neuronal survival by several biological processes in the early stage of CNS injury. However, the prolonged and increased activation of astrocyte might contribute to epilepsy and be closely related to epilepsy induced neuronal death (Meng et al., 2016).

Recent studies have verified that SphK1 is implicated in the process of inflammation and causes chronic neuroinflammation (Melendez, 2008; Dai et al., 2018). Importantly, a recent study has reported that upregulates the SphK1/S1P receptor signaling pathway may be a key factor of astrocytes mediated chronic inflammation in multiple sclerosis, and BBR ameliorated the severity of MS symptom in mouse model through inducing the increase in SphK1 and S1P. We detected high levels of SphK1 expression in the brain specimens of drug-resistant TLE patients and epileptic rats. In epileptic rats, SphK1 significantly increased 3 days post-SE in the hippocampus, which was consistent with a previous study showing that the stronger immunoreactivity in mice hippocampal 48 h after KA treatment (Lee et al., 2010). It is suggested that SphK1 may play a role in pilocarpine-induced initial brain injury. In addition, SphK1 exhibited higher expression levels in the latent phase and chronic phase in the epileptic rat hippocampus compared with that in the controls. These data indicate that the dysregulation of SphK1 may promote the formation of epileptic foci associated with the pathogenic mechanism of spontaneous seizures. A previous report showed that SphK1 and S1PR3 expression were increased in LPS-activated astrocytes and suggested that the SphK1/S1PR3 signaling axis might mediate and amplify the inflammatory in various CNS disorders (Fischer et al., 2011). A recent study has also reported that genetic deletion of SphK1 results in the milder disease course, which associate with the suppression of glial cell proliferation and astrogliosis in the Sandhoff model mouse (Wu et al., 2008). We identified that SphK1 was expressed by reactive astrocytes and neurons in the epileptic rat hippocampus, as demonstrated by partial co-localization of GFAP in cytoplasm and co-labeling with NeuN in neuronal plasma membranes and cytoplasm. It is generally acknowledged that SphK1 must translocate from the cytoplasm to the plasma membrane to mediate pro-proliferative and pro-survival signal through the generation of S1P. Immunofluorescence showed that SphK1 was expressed much lighter in control rat neuronal cell cytoplasm. While this change was not statistically significant, it suggests changes in the SphK1 subcellular localization after pilocarpine treatment. The mechanism by which SphK1 regulates seizures is uncertain, but our data suggest the possibility that the effect occurs via astrocyte activation and hypertrophy. We confirmed that SphK1 expression was increased in TLE patient temporal cortex. Both astrocytes and neurons can express SphK1 and release S1P (Anelli et al., 2005). A possibility is that astrocytes and neurons, as a result of brain insult, may release S1P locally to induce astrocyte activation via S1PRs in autocrine or paracrine manner at the region of injury (Mullershausen et al., 2007; Wu et al., 2008).

Preferential expression of S1PR2 (also referred to as H216, EDG-5, AGR16, and LPB2) in differentiating embryonic neurons and their extending axons was previously describes in rat embryo cortex tissue (MacLennan et al., 1997). In addition, it has recently been reported that the deletion of the S1PR2 gene in mice leads to spontaneous seizures accompanied by ictal-like EEG abnormalities and hyperexcitable pyramidal neurons, implying a vital role for S1PR2 in neuronal excitability (MacLennan et al., 2001). Furthermore, one report has shown that S1PR2 deficiency may cause severe seizures in juvenile mice and lead to CNS indults in surviving adults, such as enhanced gliosis in the hippocampus and cortex and impair some specific CNS function (Akahoshi et al., 2011). All aforementioned results support that the blockade of the S1PR2 signaling pathway can contribute to seizures; however, the spatiotemporal expression has not been illuminated in current epilepsy models and clinical patients. The present study describes for the first time a decreased S1PR2 expression in pilocarpine induced rat hippocampus and show that the similar phenomenon in drug-resistant TLE patient temporal cortex by immunohistochemistry and immunofluorescence. Moreover, the level of S1PR2 was declined 1 day post-SE as well as in the latent phase and chronic phase. We have further corroborated the co-localization of S1PR2 in activate astrocytes and neurons in both rat hippocampus and human temporal cortex. Therefore, depending on the brain region, species, and epilepsy phase, subcellular localization of S1PR2 might be different, a hypothesis that remains to be proved in the future. Taken together, these results hind that S1PR2 signaling axis regulates astrogliosis and proliferation and neuronal excitability in TLE pathogenesis.

In summary, our study demonstrates altered spatiotemporal expression of SphK1 and S1PR2 in the epileptic rat hippocampus and TLE patient temporal cortex. In the future, we will perform experiments in different animal species and animal seizure models, and further to investigate the effect of SphK1/S1PR2 signal specific inhibitor and agonists on molecules associated with epilepsy. These findings will provide new discovery of the SphK1/S1PR2 signaling pathway, identify important mechanisms contribute to TLE, and suggest a novel therapeutic target to promote remission for TLE and other CNS diseases mediate by SphK1/S1PR2 signaling pathway.
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Low-Density Lipoprotein Receptor-Related Protein 1 (LRP1) Is a Negative Regulator of Oligodendrocyte Progenitor Cell Differentiation in the Adult Mouse Brain
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Low-density lipoprotein receptor-related protein 1 (LRP1) is a large, endocytic cell surface receptor that is highly expressed by oligodendrocyte progenitor cells (OPCs) and LRP1 expression is rapidly downregulated as OPCs differentiate into oligodendrocytes (OLs). We report that the conditional deletion of Lrp1 from adult mouse OPCs (Pdgfrα-CreER :: Lrp1fl/fl) increases the number of newborn, mature myelinating OLs added to the corpus callosum and motor cortex. As these additional OLs extend a normal number of internodes that are of a normal length, Lrp1-deletion increases adult myelination. OPC proliferation is also elevated following Lrp1 deletion in vivo, however, this may be a secondary, homeostatic response to increased OPC differentiation, as our in vitro experiments show that LRP1 is a direct negative regulator of OPC differentiation, not proliferation. Deleting Lrp1 from adult OPCs also increases the number of newborn mature OLs added to the corpus callosum in response to cuprizone-induced demyelination. These data suggest that the selective blockade of LRP1 function on adult OPCs may enhance myelin repair in demyelinating diseases such as multiple sclerosis.
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GRAPHICAL ABSTRACT | LRP1 regulates adult oligodendrogenesis and remyelination.




INTRODUCTION

Oligodendrocytes (OLs) myelinate the central nervous system (CNS) to facilitate the saltatory conduction of action potentials and provide essential metabolic support to axons (reviewed by Pepper et al., 2018). The majority of OLs are produced from oligodendrocyte progenitor cells (OPCs) during development, however, adult OPCs also produce new OLs (Dimou et al., 2008; Rivers et al., 2008; Zhu et al., 2008; Kang et al., 2010; Hughes et al., 2013; Young et al., 2013; Hill et al., 2018) that add additional myelin to the mature CNS (Hill et al., 2018; Hughes et al., 2018). A number of signaling pathways have been identified that regulate developmental and adult OPC behavior and oligodendrogenesis, including Notch1 (Genoud et al., 2002; Givogri et al., 2002; Zhang et al., 2009), fibroblast growth factor 2 (Murtie et al., 2005; Zhou et al., 2006; Murcia-Belmonte et al., 2014), mammalian target of rapamycin (Zou et al., 2014; Jiang et al., 2016; Grier et al., 2017) and platelet-derived growth factor A (McKinnon, 2005; Rajasekharan, 2008; Chew et al., 2010) signaling. However, microarray (Cahoy et al., 2008) and RNA sequencing (Zhang et al., 2014; Hrvatin et al., 2018) experiments have uncovered a number of additional genes that are differentially expressed across OL development and have an unknown or partly characterized regulatory function in the OL lineage. One such gene is the low-density lipoprotein receptor related protein 1 (Lrp1).

LRP1, also known as CD91 or the α2 macroglobulin (α2M) receptor, is highly expressed by OPCs and is rapidly downregulated during OL differentiation (Auderset et al., 2016a). This large cell surface receptor, comprising a 515 kDa extracellular α-chain and an 85 kDa β-chain, could influence OPC behavior in a number of ways, as it interacts with a large variety of ligands, as well as extracellular and intracellular proteins, to facilitate signal transduction (Auderset et al., 2016b; Bres and Faissner, 2019). In other cell types, LRP1 acts as a receptor or co-receptor to initiate intracellular signal transduction, but also facilitates ligand endocytosis, transcytosis, or processing (Cam et al., 2005; Parkyn et al., 2008; Su et al., 2008; Yamamoto et al., 2014; Liu et al., 2017; Van Gool et al., 2019; Rauch et al., 2020), as well as receptor, channel and transporter trafficking (Parkyn et al., 2008; Maier et al., 2013; Nakajima et al., 2013; Liu et al., 2015; Boyé et al., 2017; Kadurin et al., 2017; Wujak et al., 2018) to influence blood brain barrier permeability (Polavarapu et al., 2007), lipid metabolism, glucose homeostasis, neuroinflammation (Brifault et al., 2017, 2019; Actis Dato and Chiabrando, 2018) and synaptic plasticity (Zhuo et al., 2000).

Lrp1 knockout mice are embryonic lethal, as the blastocysts fail to implant (Herz et al., 1992), but the conditional deletion of Lrp1 from cultured mouse neural stem and progenitor cells (NSPCs) impairs NSPC proliferation and reduces the number of OL lineage cells generated (Hennen et al., 2013; Safina et al., 2016). Furthermore, the conditional deletion of Lrp1 from Olig2+ cells (Olig2-Cre :: Lrp1fl/fl mice) impairs oligodendrogenesis in the developing mouse optic nerve, ultimately reducing the proportion of axons that are myelinated and myelin thickness by postnatal day (P)21 (Lin et al., 2017). As ∼20% of optic nerve axons are subsequently myelinated in control and Lrp1-deleted mice between P21 and P56, and the discrepancy in g-ratio lessens (Lin et al., 2017), this phenotype may represent a developmental delay in optic nerve myelination. This idea is supported by myelination being grossly normal in the brain and optic nerve of young adult mice following the developmental deletion of Lrp1 from Olig1+ cells (Fernandez-Castaneda et al., 2019).

As OPC physiology changes considerably between development and adulthood, and can also differ between CNS regions (Velez-Fort et al., 2010; Pitman et al., 2019; Spitzer et al., 2019), we examined the importance of LRP1 for adult OPC function. The conditional deletion of Lrp1 from adult OPCs (Pdgfrα-CreER :: Lrp1fl/fl) revealed that LRP1 is a negative regulator of oligodendrogenesis in the healthy adult mouse brain. Lrp1 deletion was associated with an increase in adult OPC proliferation and a significant increase in the number of newborn mature OLs added to the cortex and corpus callosum (see Graphical Abstract). Furthermore, Lrp1 deletion was associated with a larger number of newborn mature OLs being detected in the corpus callosum of cuprizone fed-mice and less of the corpus callosum showed overt demyelination.



MATERIALS AND METHODS


Transgenic Mice and Their Housing

All animal experiments were approved by the University of Tasmania Animal Ethics (A0016151) and Institutional Biosafety Committees and were carried out in accordance with the Australian code of practice for the care and use of animals for scientific purposes. Pdgfrα-CreERT2 mice (Rivers et al., 2008) were a kind gift from Prof William D Richardson (University College London). Pdgfrα-CreERTM (Kang et al., 2010; RRID:IMSR_JAX:018280), Pdgfrα-H2BGFP [Pdgfrα-histGFP (Hamilton et al., 2003); RRID:IMSR_JAX:007669] and Lrp1fl/fl (Herz et al., 1992; RRID:IMSR_JAX:012604) mice were purchased from Jackson Laboratories. Cre-sensitive Rosa26-YFP (Srinivas et al., 2001; RRID: IMSR_JAX:006148) and Tau-mGFP (Hippenmeyer et al., 2005; RRID:IMSR_JAX021162) reporter mice were also purchased from Jackson laboratories. Mice were maintained on a C57BL/6 background and inter-crossed to generate male and female offspring for experimental use. All mice were weaned >P30 to ensure appropriate myelin development, were group housed with same-sex littermates in Optimice micro-isolator cages (Animal Care Systems, CO, United States) and were maintained on a 12-h light/dark cycle at 20°C, with uninhibited access to food and water.

Please note that two distinct Pdgfrα-CreER transgenic mouse lines were used in this study: the Pdgfrα-CreERTM transgenic mouse line (Kang et al., 2010) was used for the majority of experiments and the lower efficiency (LE) Pdgfrα-CreERT2 transgenic mouse line (Rivers et al., 2008), was used to perform the Tau-mGFP lineage tracing experiments, as we have previously demonstrated that the Pdgfrα-CreERTM transgenic mouse line cannot be used to induce OPC-specific recombination of the Tau-mGFP reporter, despite achieving the OPC-specific recombination of other transgenes (Pitman et al., 2019).



Genomic DNA Extraction and PCR Amplification

For genotyping, ear biopsies were digested overnight in DNA extraction buffer (100 mM Tris-HCl, 5 mM EDTA, 200 mM NaCl, 0.2% SDS and 120 ng of proteinase k) at 55°C. Cellular and histone proteins were precipitated by incubating samples with 6 M ammonium acetate (Sigma; A1542) on ice and the DNA was precipitated from the supernatant by incubating with isopropyl alcohol (Sigma; I9516). The DNA pellet was washed in 70% ethanol (Sigma; E7023), resuspended in sterile MilliQ water and used as template DNA for polymerase chain reaction (PCR). Each 25 μL reaction contained: 50–100 ng DNA; 0.5 μL of each primer (100 nmol/mL, GeneWorks); 12.5 μL of GoTaq green master mix (Promega) and MilliQ water. The following primers were used: Lrp1 5′ CATAC CCTCT CAAACC CCTT CCTG and Lrp1 3′ GCAAG CTCC CTGCTCA GACC TGGA; Rosa26 wildtype 5′ AAAGT CGCTC TGAGT TGTTAT, Rosa26 wildtype 3′ GGAGC GGGAG AAATG GATATG and Rosa26 mutant 5′ GCGAA GAGTT TGTCC TCAACC; Cre 5′ CAGGT CTCAG GAGCT ATGTC CAATT TACTG ACCGTA and Cre 3′ GGTGT TATAAG CAATCC CCAGAA, or GFP 5′ CCCTG AAGTTC ATCTG CACCAC and GFP 3′ TTCTC GTTGG GGTCT TTGCTC in a program of: 94°C for 4 min, and 34 cycles of 94°C for 30″, 60°C for 45″ (37 cycles for Rosa26-YFP genotyping) and 72°C for 60″, followed by 72°C for 10 min. Following gel electrophoresis [1% (w/v) agarose in TAE containing SYBR-safe (Thermo Fisher Scientific)], the DNA products were visualized using an Image Station 4000 M PRO gel system running Carestream software.



Tamoxifen Preparation and Administration

Tamoxifen (Sigma) was dissolved in corn oil (Sigma) to a concentration of 40 mg/ml by sonication in a water bath for 2 h at 21°C. Adult mice received tamoxifen (300 mg/kg) daily by oral gavage for 4 consecutive days.



Tissue Preparation and Immunohistochemistry

Mice were terminally anesthetized with an intraperitoneal (i.p) injection of sodium pentobarbital (30 mg/kg, Ilium) and were transcardially perfused with 4% (w/v) paraformaldehyde (PFA; Sigma) in phosphate buffered saline (PBS). Brains were cut into 2 mm-thick coronal slices using a 1 mm brain matrix (Kent Scientific) before being post-fixed in 4% (w/v) PFA in PBS at 21°C for 90 min. Tissue was cryoprotected in 20% sucrose (Sigma) in PBS and transferred to OCT (Thermo Fisher Scientific) before being snap frozen in liquid nitrogen and stored at −80°C.

Thirty μm coronal brain cryosections were collected and processed as floating sections (as per O’Rourke et al., 2016). Cryosections were exposed to primary antibodies diluted in blocking solution [10% (v/v) fetal calf serum (FCS, Serana) and 0.05% (v/v) triton ×100 in PBS] and incubated overnight at 4°C on an orbital shaker. Primary antibodies included: rabbit anti-LRP1 (1:500, Abcam ab92544; RRID:AB_2234877); goat anti-PDGFRα (1:100, R&D Systems AF1062; RRID:AB_2236879); rabbit anti-ASPA (1:200, Abcam ab97454; RRID:AB_10679051); rabbit anti-LRP2 (1:100, Abcam ab76969, RRID:AB_10673466); rat anti-GFP (1:2000, Nacalai Tesque 04404-26; RRID:AB_2314545); rat anti-MBP (1:100, Millipore MAB386; RRID:AB_94975), rabbit anti-OLIG2 (1:400, Abcam ab9610; RRID:AB_570666); guinea pig anti-IBA1 (1:250, Synaptic Systems 234004; RRID:AB_2493179), and mouse anti-NaBC1 (BCAS1; 1:200, Santa Cruz sc-136342; RRID:AB_10839529). After washing in PBS, cryosections were incubated with secondary antibodies conjugated to Fluors (Life Technologies Corporation), diluted in blocking solution, overnight at 4°C on an orbital shaker. Secondary antibodies included: donkey anti-rat 488 (1:500; RRID: AB_2535794); donkey anti-rabbit 488 (1:1000; RRID: AB_2535792); donkey anti-rabbit 568 (1:1000; RRID: AB_2534017); donkey anti-rabbit 647 (1:1000; RRID: AB_2536183); donkey anti-goat 647 (1:1000; RRID: AB_2535864), donkey anti-mouse 647 (1:1000; RRID AB_162542), or goat anti-guinea pig 488 (1:1000; RRID: AB_2534117). Cell nuclei were visualized by the inclusion of Hoechst 33342 (1:10,000, Invitrogen).



EdU Administration and Labeling

For the in vivo labeling of dividing cells, 5-Ethynly-2′-deoxyuridine (EdU; E10415, Thermo Fisher Scientific) was administered to mice via their drinking water at a concentration of 0.2 mg/ml for up to 21 consecutive days [as per Clarke et al. (2012)]. For in vitro labeling, cells were exposed to 2.5 μg/ml EdU in complete OPC medium (see below) for 10 h before the cells were fixed with 4% (w/v) PFA in PBS for 15 min at 21°C. The EdU developing cocktail was prepared according to the AlexaFluor-647 Click-IT EdU kit (Invitrogen) instructions, and brain slices were exposed to the developing reagent for 45 min at 21°C, while coverslips of cultured cells were exposed for 15 min. EdU developing was performed immediately after the secondary antibody was washed from tissue or cells during immunohistochemistry or immunocytochemistry.



Primary OPC Culture and in vitro Gene Deletion

The cortices of P1-10 mice were dissected into Earle’s Buffered Salt Solution (EBSS; Invitrogen, 14155-063), diced into pieces ∼1 mm3 and digested in 0.06 mg/ml trypsin (Sigma, T4799) in EBSS at 37°C for 10 min. The trypsin was inactivated by the addition of FCS, before the tissue was resuspended and triturated in EBSS containing 0.12 mg/ml DNAseI (Sigma, 5025). The cell preparation was filtered through a 40 μm sieve (Corning, 352340), centrifuged and resuspended in complete OPC medium [20 ng/ml human PDGF-AA (Peprotech), 10 ng/ml basic fibroblast growth factor (R&D Systems), 10 ng/ml human ciliary neurotrophic factor (Peprotech), 5 μg/ml N-acetyl cysteine (Sigma), 1 ng/ml neurotrophin-3 (Peprotech), 1 ng/ml biotin (Sigma), 10 μM forskolin (Sigma), 1× penicillin/streptomycin (Invitrogen), 2% B27 (Invitrogen), 50 μg/ml insulin (Sigma), 600 ng/ml progesterone (Sigma), 1 mg/ml transferrin (Sigma), 1 mg/ml BSA (Sigma), 400 ng/ml sodium selenite (Sigma) and 160 μg/ml putrescine (Sigma) in DMEM+Glutamax (Invitrogen)]. Cells were plated into 6 well plates coated with >300,000 MW Poly D Lysine (PDL; Sigma, P7405). After 7 DIV, the cells were dislodged by incubating in 1:5 TrypLE (Gibco) in EBSS for ∼10 min at 37°C, before the trypsin was inactivated by the addition of FCS, and cells were collected into EBSS. OPCs were then purified by immunopanning as previously described (Emery and Dugas, 2013). In brief, the cell suspension was transferred to a petri dish pre-coated with anti-PDGFRα (BD Pharmigen 558774; RRID:AB_397117) and the OPCs allowed to adhere for 45 min at 21°C. The non-adherent cells were then removed by rinsing with EBSS and the purified OPCs were stripped by treating with TrypLE diluted 1:5 with EBSS for 5 min at 37°C. The recovered cells were plated onto 13 mm glass coverslips in complete OPC medium.

For experiments where Lrp1 was deleted in vitro, OPCs were plated in complete OPC medium at a density of 20,000 cells per PDL-treated 13 mm coverslip and allowed to settle for 2 days. OPCs were then exposed to 1 μM TAT-Cre (Excellgen, EG-1001) in complete OPC medium at 37°C/5% CO2 for 90 min. The TAT-Cre-containing medium was then removed and replaced with fresh complete OPC medium and the cells returned to the incubator for 48 h. To induce differentiation, the complete OPC medium was removed and replaced with OPC differentiation medium [complete OPC medium lacking PDGF-AA and containing 4 μg/ml triiodothyronine (Sigma)] for 4 days before cells were fixed by exposure to 4% PFA (w/v) in PBS for 15 min at 21°C.

LRP1 ligands were reconstituted according to the manufacturer’s instructions. Human recombinant Apolipoprotein E4 (ApoE4; Sigma, A3234) was reconstituted to 0.7 mg/mL in sterile MQ water and was diluted to a concentration of 203 nM in the culture medium. Human recombinant tissue plasminogen activator (tPA; Abcam ab92637) was diluted to a final concentration of 20 nM in the culture medium. Human activated α-2 macroglobulin (∗α2M; Sigma, SRP6315) was reconstituted in MilliQ water and diluted to a final concentration of 60 mM in the culture medium.



Whole Cell Patch Clamp Electrophysiology

Acute coronal brain slices (300 μm) were generated from adult mice carrying the Pdgfrα-histGFP transgene using a VT1200s vibratome (Leica) as previously described (Pitman et al., 2019). Brain slices were transferred to a bath constantly perfused (2 ml/min) with ∼21°C artificial cerebral spinal fluid (ASCF) containing: 119 mM NaCl, 1.6 mM KCl, 1 mM NaH2PO4, 26.2 mM NaHCO3, 1.4 mM MgCl2, 2.4 mM CaCl2, and 11 mM glucose (300 ± 5 mOsm/kg), saturated with 95% O2/5% CO2, Whole cell patch clamp recordings of GFP+ cells in the motor cortex were collected using a HEKA Patch Clamp EPC800 amplifier and pCLAMP 10.5 software (Molecular devices; RRID: SCR_011323).

To record AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)/kainate receptor currents, recording electrodes (3–6 MΩ) were filled with an internal solution containing: 125 mM Cs-methanesulfonate, 5 mM TEA-Cl, 2 mM MgCl2, 8 mM HEPES, 9 mM EGTA, 10 mM phosphocreatine, 5 mM MgATP, and 1 mM Na2GTP, and set to a pH of 7.2 with CsOH and an osmolarity of 290 ± 5 mOsm/kg. Upon breakthrough, cells were held at −50 mV and a series of voltage steps (up to+30 mV) applied to determine the presence of a voltage-gated sodium channel current. GFP+ cells with a voltage-gated sodium current >100 pA were considered OPCs. All subsequent recordings were undertaken in ACSF containing 50 μm (2R)-amino-5-phosphonovaleric acid (APV; Sigma) and 1 μM tetrodotoxin (TTX; Sigma). Cells were held at −60 mV and currents elicited by applying 200 ms voltage steps from −80 to 20 mV (20 mV increments). After taking baseline recordings, currents were then elicited in ACSF containing 100 μM kainate. The mean steady state current (last 100 ms) of each voltage step was measured.

Voltage gated calcium channel (VGCC) current recordings were made using solutions previously described (Pitman et al., 2019). All other voltage gated currents (potassium and sodium) were blocked. To record L-type VGCC currents, OPCs were held at −50 mV and a series of 500 ms voltage steps (−60 to+30 mV) applied using a P/N subtraction protocol. The current-density relationship is presented as the average steady state current (the last 100 ms of the voltage steps) from ∼3 recordings per cell. To elicit currents through T-type VGCCs, OPCs were held at −50 mV and the cell was hyperpolarized to −120 mV for 200 ms before applying voltage steps from −70 to 30 mV (Fulton et al., 2010; Haberlandt et al., 2011). The maximum amplitude of the fast, transient inward current, revealed by the brief hyperpolarization, was measured from ∼3 recordings per cell.

Access resistance was measured before and after all recordings and an access resistance >20 MΩ resulted in exclusion of that recording. Due to the high membrane resistance of OPCs (>1 GΩ) during VGCC current recordings, recordings were made without series resistance compensation. However, series resistance compensation was applied for AMPA current recordings (60–80%). Measurements were made from each data file using Clampfit 10.5.



Cuprizone Administration and Black-Gold Myelin Staining

Mice were transferred onto a diet of crushed mouse food (Barrestock) containing 0.2% (w/w) cuprizone powder (C9012, Sigma), which was refreshed every 2 days for 5 weeks. Mice were perfusion fixed, their tissue processed as described above and 30 μm coronal brain floating cryosections collected into PBS. Cryosections were transferred onto glass microscope slides (Superfrost) and allowed to dry before being rehydrated in MilliQ water for 3 min and incubated with preheated 0.3% black-gold II stain (Millipore, AG105) at 60°C for 30 min. Slides were washed twice with MilliQ water before being incubated with preheated 1% (v/v) sodium thiosulphate solution at 60°C for 3 min, washed in MilliQ water (3 × 2 min), dehydrated using a series of graded alcohol steps, incubated in xylene (Sigma, 214736) for 3 min, and mounted with DPX mounting medium (Sigma, 06522).



Microscopy and Statistical Analyses

Fluorescent labeling was visualized using an UltraView Spinning Disk confocal microscope with Volocity software (Perkin Elmer, Waltham, United States). The motor cortex and corpus callosum were defined as regions of interest using anatomical markers identified in the Allen Mouse Brain Atlas, in brain sections collected between Bregma level 1.10 and −0.10 mm. Confocal images were collected using standard excitation and emission filters for DAPI, FITC (Alexa Fluor-488), TRITC (Alexa Fluor-568) and CY5 (Alexa Fluor-647). To quantify cell density, or the proportion of cells that proliferate or differentiate, a 10× or 20× air objective was used to collect images with 2 μm z-spacing that spanned the defined region of interest within a brain section. These images were stitched together using Volocity software to create a single image of that region for analysis. A minimum of 3 brain sections were imaged per mouse. To quantify oligodendrocyte morphology and measure myelin internodes a 40× (air) or 60× (water) objective was used to collect images with 1 μm z-spacing of individual mGFP+ OLs or single fields of view containing internodes within each region of interest. Black-gold myelin staining was imaged using a light microscope with a 2.5× objective and images were manually stitched together using Adobe Photoshop CS6 to recreate the region of interest. Cell counts were performed by manually evaluating the labeling of individual cells and area measurements were made by manually defining the region of interest within Photoshop CS6 (Adobe, San Jose, United States) or Image J (NIH, Bethesda, MD, United States). All measurements were made blind to the experimental group and treatment conditions.

Statistical comparisons were made using GraphPad Prism 8.0 (La Jolla, CA, United States; RRID: SCR_002798). Data were first assessed using the D’Agostino-Pearson normality test. Data that were normally distributed were analyzed by a parametric test [t-test, one-way analysis of variance (ANOVA) or two-way ANOVA for group comparisons with a Bonferroni post hoc test], and data that were not normally distributed were analyzed using a Mann–Whitney U test or Kolmogorov–Smirnov test. Lesion size (black-gold staining) data were analyzed using a t-test with a Welch’s correction to account for the uneven variance between groups. Data sets with n = 3 in any group were analyzed using parametric tests, as the non-parametric equivalents rely on ranking and are unreliable for small sample sizes (GraphPad Prism 8.0). To determine the rate at which OPCs become labeled with EdU over time, these data were analyzed by performing linear regression analyses. Details of the statistical comparisons are provided in each figure legend or in text when the data are not presented graphically. Statistical significance was defined as p < 0.05.



RESULTS


Tamoxifen Administration Deletes Lrp1 From Essentially All OPCs in the Adult Mouse Brain

To determine the role that LRP1 plays in regulating adult myelination, Lrp1 was conditionally deleted from OPCs in young adult mice. Tamoxifen was administered to P50 control (Lrp1fl/fl) and Lrp1-deleted (Pdgfrα-CreERTM :: Lrp1fl/fl) mice and brain tissue examined 7 or 30 days later (at P50+7 and P50+30, respectively). Coronal brain cryosections from control (Figure 1A) and Lrp1-deleted mice (Figure 1B) were immunolabeled to detect LRP1 (red) and OPCs (PDGFRα, green). Consistent with our previous findings (Auderset et al., 2016a), essentially all OPCs in the corpus callosum of control mice expressed LRP1 (Figure 1C; P50+7: 99 ± 0.6%, mean ± SD for n = 4 mice; P50+30: 99.7 ± 0.3%, mean ± SD for n = 3 mice). However, in the corpus callosum of P50+7 Lrp1-deleted mice, only 2 ± 0.8% of PDGFRα+ OPCs expressed LRP1 (mean ± SD for n = 4 mice) and by P50+30, only 0.5 ± 0.5% of OPCs expressed LRP1 (mean ± SD for n = 3 mice; Figure 1C), confirming the successful deletion of Lrp1 from adult OPCs. Similarly, in the motor cortex of P50+7 control mice, 100 ± 0% of PDGFRα+ OPCs expressed LRP1 while only 0.4 ± 0.4% of PDGFRα+ OPCs expressed LRP1 in the motor cortex of Lrp1-deleted mice (mean ± SD for n = 4 mice per genotype). Other brain cell types that express LRP1, such as neurons and astrocytes, retained their expression of LRP1 (e.g., white arrows in Figure 1B). As the Cre-mediated recombination of the floxed Lrp1 gene deletes the extracellular coding region of Lrp1, recombination was also confirmed by performing a PCR analysis of genomic DNA from the brains of control (Lrp1fl/ +) and Lrp1-deleted (Pdgfrα-CreERTM :: Lrp1fl/fl) mice after tamoxifen treatment. Lrp1-deletion enabled the amplification of a recombination-specific DNA product from Lrp1-deleted brain DNA that was not amplified from control brain DNA (Figure 1D). These data confirm that tamoxifen administration to Pdgfrα-CreERTM :: Lrp1fl/fl transgenic mice efficiently and specifically deletes Lrp1 from adult OPCs.
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FIGURE 1. Lrp1 can be conditionally deleted from adult OPCs at high efficiency. Coronal brain sections from P57+7 and P57+30 control (Pdgfrα-CreERTM) and Lrp1-deleted (Pdgfrα-CreERTM :: Lrp1fl/fl) mice were immunolabeled to detect OPCs (PDGFRα, green), LRP1 (red), and cell nuclei (Hoechst 33342, blue). (A–A″) Compressed z-stack confocal image of LRP1+ OPCs (solid yellow arrow heads) in the corpus callosum (CC) of a P50+7 control mouse. (B–B″) Compressed z-stack confocal image of LRP1-neg OPCs (solid white arrow heads) in the CC of a P50+7 Lrp1-deleted mouse. White arrows indicate PDGFRα-neg cells that remain LRP1+ in the Lrp1-deleted mice. (C) The proportion (%) of PDGFRα+ OPCs that express LRP1 in P50+7 and P50+30 control and Lrp1-deleted mice [mean ± SD for n ≥ 3 mice per genotype per time-point; 2-way ANOVA: Genotype F (1,10) = 2.8, p < 0.0001; Time F (1,10) = 0.52, p = 0.5; Interaction F (1,10) = 3.44, p = 0.09]. Bonferroni multiple comparisons ****p ≤ 0.0001. (D) PCR amplification of genomic DNA extracted from the brain of a P50+7 control (Lrp1fl/+) and Lrp1-deleted (Pdgfrα-CreERTM :: Lrp1fl/fl) mouse indicates that recombination, producing the Lrp1 reco band, only occurs in Lrp1-deleted mice. Scale bars represent 17 μm.




Lrp1 Deletion Produces a Delayed Increase in Adult OPC Proliferation

Oligodendrocyte progenitor cells divide more frequently in white than gray matter regions of the adult mouse CNS (Psachoulia et al., 2009) and their homeostatic proliferation ensures that a stable pool of progenitors is maintained (Hughes et al., 2013). To determine whether LRP1 regulates the rate that adult OPCs re-enter the cell cycle to divide or the fraction of adult OPCs that proliferate, we delivered a thymidine analog, EdU, to P57+7 control and Lrp1-deleted mice via their drinking water for 2, 4, 6, or 20 days. Coronal brain cryosections from control (Figures 2A–D) and Lrp1-deleted (Figures 2E–H) mice were processed to detect PDGFRα+ OPCs (green) and EdU (red). When quantifying the proportion of OPCs that became EdU labeled over time, we found that 20 days of EdU-delivery resulted in EdU uptake by all OPCs in the corpus callosum of control and Lrp1-deleted mice (100 ± 0 and 100 ± 0%, respectively), indicating that the proportion of OPCs that can proliferate is not influenced by LRP1 signaling. Furthermore, the rate of EdU incorporation was equivalent for OPCs in the corpus callosum of control and Lrp1-deleted mice (Figure 2I), suggesting that LRP1 does not influence the rate at which OPCs enter or transition through the cell cycle to become EdU-labeled. OPCs in the motor cortex incorporated EdU at a slower rate than those in the corpus callosum (compare the slope of the regression lines in Figures 2I,J), but OPC proliferation in the motor cortex was also unaffected by Lrp1-deletion (Figure 2J).
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FIGURE 2. Adult OPC proliferation increases following Lrp1 deletion. (A–H) Compressed confocal z-stacks from the corpus callosum (CC) of control (Pdgfrα-CreERTM) and Lrp1-deleted (Pdgfrα-CreERTM :: Lrp1fl/fl) mice, immunolabeled to detect OPCs (PDGFRα, green) and EdU (red) after 2, 4, 6, or 20 days of EdU delivery. (I) Graph of the proportion (%) of OPCs that incorporate EdU, after 2, 4, or 6 days of delivery, in the CC of control (black) and Lrp1-deleted (gray) mice (n ≥ 3 mice per genotype per time-point). The rate of EdU uptake was unaffected by genotype (p = 0.7; linear regression for controls: m = 9.2 ± 1.8% per day and R2 = 0.7; linear regression for Lrp1-deleted: m = 10.2 ± 1.8% per day and R2 = 0.8). (J) Graph of the proportion (%) of OPCs that incorporate EdU, after 2, 4, 6, or 20 days of delivery, in the motor cortex of control (black) and Lrp1-deleted (gray) mice (n ≥ 3 mice per genotype per time-point). The rate of EdU uptake was unaffected by genotype (p = 0.3; linear regression for control: m = 2.9 ± 0.3 cells per day and R2 = 0.9; linear regression for Lrp1-deleted: m = 3.4 ± 0.3 cells per day and R2 = 0.9). (K,L) Compressed confocal z-stacks from the CC of P57+32 control and Lrp1-deleted mice that received EdU via the drinking water for 4 consecutive days (from P57+28), and were immunolabeled to detect OPCs (PDGFRα, green) and EdU (red). (M) The proportion (%) of OPCs that were EdU labeled in the CC of P57+32 control mice (black) and Lrp1-deleted mice (gray) that received 4 days of EdU labeling (mean ± SD, n = 3 mice per genotype; unpaired t-test, **p = 0.008). (N) Quantification of the density of OPCs in the CC of P57+32 control mice (black) and Lrp1-deleted mice (gray) (mean ± SD, n = 3 mice per genotype; unpaired t-test, p = 0.6). Solid white arrow heads indicate EdU-neg OPCs. Solid yellow arrowheads indicate EdU+ OPCs. Scale bars represent 17 μm (A–H) or 70 μm (K,L).


While the loss of LRP1 did not immediately influence OPC proliferation, LRP1 may regulate receptor and channel recycling at the cell membrane (Takayama et al., 2005; Liu et al., 2010; Pi et al., 2012; Maier et al., 2013; Nakajima et al., 2013), such that Lrp1-deletion may not immediately perturb OPC behavior. To explore this possibility, we delivered tamoxifen to young adult (P57) control and Lrp1-deleted mice and waited 28 days before administering EdU via the drinking water for 4 consecutive days. Coronal brain cryosections from P57+32 control (Figure 2K) and Lrp1-deleted (Figure 2L) mice were processed to detect PDGFRα+ OPCs (green) and EdU (red). The proportion of OPCs that incorporated EdU over the 4-day labeling period was significantly higher in the corpus callosum of Lrp1-deleted mice than controls (Figure 2M). This was also true in the motor cortex, where 15.0 ± 1.02% of control and 20.1 ± 2.53% of Lrp1-deleted OPCs had incorporated EdU (mean ± SD for n = 3 mice per genotype; unpaired t-test, p = 0.03). This increase in OPC proliferation was not accompanied by a change in the density of PDGFRα+ OPCs (Figure 2N), suggesting that the additional cells must either differentiate or die.



Lrp1 Deletion Increases the Number of New OLs Added to the Adult Mouse Brain

To determine whether LRP1 regulates OL production by adult OPCs, tamoxifen was given to P57 control (Pdgfrα-CreERTM :: Rosa26-YFP) and Lrp1-deleted (Pdgfrα-CreERTM :: Rosa26-YFP :: Lrp1fl/fl) mice to fluorescently label adult OPCs and the new OLs they produce. At P57+14, coronal brain cryosections were immunolabeled to detect YFP (green), PDGFRα (red), and OLIG2 (blue) and confirm the specificity of labeling (Supplementary Figure 1). Consistent with our previous findings in control mice (O’Rourke et al., 2016), all YFP+ cells in the corpus callosum of control and Lrp1-deleted mice were either PDGFRα+ OLIG2+ OPCs or PDGFRα-negative OLIG2+ newborn OLs (Supplementary Figure 1). In the motor cortex, the vast majority of YFP+ cells expressed OLIG2 (control: 96.2 ± 0.91%; Lrp1-deleted: 94.3 ± 1.02%, mean ± SD for n = 3 mice per genotype; Supplementary Figure 1). The small number of YFP+ OLIG2-negative cells identified in the cortex had the morphological characteristics of neurons, consistent with previous reports that the Pdgfrα promoter is active in a small subset of cortical neurons (Clarke et al., 2012). These cells were excluded from all subsequent analyses.

To determine whether LRP1 influences oligodendrogenesis, we quantified the proportion of YFP+ cells that were PDGFRα-negative OLIG2+ newborn OLs in the corpus callosum (Figures 3A–F) or motor cortex (Figures 3G–L) of P57+7, P57+14, P57+30 and P57+45 control and Lrp1-deleted mice. At P57+7 and P57+14 oligodendrogenesis was equivalent in the corpus callosum of control and Lrp1-deleted mice, however, by P57+30 a larger proportion of YFP+ cells had become newborn OLs in the corpus callosum of Lrp1-deleted mice, and this effect was sustained at P57+45 (Figure 3M). Similarly, for the first 2 weeks, OL production was equivalent for OPCs in the motor cortex of control and Lrp1-deleted mice, however, by P57+30, the proportion of YFP+ cells that were newborn OLs was higher in the motor cortex of Lrp1-deleted mice than controls (Figure 3N). This produced a corresponding increase in the density of new OLs detected in the corpus callosum (control: 107.2 ± 14.9 cells/mm2; Lrp1-deleted: 161.8 ± 27.4 cells/mm2; mean ± SD, n = 7 control and n = 4 Lrp1-deleted mice; t-test, p = 0.0005) and motor cortex (control: 42.55 ± 9.2 cells/mm2; Lrp1-del: 61.34 ± 7.0 cells/mm2; mean ± SD, n = 4 mice per genotype; t-test, p = 0.004) of P57+30 Lrp1-deleted mice compared to controls. By performing immunohistochemistry to detect YFP (green) and the mature OL marker, aspartoacylase (ASPA, red) (Figures 4A–L), we confirmed that Lrp1-deletion increased the number of newborn mature OLs added to the adult mouse corpus callosum and motor cortex (Figure 4M).
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FIGURE 3. Lrp1 deletion increases the number of new OLs added to the adult mouse corpus callosum and motor cortex. (A–L) Confocal images of the corpus callosum (CC; A–F) and motor cortex (Ctx; G–L) of P57+7, P57+14, and P57+30 control (Pdgfrα-CreERTM :: Rosa26-YFP) and Lrp1-deleted (Pdgfrα-CreERTM :: Rosa26-YFP :: Lrp1fl/fl) mice immunolabeled to detect PDGFRα (red), YFP (green), and the nuclear marker Hoechst 33342 (blue). Solid yellow arrowheads indicate YFP+ PDGFRα+ OPCs. Solid white arrowheads indicate YFP+ PDGFRα-neg newborn OLs. (M) Graph of the proportion (%) of YFP+ cells that are YFP+ PDGFRα-neg OLIG2+ newborn OLs in the CC of control and Lrp1-deleted mice [mean ± SD for n ≥ 4 mice per genotype per time-point; 2-way ANOVA: Genotype F (1, 28) = 22.3, p < 0.0001; Time F (3, 28) = 109.7, p < 0.0001; Interaction F (3, 28) = 1.9, p = 0.15]. (N) Graph of the proportion (%) of YFP+ cells that are YFP+ PDGFRα-neg OLIG2+ newborn OLs in the motor cortex of control and Lrp1-deleted mice [mean ± SD for n ≥ 4 mice per genotype per time-point; 2-way ANOVA: Genotype F (1, 26) = 22.5, p < 0.0001; Time F (3, 26) = 23.4, p < 0.0001; Interaction F (3, 26) = 4.56, p = 0.011]. Bonferroni multiple comparisons: *p < 0.05, **p < 0.01, ****p < 0.0001. Scale bars represent 17 μm (A–F) and 34 μm (G–L).
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FIGURE 4. Lrp1 deletion increases the number of newborn ASPA+ OLs in the adult mouse corpus callosum and motor cortex. (A–L) Confocal images from the corpus callosum (CC; A–F) or motor cortex (Ctx; G–L) of P57+30 control (Pdgfrα-CreERTM:: Rosa26-YFP) and Lrp1-deleted (Pdgfrα-CreERTM:: Rosa26-YFP:: Lrp1fl/fl) mice that were immunolabeled to detect ASPA (red), YFP (green), and the nuclear marker Hoechst 33342 (HST, blue). Solid yellow arrowheads indicate YFP+ ASPA+ mature OLs. Solid white arrowheads indicate YFP+ ASPA-neg cells. (M) Quantification of the proportion (%) of YFP+ cells that are YFP+ ASPA+ newborn mature OLs in the CC and Ctx of P57+30 control and Lrp1-deleted mice [mean ± SD for n = 4 mice per genotype; 2-way ANOVA: Genotype F (1, 12) = 125.3, p < 0.0001; Brain region F (1, 12) = 42.1, p < 0.0001; Interaction F (3, 28) = 4.5, p = 0.056]. Bonferroni multiple comparisons: *p < 0.05, ***p < 0.001. Scale bars represent 30 μm (A–J).




Myelinating OLs Produced by Lrp1-Deleted OPCs Elaborate a Normal Number of Internodes

As OPCs differentiate, they rapidly downregulate their expression of PDGFRα, the NG2 proteoglycan and voltage-gated sodium channels (NaV) (Richardson et al., 1988; Pringle et al., 1989; De Biase et al., 2010; Kukley et al., 2010; Clarke et al., 2012). They become highly ramified pre-myelinating OLs that either die or continue to mature into myelinating OLs and elaborate myelin internodes (Trapp et al., 1997; Psachoulia et al., 2009; Hughes et al., 2013; Young et al., 2013; Tripathi et al., 2017; Pitman et al., 2019). To grossly examine the myelin profile of adult-born OLs in control and Lrp1-deleted mice, we fluorescently labeled a subset of OPCs in the adult mouse brain with a membrane-targeted form of green fluorescent protein (GFP). We have previously shown that tamoxifen delivery to adult Pdgfrα-CreERTM :: Tau-GFP mice does not result in the specific fluorescent labeling of OPCs and their progeny (Pitman et al., 2019). Therefore, for this experiment, we instead delivered tamoxifen to adult LE-control (Pdgfrα-CreERT2 :: Tau-GFP) and LE-Lrp1-deleted (Pdgfrα-CreERT2 :: Tau-GFP :: Lrp1fl/fl) mice. The Pdgfrα-CreERT2 transgenic mouse (Rivers et al., 2008) has a lower recombination efficiency (LE) than the Pdgfrα-CreERTM transgenic mouse (Kang et al., 2010), so we first evaluated the efficiency of Lrp1 deletion using this mouse model. Coronal brain cryosections from P57+30 LE-control and LE-Lrp1-deleted mice were immunolabeled to detect PDGFRα and LRP1 (Figures 5A,B). While 100 ± 0% of PDGFRα+ OPCs expressed LRP1 in the motor cortex of LE-control mice, only 35 ± 9% of PDGFRα+ OPCs expressed LRP1 in the motor cortex of LE-Lrp1-deleted mice (mean ± SD for n = 3 mice per genotype). The recombination efficiency was similar in the corpus callosum with 100 ± 0% of OPCs expressing LRP1 in LE-control mice and only 37 ± 7% in LE-Lrp1-deleted mice (Figure 5C).
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FIGURE 5. Lrp1 deletion increases the number of mature, myelinating OLs added to the motor cortex of adult mice. (A,B) Compressed confocal z-stack from the corpus callosum (CC) of P57+30 LE-control (Pdgfrα-CreERT2) and LE-Lrp1-deleted (Pdgfrα-CreERT2 :: Lrp1fl/fl) mice that were immunolabeled to detect OPCs (PDGFRα, green), LRP1 (red), and Hoechst 33342 (blue). Solid yellow arrowheads indicate OPCs that express LRP1. Solid white arrowheads indicate OPCs that do not express LRP1. (C) The proportion (%) of PDGFRα+ OPCs in the CC of LE-control and the LE-Lrp1-deleted mice that express LRP1 (mean ± SD for n = 3 mice per group; unpaired t-test, ***p < 0.001). (D–E′) Compressed confocal z-stack from the motor cortex (Ctx) of a P57+30 control (LE-Pdgfrα-CreERT2 :: Tau-mGFP) mouse immunolabeled to detect PDGFRα (red), GFP (green), and OLIG2 (blue). Solid yellow arrowheads indicate GFP+ PDGFRα+ OLIG2+ OPCs. Solid white arrowhead indicates a GFP+ PDGFRα-neg OLIG2+ newborn pre-myelinating OL. The white arrow indicates a GFP+ PDGFRα-neg OLIG2+ newborn myelinating OL. (F) Quantification of the proportion (%) of GFP+ cells that are PDGFRα+ OLIG2+ OPCs, PDGFRα-neg OLIG2+ premyelinating OLs (pre-OLs) and PDGFRα-neg OLIG2+ myelinating OLs (OLs) [mean ± SD for n = 4 mice per genotype; 2-way ANOVA: Maturation stage F (2,18) = 195.1, p < 0.0001; Genotype F (1, 18) = 0.032, p = 0.85; Interaction F (2, 18) = 17.1, p < 0.0001]. Bonferroni multiple comparisons: *p = 0.046 and ***p = 0.0004. (G–H′) Compressed confocal z-stack showing GFP+ PDGFRα-neg myelinating OLs in the motor cortex of P57+30 LE-control and LE-Lrp1-deleted mice. (I) The number of internodes elaborated by individual GFP+ myelinating OLs in the motor cortex of LE-control and LE-Lrp1-deleted mice (mean ± SEM for n ≥ 10 OLs from n = 3 mice per genotype; Mann–Whitney Test, p = 0.38). (J) The average length of internodes elaborated by individual GFP+ myelinating OLs in LE-control and LE-Lrp1-deleted mice (mean ± SEM for n ≥ 10 OLs from n = 3 mice per genotype; unpaired t-test, p = 0.67). (K) Cumulative length distribution plot for GFP+ internodes measured in the motor cortex of P57+30 LE-control and LE-Lrp1-deleted mice (n = 519 LE-control GFP+ internodes and n = 408 LE-Lrp1-deleted GFP+ internodes measured from n = 3 mice per genotype; K-S test, D = 0.053, p = 0.5). Scale bars represent 34 μm (A,B) or 17 μm (G,H).


Only ∼65% of OPCs lacked LRP1 in the LE-Lrp1-deleted mice, but this was sufficient to increase the number of newborn OLs detected in the brain. When P57+30 LE-control and LE-Lrp1-deleted mouse brain cryosections were immunolabeled to detect GFP (green), PDGFRα (red) and OLIG2 (blue) (Figures 5D,E), we found that the proportion of GFP+ cells that became PDGFRα-negative OLIG2+ newborn OLs was significantly elevated in the motor cortex of LE-Lrp1-deleted mice (56.3 ± 2.06%) compared to control mice (49.2 ± 1.51%, mean ± SD for n = 4 mice per genotype; unpaired t-test p = 0.03). Using the membrane targeted GFP to further subdivide the newborn OLs into premyelinating and myelinating OLs, we determined that Lrp1 deletion significantly increased the proportion of GFP+ cells that had become myelinating OLs (Figure 5F).

Despite the difference in overall cell number, the morphology of the myelinating OLs added to the brain of control and Lrp1-deleted mice was equivalent (Figures 5G,H). Our detailed morphological analysis of individual GFP+ myelinating OLs in the motor cortex of LE-control and LE-Lrp1-deleted mice revealed that neither the average number of internodes elaborated by GFP+ myelinating OLs (Figure 5I) or the mean length of internodes elaborated by GFP+ myelinating OLs (Figure 5J) was changed by Lrp1 deletion. Additionally, LRP1 expression did not influence the length distribution for internodes elaborated by newborn myelinating OLs in the motor cortex (Figure 5K). These data indicate that LRP1 negatively regulates the number of myelinating OLs added to the healthy adult mouse brain but does not influence their gross myelination profile.



Lrp1 Deletion Does Not Influence NaV, AMPA Receptor, L- or T-Type VGCC, PDGFRα or LRP2 Expression by OPCs

LRP1 has the potential to influence a number of signaling pathways that directly or indirectly regulate oligodendrogenesis. The conditional deletion of Lrp1 from neurons in vitro and in vivo increases AMPA receptor turnover and reduces expression of the GluA1 subunit of the AMPA receptor (Gan et al., 2014). Adult OPCs express AMPA receptors (Gallo et al., 1996; Gudz, 2006; Zonouzi et al., 2011) that enhance the survival of premyelinating oligodendrocytes during development (Kougioumtzidou et al., 2017) and glutamatergic signaling regulates OPC proliferation, differentiation (Gallo et al., 1996; Fannon et al., 2015) and migration (Gudz, 2006). To determine whether LRP1 regulates AMPA receptor signaling in OPCs we obtained whole cell patch clamp recordings from GFP-labeled OPCs in the motor cortex of P57+30 control (Lrp1fl/fl :: Pdgfrα-histGFP) and Lrp1-deleted (Pdgfrα-CreERTM :: Lrp1fl/fl :: Pdgfrα-histGFP) mice (Figure 6). OPCs elicit a large inward voltage-gated sodium current (INa) in response to a series of voltage-steps (Figure 6A). We found that INa amplitude (Figure 6B) and OPC capacitance (approximation of cell size; Figure 6C) were not affected by LRP1 expression. AMPA receptors were subsequently activated by the bath application of 100 μm kainate, which evoked a large depolarizing current in control and Lrp1-deleted OPCs (Figures 6D,E). The amplitude of the evoked current was equivalent for control and Lrp1-deleted OPCs across all voltages examined (Figure 6E), suggesting that Lrp1 deletion has no effect on the composition or cell-surface expression of AMPA/kainate receptors.
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FIGURE 6. LRP1 does not alter functional NaV, VGCC, or AMPA/kainate receptor expression, or total PDGFRα expression in OPCs. (A) Representative traces of voltage-gated sodium channels currents (INa) evoked in GFP+ OPCs in the motor cortex of P57+30 control (Pdgfrα-histGFP :: Lrp1fl/fl) and Lrp1-deleted (Pdgfrα-CreERTM :: Pdgfrα-histGFP :: Lrp1fl/fl) mice. (B) Quantification of peak inward INa (n ≥ 8 GFP+ OPCs analyzed from n = 3 mice per genotype; unpaired t-test, p = 0.8). (C) Quantification of cell capacitance (n ≥ 9 GFP+ OPCs analyzed from n = 3 mice per genotype; unpaired t-test, p = 0.9). (D) Representative trace from a control GFP+ OPC responding to the bath application of 100 μM kainate. (E) The current density-voltage relationship of AMPA/kainate receptors in control (n = 3 GFP+ OPCs) and Lrp1-deleted (n = 3 GFP+ OPCs) cells [mean ± SEM; 2-way repeated measures ANOVA: Genotype F (1, 28) = 0.91, p = 0.3; Voltage F (6, 28) = 31.3, p < 0.0001; Interaction F (6, 28) = 0.25, p = 0.9]. (F) Representative traces show the fast inactivating leak subtracted ICa evoked in GFP+ OPCs in response to a depolarizing step. (G) The current density-voltage relationship for the leak subtracted ICa (peak amplitude) recorded from control cells (dark circles, n = 11 GFP+ OPCs across n = 3 mice) and Lrp1-deleted cells (gray squares, n = 10 GFP+ OPCs across n = 3 mice) [mean ± SEM; 2-way repeated measures ANOVA: Genotype F (1, 190) = 2.85, p = 0.09; Voltage F (9, 190) = 23.5, p < 0.0001; Interaction F (9, 190) = 1.14, p = 0.3]. (H) Representative traces show the leak subtracted ICa L-type evoked in GFP+ OPCs in response to a depolarizing step. (I) The current density-voltage relationship for leak subtracted ICa L-type (mean sustained current) recorded from control cells (dark circles, n = 7 GFP+ OPCs across n = 3 mice) and Lrp1-deleted cells (gray squares, n = 11 GFP+ OPCs across n = 3 mice) [mean ± SEM; 2-way repeated measures ANOVA: Genotype F (1, 176) = 1.03, p = 0.3; Voltage F (10, 176) = 66.8, p < 0.0001; Interaction F (10, 176) = 0.62, p = 0.8]. (J,K) Compressed z-stack confocal image of PDGFRα+ OPCs in the motor cortex (Ctx) of P57+30 control and Lrp1-deleted mice. (L) The mean gray value of PDGFRα staining for individual OPCs measured in the motor cortex of P57+30 control and Lrp1-deleted mice (mean ± SD; n ≥ 24 OPCs measured across n = 3 mice per genotype; unpaired t-test, p = 0.8). Scale bars represent 17 μm.


LRP1 regulates the cell surface expression and distribution of N-type voltage gated calcium channels (VGCC) by interacting with the α2δ subunit (Kadurin et al., 2017). In adult OPCs, the closely related L-type VGCCs reduce OPC proliferation in the motor cortex and corpus callosum (Pitman et al., 2019) and influence OL maturation in vitro (Cheli et al., 2015). The other major VGCCs expressed by OPCs are T-type VGCCs (Williamson et al., 1997; Fulton et al., 2010) which are activated at lower (hyperpolarized) voltages than L-type channels and inactivate quickly (transient). To determine whether the cell surface expression of VGCCs is altered following Lrp1 deletion, we performed whole cell patch clamp electrophysiology and measured the current density (pA/pF) in OPCs from control and Lrp1-deleted mice (Figures 6F–I). We found that the VGCC current density was equivalent for OPCs in the motor cortex of control and Lrp1-deleted mice (Figures 6F,G). The current density was also equivalent between OPCs from control and Lrp1-deleted mice when measured currents were elicited selectively through L-type VGCCs (Figures 6H,I), indicating that LRP1 does not influence L- or T-type VGCC expression in adult OPCs.

Tissue plasminogen activator (tPA) is an LRP1 ligand (Bu et al., 1992; Orth et al., 1992) and its addition to astrocytic cultures increases PDGF-CC cleavage and activation (Su et al., 2008). While PDGF-CC is a ligand of PDGFRα, a key receptor regulating OPC proliferation, survival and migration (Noble et al., 1988; Richardson et al., 1988; Pringle et al., 1989), increased mitogenic stimulation would not account for LRP1 reducing adult OPC proliferation. In other cell types, LRP1 has instead been shown to influence the cell surface expression of PDGFRβ (Takayama et al., 2005; Muratoglu et al., 2010), a receptor that is closely related to PDGFRα. When performing immunohistochemistry using an antibody against the intracellular domain of PDGFRα, it is not possible to specifically quantify the cell surface expression of PDGFRα in OPCs with and without LRP1, however, we were able to quantify PDGFRα expression (mean gray value; Figures 6J–L), and determined that LRP1 did not influence total PDGFRα expression.

The low-density lipoprotein receptor related protein 2 (LRP2) is a large cell surface receptor that is closely related to LRP1, with a number of common ligands (Spuch et al., 2012). LRP2 can increase the proliferation of neural precursor cells in the subependymal zone (Gajera et al., 2010) and the proliferation and survival of skin cancer cells (Andersen et al., 2015), however, it is unclear whether cells of the OL lineage express LRP2 (Cahoy et al., 2008; Zhang et al., 2014; Hrvatin et al., 2018), or whether Lrp1 deletion could alter LRP2 expression. We examined this possibility by performing immunohistochemistry on coronal brain cryosections from P57+30 control and Lrp1-deleted mice to detect LRP2 and PDGFRα or ASPA (Supplementary Figure 2). We determined that LRP2 is not expressed by OPCs or OLs in mice of either genotype, despite the robust expression of LRP2 by Iba1+ microglia (Supplementary Figure 2). These data indicate that compensation from LRP2 or a change in LRP2 expression by OPCs is not responsible for the elevated OPC proliferation and differentiation observed in Lrp1-deleted mice.



Lrp1 Deletion Does Not Alter EdU Incorporation by OPCs in vitro

Our data suggest that in the healthy adult mice, Lrp1 deletion either increases OPC proliferation which then results in an increased number of newborn OLs, or increases OPC differentiation which subsequently triggers a homeostatic increase in OPC proliferation to maintain the OPC population. Previous studies have shown that Lrp1 deletion enhances the proliferation of retinal endothelial cells (Mao et al., 2016) and reduces the proliferation of cells within embryonic mouse neurospheres (Safina et al., 2016), while the activation of LRP1 by tPA enhances the proliferation of interstitial fibroblasts (Lin et al., 2010). To determine whether LRP1 directly suppresses OPC proliferation, we generated primary OPC cultures from the cortex of P0–P5 control (Pdgfrα-hGFP) or Lrp1-deleted (Pdgfrα-hGFP: Lrp1fl/fl) mice. To delete Lrp1 in vitro, we used a cell-permeable form of Cre-recombinase, TAT-Cre, which is a fusion peptide of Cre-recombinase and the HIV cell-penetrating TAT peptide. After 7 days in vitro (DIV), OPCs were incubated with 1 μM TAT-Cre for 90 min and LRP1 expression was determined at 9 DIV by performing immunocytochemistry to detect PDGFRα (red), GFP (green), and LRP1 (blue) (Figures 7A,B). Following Tat-Cre treatment all OPCs cultured from control mice expressed LRP1, however, only ∼21% of PDGFRα+ OPCs cultured from Lrp1-deleted mice retained LRP1 expression (Figure 7C). At the same time-point, additional control and Lrp1-deleted OPC cultures were exposed to EdU to label all cells that entered the S-phase of the cell cycle over a 10-h period. By performing immunocytochemistry to detect GFP (green), LRP1 (red) and EdU (Figures 7D,E), we found that LRP1 expression did not influence OPC proliferation in vitro, as the fraction of OPCs that were EdU+ was equivalent in control and Lrp1-deleted cultures (Figure 7F).


[image: image]

FIGURE 7. LRP1 does not affect OPC proliferation in vitro. (A–B″) Tat-Cre-treated OPCs cultured from the cortex of early postnatal control (Pdgfrα-histGFP) and Lrp1-deleted (Pdgfrα-histGFP :: Lrp1fl/fl) mice were immunolabeled to detect PDGFRα (red), LRP1 (blue), and GFP (green). (C) Quantification of the proportion (%) of control and Lrp1-deleted OPCs that express LRP1 48 h after TAT-Cre treatment (mean ± SEM, n ≥ 3 independent cultures per genotype; unpaired t-test, ****p < 0.0001). (D,E) Tat-Cre-treated OPCs from control and Lrp1-deleted mice exposed to EdU for 10 h and immunolabeled to detect GFP (green), LRP1 (red), and EdU (blue). (F) Quantification of the proportion (%) of control and Lrp1-deleted OPCs that become EdU-labeled over a 10-h period (mean ± SEM, n ≥ 5 independent cultures per genotype; unpaired t-test, p = 0.3). (G–I′) Compressed confocal z-stack showing OPCs cultured from control mice that were exposed to EdU and either vehicle (MilliQ water; G,G′), 20 nM tPa (H,H′) or 60 nM *α2M (I,I′) for 10 h, before being processed to detect EdU (red) and PDGFRα (green). (J) Quantification of the proportion (%) of control OPCs that incorporated EdU when treated with vehicle, tPa or *α2M for 10 h (mean ± SEM, n ≥ 4 independent cultures; 1-way ANOVA: Treatment F (2, 9) = 0.42, p = 0.66). Scale bars represent 17 μm. DIV = days in vitro; tPA = tissue plasminogen activator; *α2M = activated α-2 macroglobulin.


To determine whether LRP1 activation by ligands could directly influence OPC proliferation, we added vehicle (MilliQ water) or the LRP1 ligands tPA (20 nM) or activated α-2 macroglobulin (∗α2M; 60 mM) to OPC primary cultures for 10 h, along with EdU (Figures 7G–J). By performing immunocytochemistry to detect PDGFRα (green) and EdU (red), we determined that the proportion of OPCs that became EdU-labeled did not change with the addition of tPA or ∗α2M (Figure 7J), indicating that LRP1 activation by these ligands is unable to acutely modify OPC proliferation in vitro.



Lrp1 Deletion Increases the Proportion of OPCs That Differentiate in vitro

In vitro, OPCs can be triggered to differentiate by withdrawing the mitogen PDGF-AA and providing triiodothyronine (T3) in the culture medium. To determine whether Lrp1 deletion can enhance OPC differentiation, TAT-Cre-treated control and Lrp1-deleted OPCs were transferred into differentiation medium for 4 days before they were immuno-labeled to detect PDGFRα+ OPCs (red) and MBP+ OLs (green) (Figures 8A,B). We determined that the proportion of cells that were PDGFRα+ OPCs was reduced in the Lrp1-deleted cultures, while the proportion of cells that were MBP+ OLs was significantly increased compared with control cultures (Figure 8C).
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FIGURE 8. Lrp1 deletion increases OPC differentiation in vitro. (A,B) Control and Lrp1-deleted OPCs were exposed to Tat-Cre, cultured for a further 48-h, and then transferred to differentiation medium for 4 days. Compressed confocal z-stack showing differentiated control and Lrp1-deleted (Lrp1fl/fl) OPC cultures immunolabeled to detect OPCs (PDGFRα, red), OLs (MBP, green), and all cell nuclei (Hoechst 33342, blue). (C) Quantification of the proportion (%) of cells that were PDGFRα+ OPCs or MBP+ OLs in control and Lrp1-deleted cultures [mean ± SEM for n = 3 independent cultures per genotype; 2-way ANOVA: Cell type F (1, 8) = 212, p < 0.0001; Genotype F (1, 8) = 0.001, p = 0.97; Interaction F (1, 8) = 19.9, p = 0.02]. Bonferroni multiple comparisons: **p = 0.005. (D–F) Compressed confocal z-stack shows OPCs from control mice that were transferred into differentiation medium and exposed to vehicle (MilliQ water; D), tPa (E), or *α2M (F) for 4 days before being immunolabeled to detect OPCs (PDGFRα, red), OLs (MBP, green), and all cell nuclei (Hoechst 33342, blue). (G) Quantification of the proportion (%) of OPCs that became PDGFRα+ OPCs or MBP+ OLs after 4 days in differentiation medium with vehicle, tPa or *α2M [mean ± SEM, n = 3 independent cultures per treatment; 2-way ANOVA: Cell type F (1, 12) = 44.6, p < 0.0001; Treatment F (2, 10) = 0, p = 1; Interaction F (2, 12) = 0.03, p = 0.97]. tPa = tissue plasminogen activator; *α2M = activated α2 macroglobulin. Scale bars represent 34 μm (A,B) or 17 μm (D–F).


To determine whether the ligand activation of LRP1 was sufficient to suppress OPC differentiation, OPC primary cultures were transferred into differentiation medium containing vehicle (MilliQ water), tPA (20 nM) or ∗α2M (60 nM) for 4 days. By performing immunocytochemistry to detect PDGFRα+ OPCs and MBP+ OLs (Figures 8D–F) we found that the activation of LRP1 by tPA or ∗α2M had no impact on the proportion of cells that differentiated over time (Figure 8G). As ApoE4 produces an LRP1-dependent increase in Erk and Akt phosphorylation to increase the number of O4+ OLs produced by differentiating embryonic mouse neurospheres (Safina et al., 2016), we also added vehicle (MilliQ water) or ApoE4 (203 nM) to a distinct set of proliferating and differentiating OPC cultures. We report that ApoE4 had no effect on the proportion (%) of OPCs that incorporated EdU (vehicle: 56.2 ± 11.5%; ApoE4: 57.2 ± 7.3%, mean ± SEM for n = 4 independent cultures; paired t-test t = 0.2, p = 0.8). Furthermore, the proportion (%) of cells that were MBP+ OLs (vehicle, 29.1 ± 4.3% and ApoE4, 35.9 ± 3.4%) after 4 days of differentiation, was equivalent in vehicle and ApoE4-treated cultures [mean ± SEM for n = 4 independent cultures; paired t-test t = 1.0, p = 0.4]. These data suggest that the LRP1 ligands tPA, α2M and ApoE4, do not regulate OPC differentiation in vitro.



Lrp1 Deletion Increases the Number of Newborn Mature OLs Added to the Corpus Callosum During Cuprizone Feeding

As Lrp1 deletion enhances OL addition to the healthy adult mouse brain, we next aimed to determine whether the deletion of Lrp1 from adult OPCs could similarly increase OL generation in response to OL loss and demyelination. Control (Pdgfrα-CreERTM :: Rosa26-YFP) and Lrp1-deleted (Pdgfrα-CreERTM :: Rosa26-YFP :: Lrp1fl/fl) mice received tamoxifen by oral gavage at P57 and at P57+7 were transferred onto a diet containing 0.2% (w/w) cuprizone for 5 weeks to induce significant OL loss, demyelination of the corpus callosum and oligodendrogenesis. After 5 weeks of cuprizone feeding, control and Lrp1-deleted mice were perfusion fixed and coronal brain cryosections processed to detect myelin by black-gold staining (Figure 9). We identified and measured areas of overt demyelination in the corpus callosum of control and Lrp1-deleted mice (Figures 9A–D) and found that this represented a smaller proportion of the corpus callosum in Lrp1-deleted mice compared with controls (Figure 9E).
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FIGURE 9. Lrp1 deletion increases the number of mature OLs added to the mouse corpus callosum during cuprizone feeding. (A–D) Young adult control (Pdgfrα-CreERTM :: Rosa26-YFP) and Lrp1-deleted (Pdgfrα-CreERTM :: Rosa26-YFP :: Lrp1fl/fl) mice were fed a diet containing 0.2% cuprizone for 5 weeks. At the end of 5 weeks, coronal brain sections were collected and stained with black-gold to visualize myelin in the corpus callosum. Dotted white lines define the lateral limits of the region of the corpus callosum analyzed. Red dashed lines denote areas of overt demyelination. (E) The proportion (% area) of the corpus callosum with faint or absent black-gold staining (overt demyelination) in cuprizone-fed control and Lrp1-deleted mice (mean ± SD, n ≥ 4 mice per genotype; unpaired with Welch’s correction, *p = 0.04). (F–I″) Compressed confocal z-stack shows the corpus callosum in cuprizone-fed control and Lrp1-deleted mice, immunolabeled to detect YFP (green), PDGFRα (red), and OLIG2 (blue). White dashed lines indicate the dorsal and ventral boundaries of the corpus callosum; yellow arrowheads indicate YFP+ PDGFRα+ parenchymal OPCs; solid white arrowheads indicate YFP+ PDGFRα-negative newborn OLs; white arrowheads indicate YFP-negative PDGFRα+ stem cell-derived OPCs. (J) Quantification of the proportion (%) of OPCs in the corpus callosum of cuprizone-fed control and Lrp1-deleted mice that are YFP+, PDGFRα+ parenchymal OPCs (mean ± SD, n ≥ 3 mice per genotype; unpaired t-test, p = 0.4). (K) Quantification of the proportion of YFP+ cells in the corpus callosum of cuprizone-fed control and Lrp1-deleted mice that are PDGFRα-negative OLIG2+ newborn OLs (mean ± SD, n ≥ 3 mice per genotype; unpaired t-test, p = 0.9). (L) Quantification of the density of PDGFRα-negative OLIG2+ OLs in the corpus callosum of cuprizone-fed control and Lrp1-deleted mice (mean ± SD, n ≥ 4 mice per genotype; unpaired t-test, p = 0.9). (M,N) Single z-plane confocal images showing the corpus callosum of cuprizone-fed control and Lrp1-deleted mice stained to detect YFP (green), PDGFRα (red), and BCAS1 (blue). Solid yellow arrows indicate parenchymal OPCs (YFP+ PDGFRα+ ± BCAS1). Solid white arrows indicate newborn premyelinating OLs derived from parenchymal OPCs (YFP+ PDGFRα-neg BCAS1+). Large white arrow indicates newborn mature OL derived from parenchymal OPCs (YFP+ PDGFRα-neg BCAS1-neg). (O) Quantification of the proportion of YFP+ cells in the corpus callosum of cuprizone-fed control and Lrp1-deleted mice that are YFP+ PDGFRα-neg BCAS1-neg newborn mature OLs (mean ± SD for n ≥ 3 mice per genotype; unpaired t-test, t = 9.8, ***p = 0.0002). Scale bars represent 150 μm (A,C), 30 μm (B,D), 100 μm (F,G), 17 μm (H,I), or 20 μm (M,N). LV, lateral ventricle.


When EdU was delivered via the drinking water from week 2 to week 5 of cuprizone feeding, it was incorporated into the vast majority of OLIG2+ cells in the corpus callosum of control and Lrp1-deleted mice (Supplementary Figure 3). Despite being newborn cells, many of the PDGFRα+ OPCs (red) and PDGFRα-negative OLIG2+ OLs (blue) within the corpus callosum of control and Lrp1-deleted mice did not co-label with YFP (green) (Figures 9F,G), indicating that these cells were not derived from the YFP+ parenchymal OPC population. Following cuprizone-induced demyelination, both parenchymal OPCs (YFP-labeled) and neural stem cell-derived OPCs (YFP-negative) contribute to OL replacement and remyelination (Xing et al., 2014). After cuprizone feeding the proportion of OPCs that were YFP+ parenchymal OPCs was equivalent in the corpus callosum of control and Lrp1-deleted mice (Figure 9J). As total OPC density was also unaffected by genotype (838 ± 165 OPCs/mm2 in control and 740 ± 134 OPCs/mm2 in Lrp1-deleted corpus callosum; mean ± SD for n = 5 control and n = 3 Lrp1-deleted mice; unpaired t-test, p = 0.67), the expression of LRP1 by parenchymal OPCs does not appear to influence OPC production by neural stem cells.

Following demyelination, YFP+ parenchymal OPCs present in the corpus callosum of Lrp1-deleted mice lacked LRP1, however, the YFP-negative neural stem cell-derived OPCs had intact LRP1 expression (Supplementary Figure 3). Surprisingly, YFP+ parenchymal OPCs no longer generated more OLs in Lrp1-deleted mice compared to controls, as 60 ± 15% of YFP+ cells were PDGFRα-negative OLIG2+ newborn OLs in the corpus callosum of control mice and 65 ± 5% of YFP+ cells were PDGFRα-negative OLIG2+ newborn OLs in the corpus callosum of Lrp1-deleted mice (Figure 9K; mean ± SD for n = 5 control and n = 3 Lrp1-deleted mice). As total OL density was also equivalent in the corpus callosum of control and Lrp1-deleted mice (Figure 9L), a change in oligodendrogenesis did not appear to account for Lrp1-deleted mice having less overt demyelination. However, by performing immunohistochemistry to detect YFP, the OPC marker PDGFRα, and Breast Carcinoma Amplified Sequence 1 (BCAS1), a protein expressed by some OPCs and all pre-myelinating OLs (Fard et al., 2017; Ferreira et al., 2020), we found that the fraction of YFP+ cells that were mature OLs (YFP+ PDGFRα-neg BCAS1-neg) was increased in the corpus callosum of Lrp1-deleted mice compared to controls (Figures 9M–O). These data suggest that LRP1 expression by adult OPCs impairs newborn OL maturation in the cuprizone-injured CNS.



DISCUSSION

Within the OL lineage, LRP1 is highly expressed by OPCs and is rapidly down-regulated upon differentiation (Cahoy et al., 2008; Zhang et al., 2014; Auderset et al., 2016a; Fernandez-Castaneda et al., 2019), suggesting that LRP1 regulates the function or behavior of the progenitor cells. As LRP1 can signal in a number of different ways (Lillis et al., 2008; Auderset et al., 2016b; Bres and Faissner, 2019) and has been shown to influence cellular behaviors relevant to OPCs, such as proliferation, differentiation (Boucher et al., 2007; Mao et al., 2016; Safina et al., 2016) and migration (Mantuano et al., 2010, 2015; Barcelona et al., 2013; Ferrer et al., 2016; Sayre and Kokovay, 2019), we took a conditional gene deletion approach to determine whether Lrp1 influenced the behavior of adult mouse OPCs. We report that Lrp1-deletion produces a delayed increase in adult OPC proliferation and increases the number of OPCs that differentiate into mature, myelinating OLs in the motor cortex and corpus callosum. Lrp1 deletion does not, however, alter the number or length of internodes produced by the newborn, myelinating OLs. Furthermore, during cuprizone-induced demyelination, Lrp1 deletion does not influence the total number of newborn OLs added to the corpus callosum, but a larger proportion of the newborn cells are mature OLs.


Does LRP1 Have a Different Effect on Developmental and Adult OPCs in the Healthy CNS?

New OLs are added to the adult mouse CNS throughout life (Dimou et al., 2008; Rivers et al., 2008; Kang et al., 2010; Zhu et al., 2011), and when we followed the fate of adult OPCs after Lrp1 deletion, we observed a significant increase in the number of new OLs added to the corpus callosum and motor cortex at P57+30 and P57+45 (Figure 3). In the healthy adult mouse brain, there is a significant population of pre-myelinating OLs (Xiao et al., 2016; Fard et al., 2017) that are constantly turned over, as ∼78% of newly generated pre-myelinating OLs survive for less than 2 days (Hughes et al., 2018). However, Lrp1 deletion did not simply increase the pool of premyelinating OLs, as deleting Lrp1 from adult OPCs ultimately increased the number of newborn mature ASPA+ OLs added to the brain (Figure 4). Furthermore, by using LE-Pdgfrα-CreERT2 :: Tau-mGFP transgenic mice to visualize the full morphology of the newly generated OLs, we were able to confirm that Lrp1 deletion effectively increased the number of newborn OLs that had myelinating morphology (Figure 5). The gross myelination profile of individual myelinating OLs appeared unaffected by LRP1 expression, as OLs in the cortex of Lrp1-deleted mice supported the same number of internodes of an equivalent length as those elaborated by newborn myelinating OLs in the cortex of control mice (Figure 5).

These data suggest that LRP1 expression by adult OPCs has the capacity to influence the number of OPCs that differentiate and survive as newborn, myelinating OLs in the healthy mouse brain, without significantly impacting their gross myelination profile. This was unexpected, as it suggests that LRP1 plays a different role in adult OPCs compared with developmental OPCs. In the developing mouse optic nerve, deleting Lrp1 from cells of the OL lineage (Olig2-Cre :: Lrp1fl/fl) reduces the number of OLs produced and results in hypomyelination by P21 (Lin et al., 2017). As LRP1 is expressed by radial glia and neural stem cells (Hennen et al., 2013; Safina et al., 2016; Auderset et al., 2016a), and the Olig2 gene promoter can be active in some neural stem cells and transiently active in some astrocytes (Marshall et al., 2005; Cai et al., 2007), it is possible that the Olig2-Cre transgenic mouse results in the unintended deletion of Lrp1 from some neural stem cells. This would be expected to reduce OL generation, as cultured embryonic NSPCs lacking Lrp1 produce fewer cells of the OL lineage (Hennen et al., 2013; Safina et al., 2016). However, a series of in vitro experiments suggest that the constitutive loss of Lrp1 from OPCs in development, results in longer-lasting detrimental changes within the lineage. After 2 days of differentiation, primary brain OPCs derived from early postnatal Olig1-Cre and Olig1-Cre :: Lrp1fl/fl mice, have an equivalent level of Myrf, Mbp, and CNPase mRNA expression (Fernandez-Castaneda et al., 2019), Similarly, after 3 days in differentiation medium, OPCs from control and conditionally-deleted (Olig2-Cre :: Lrp1fl/fl) mice contain an equivalent number of NG2+ OPCs or CNPase+ OLs (Lin et al., 2017). By 5 days of differentiation, however, cultures from the conditionally-deleted mice contain significantly fewer PLP+ or MBP+ OLs and these cells had impaired myelin biogenesis (Lin et al., 2017). Sterol-regulatory element binding protein-2 expression was elevated and peroxisomal biogenesis factor-2 expression reduced in cultures generated from Olig2-Cre :: Lrp1fl/fl mice, but the combined delivery of cholesterol and pioglitazone rescued this phenotype (Lin et al., 2017). Therefore, it is likely that LRP1 plays an important role in cholesterol homeostasis and peroxisome biogenesis in developmental OPCs (Lin et al., 2017). As Lrp1 deletion did not disrupt the gross myelinating morphology of newborn OLs added to the adult mouse CNS, this function of LRP1 does not appear to be retained by adult OPCs. However, this could only be truly ruled out by performing an ultrastructural analysis of the newly elaborated myelin.



Why Does Lrp1 Deletion Have a Delayed Effect on OPC Proliferation in the Healthy Adult Mouse CNS?

At any one time, the majority of OPCs in the healthy adult mouse CNS are in the G0 phase of the cell cycle (Psachoulia et al., 2009). In young adulthood, all OPCs in the corpus callosum re-enter the cell cycle and divide at least once in a 10-day period, but a similar level of turnover takes ∼38 days for OPCs in the cortex (Young et al., 2013). In this study, we found that Lrp1-deletion increased the rate at which OPCs re-entered the cell cycle and became EdU-labeled, but the onset of this phenotype was not coincident with the loss of LRP1 (Figures 1, 2). More specifically, when EdU labeling commenced at P57+7, the proportion of OPCs that became EdU labeled over time was the same for control and Lrp1-deleted mice (Figure 2). However, when EdU delivery was delayed and instead commenced at P57+28, the proportion of OPCs that incorporated EdU was elevated in the corpus callosum or motor cortex of Lrp1-deleted mice compared with controls. It is feasible that LRP1 directly suppresses adult OPC proliferation. LRP1 is known to modulate the proliferation of other cell types (Boucher et al., 2007; Basford et al., 2009; Mao et al., 2016; Safina et al., 2016; Yang et al., 2018; Zucker et al., 2019), suppressing the hypoxia-induced proliferation of mouse and human retinal endothelial cells by regulating the activity of poly (ADP-ribose) polymerase-1 (PARP-1; Mao et al., 2016), and suppressing the proliferation of cultured mouse vascular smooth muscle cells by reducing PDGFRβ activity (Boucher et al., 2003; Basford et al., 2009). However, the inability of Lrp1 deletion to acutely influence OPC proliferation in vivo or directly influence OPC proliferation in vitro (Figure 7; Lin et al., 2017), may suggest that LRP1 affects OPC proliferation indirectly.

OPC proliferation is intimately linked to OPC differentiation in vivo (Hughes et al., 2013). As the number of new OLs detected in the adult mouse brain increases following the conditional deletion of Lrp1 (Figures 3–5), it is possible that Lrp1-deletion directly enhances OPC differentiation and, in doing so, produces a homeostatic increase in OPC proliferation (see Figure 10). Further supporting this idea, the deletion of Lrp1 from OPCs in vitro, directly increased the number of MBP+ OLs generated (Figure 8).
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FIGURE 10. LRP1 signaling in adult OPCs may have cell autonomous and non-cell autonomous effects on myelination and remyelination. Cell autonomous: in vivo, LRP1 signaling by adult mouse OPCs reduces OPC proliferation and the number of newborn OLs added to the brain. As LRP1 suppresses OPC differentiation in vitro, we propose that LRP1 can directly suppress OPC differentiation. This cell autonomous effect would also be expected to reduce OPC proliferation, as these processes are closely and homeostatically linked in vivo. Non-cell autonomous: during cuprizone-induced demyelination, LRP1 expression by OPCs hinders OL maturation. This may be the result of a cell autonomous function of LRP1 in adult OPCs that has lasting effects during differentiation, but may also be the result of a less direct signaling mechanism. For example, the release of soluble LRP1 from the surface of OPCs; the LRP1-directed secretion of proteins from OPCs; or an LRP1-directed increase in OPC-mediated antigen presentation could influence the maturation of pre-myelinating OLs or the behavior of other cell types such as microglia, astrocytes or lymphocytes.




How Does LRP1 Expression by Adult OPCs Affect OL Production in Response to an Injury?

As Lrp1 deletion increased the number of new OLs detected in the healthy adult mouse brain, we predicted that Lrp1 deletion would also enhance the number of new OLs produced in response to OL loss. However, OPCs can behave differently in the healthy versus injured CNS. It was previously reported that the delivery of tamoxifen to adult CAG-CreERTM :: Lrp1fl/fl mice, which reduced LRP1 expression by ∼50%, reduced the remyelination of a lysolecithin-induced callosal lesion (Hennen et al., 2013). This could have been the result of LRP1 loss from OPCs, microglia, astrocytes or neurons (May et al., 2004; Casse et al., 2012; Chuang et al., 2016; Yang et al., 2016; Liu et al., 2017; He et al., 2020), however, focal lesion repair was also impaired when Lrp1 was conditionally deleted from adult OPCs (Pdgfrα-CreERTM :: Lrp1fl/fl mice) (Hennen et al., 2013). While the level and specificity of Lrp1 deletion was not reported in this study, these data suggest that LRP1 signaling in adult OPCs could improve myelin repair (Hennen et al., 2013).

We report that LRP1 experts an altogether different effect on adult OPCs following cuprizone-mediated OL loss and demyelination. By performing cre-lox lineage tracing to follow the fate of adult OPCs, we were able to quantify the number of new OLs added to the corpus callosum of control and Lrp1-deleted mice during cuprizone feeding. While the number of OPC-derived OLs was equivalent in control and Lrp1-deleted mice, a larger proportion of the new OLs had matured in the corpus callosum of Lrp1-deleted mice. Furthermore, the area of the corpus callosum showing overt demyelination was reduced in Lrp1-deleted mice compared with controls. Consistent with our findings, adult Olig1-Cre and Olig1-Cre: Lrp1fl/fl mice, subjected to 5 weeks of cuprizone feeding also had an equivalent number of OLs in the corpus callosum, however, within 3.5 days of cuprizone withdrawal, the corpus callosum of Olig1-Cre: Lrp1fl/fl mice contained more OLs than controls and had greater MBP coverage (Fernandez-Castaneda et al., 2019). Cuprizone-induced demyelination is a robust stimulus for OPC differentiation (Xing et al., 2014; Baxi et al., 2017) and could readily mask the lesser effect of Lrp1 deletion on new OL addition. These data also suggest that LRP1 expression by OPCs impair newborn OL maturation, which could reflect a cell intrinsic function of LRP1 within the OL lineage or could reflect an alternative role for LRP1 allowing OPCs to regulate the maturation of adjacent maturing OLs by a less direct, perhaps inflammatory mechanism (see Figure 10).

Neuroinflammation impairs OL generation (Miron et al., 2011) and OPCs can modulate neuroinflammation, releasing cytokines in response to interleukin 17 receptor signaling (Wang et al., 2017). OPCs also express genes associated with antigen processing and presentation (Falcao et al., 2018; Kirby et al., 2019). While this was not investigated here, previous research has shown that LRP1 can bind and phagocytose myelin debris (Gaultier et al., 2009; Fernandez-Castaneda et al., 2013; Stiles et al., 2013) and that LRP1 expression by OPCs can influence the inflammatory nature of the remyelinating environment (Fernandez-Castaneda et al., 2019). RNA profiling of the remyelinating corpus callosum of Olig1-Cre and Olig1-Cre: Lrp1fl/fl mice, 3.5 days after cuprizone withdrawal, revealed that inflammatory gene expression was lower in Olig1-Cre :: Lrp1fl/fl mice (Fernandez-Castaneda et al., 2019). As LRP1 can be cleaved, it is possible that OPCs release soluble, cleaved LRP1 to enhance the inflammatory response of nearby microglia (Brifault et al., 2017, 2019). However, LRP1 may also facilitate antigen presentation by OPCs, as the deletion of Lrp1 from OPCs reduces their expression of MHC class I antigen presenting genes in the corpus callosum of cuprizone-demyelinated mice and reduces the ability of OPCs to cross-present antigens to lymphocytes in vitro (Fernandez-Castaneda et al., 2019). Therefore, further research is required to fully elucidate the cell autonomous effect of LRP1 expression in OPCs and the capacity for LRP1 signaling on OPCs to influence the behavior of other nearby CNS cell types.
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Glial cells are an essential component of the nervous system of vertebrates and invertebrates. In the human brain, glia are as numerous as neurons, yet the importance of glia to nearly every aspect of nervous system development has only been expounded over the last several decades. Glia are now known to regulate neural specification, synaptogenesis, synapse function, and even broad circuit function. Given their ubiquity, it is not surprising that the contribution of glia to neuronal disease pathogenesis is a growing area of research. In this review, we will summarize the accumulated evidence of glial participation in several distinct phases of nervous system development and organization—neural specification, circuit wiring, and circuit function. Finally, we will highlight how these early developmental roles of glia contribute to nervous system dysfunction in neurodevelopmental and neurodegenerative disorders.
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INTRODUCTION

Long past the days of being relegated to nervous system “glue,” today glia are acknowledged as essential players in nervous system development and function (Allen and Lyons, 2018). Given that glia-like cells are present in the most evolutionarily ancient bilateria, and share common features and functions across divergent species (Verkhratsky et al., 2019), it is unsurprising that invertebrate and vertebrate genetic model organisms have expanded our understanding of the multifaceted roles that glia play in the developing and mature nervous system (Sieger and Peri, 2013; Ackerman and Monk, 2016; Allen and Eroglu, 2017; Kremer et al., 2017; Singhvi and Shaham, 2019; Yildirim et al., 2019).

Glial cell populations can be subdivided based on lineage and function, most of which are conserved from invertebrates through humans (Figures 1, 2). Dysfunction of these glial populations has been documented in various neurological disorders, including Huntington’s disease, glioma, and autism (Phatnani and Maniatis, 2015; Hambardzumyan et al., 2016; Dulamea, 2017; Liddelow and Barres, 2017; Neniskyte and Gross, 2017; Hickman et al., 2018; Santosa et al., 2018), but whether glial cell impairments are causative or simply symptomatic of pathology is not yet understood. We propose that characterizing glial function under normal physiological conditions will inform our understanding of the etiology of neurological disorders, which is essential for successful therapeutic intervention. In this review, we will highlight findings from vertebrate and invertebrate systems that focus on roles of glia in nervous system development, and discuss how defects in these processes may contribute to neurodevelopmental and neurodegenerative disease.
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FIGURE 1. Glial subtypes of the central and peripheral nervous systems. The primary vertebrate glial subtypes can be broken down into the following categories: microglia (schematized in blue), astrocytes (green), oligodendrocytes (yellow), Schwann cells (orange), blood-brain and blood-nerve barrier glia (gray), transition zone glia (pink), soma-associated glial cells (purple), and radial glia (teal). A functional description of each glial subtype is provided below each schematic, followed by a table indicating the orthologous glial cell population in the primary model organisms (C. elegans, Drosophila, zebrafish, rodent) and in human.
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FIGURE 2. Glial cell functions in nervous system development. Progression from neuroepithelial cells (yellow) to functional neural circuits (purple) over developmental time.




GLIA REGULATE BRAIN SIZE AND NEURONAL NUMBERS

Nervous systems are highly heterogeneous structures, containing more unique cell types than any other organ. During development, neuroepithelial cells expand through symmetric mitoses before being converted into neural stem cells (NSCs). These neural stem cells (called neuroblasts in Drosophila) must divide for a stereotyped period of time. Their progeny, postmitotic neurons and glia, must then adopt distinct fates in proper numbers and stoichiometry before connecting with the appropriate partners to form functional circuits (McKay, 1989; Brody and Odenwald, 2002; Riccomagno and Kolodkin, 2015; Silbereis et al., 2016; Beattie and Hippenmeyer, 2017; Doe, 2017; Li et al., 2018). Our ability to process sensory information and perform complex tasks depends critically on the timely generation and wiring of diverse neural subtypes into functional circuits. Accordingly, altering neuronal numbers, stoichiometry, diversity, and connectivity all have profound impacts on brain function.


Glial Regulation of Neuroepithelial Expansion and Transition

In vertebrates, NSCs of the developing brain and spinal cord are called radial glia (Doetsch et al., 1999; Malatesta et al., 2000; Noctor et al., 2001; Kriegstein and Alvarez-Buylla, 2009). During development, radial glia first enter a neurogenic phase to generate neurons, and then switch to a gliogenic phase for production of oligodendrocytes and astrocytes (Malatesta and Götz, 2013; Götz et al., 2016). In contrast, the production of post-mitotic neurons and glia occurs in parallel in Drosophila (Homem and Knoblich, 2012). Accordingly, Drosophila glial cells form an important component of the NSC niche that regulates neurogenesis (Doe, 2017). This has been well-studied within the Drosophila visual system, which arises from a specialized neuroepithelium during development called the outer proliferation center (OPC). This neuroepithelium is located at the surface of the developing optic lobe, where it generates the neurons of the medulla and lamina neuropils. The OPC proliferates and expands during the first and second larval instars before a proneural wave sweeps across the epithelium, resulting in a switch to asymmetric division for generation of neuroblasts (Doe, 2017; Holguera and Desplan, 2018). Immature cortex glia sit atop the OPC and send extrinsic cues to set the balance between neuroepithelial expansion and neuroblast transition. Cortex glia activate Notch signaling in neuroepithelial cells through the membrane-bound ligand Serrate, which maintains epithelial cell proliferation and delays proneural wave progression (Pérez-Gómez et al., 2013). Cortex glia also secrete the Epidermal Growth Factor (EGF) Spitz, which activates EGF Receptor (EGFR) signaling in the epithelium; EGFR activity inhibits Notch to promote proneural wave progression and the transition to neuroblasts (Morante et al., 2013). The relative strength of Notch and EGF signaling within the neuroepithelium governs the timing of this transition (Egger et al., 2010; Yasugi et al., 2010). What controls the balance of these two glial-derived cues is not yet understood. More recently, expression of the chloride channel CIC-a in cortex glia was also shown to promote neuroepithelial expansion, suggesting that glia-mediated ion homeostasis within the niche can temporally control the transition to neurogenesis (Plazaola-Sasieta et al., 2019).



Glia and the Timing of Neural Progenitor Proliferation

In Drosophila, glia can secrete factors to regulate neuroblast proliferation and consequently, neuronal numbers. For example, glial-secretion of the glycoprotein Anachronism represses neuroblast proliferation (Ebens et al., 1993), whereas surface localization of the heparan sulfate proteoglycan Dally-like (Kanai et al., 2018) or E-cadherin (Dumstrei et al., 2003) promotes neuroblast proliferation. The best characterized instance of glia regulating neuroblast proliferation is that of neuroblast reactivation following quiescence. At the end of embryogenesis, neuroblasts enter quiescence and later reactivate in response to feeding during larval life. Neuroblast re-activation requires a nutrient-dependent fat-body-derived signal (Britton and Edgar, 1998; Chell and Brand, 2010; Sousa-Nunes et al., 2011; Yuan et al., 2020). Surface and cortex glia receive this signal, and in response, secrete Insulin-like peptides to reactivate quiescent neuroblasts (Chell and Brand, 2010; Sousa-Nunes et al., 2011; Yuan et al., 2020). A similar mechanism of glial relay through Insulin Receptor signaling was described for the differentiation of lamina neural precursors in the optic lobe, which is necessary for the correct formation of the retinotopic visual system (Fernandes et al., 2017).

Macroglia (astrocytes and oligodendrocytes) are not present during vertebrate neurogenesis in the embryonic central nervous system (CNS). In contrast, microglial populations migrate from the yolk sac into CNS during early embryonic development (Sominsky et al., 2018), and are therefore present at the correct time and place to modulate neurogenesis (Aarum et al., 2003; Antony et al., 2011). Several key in vitro studies using primary murine neural progenitor cells were the first to demonstrate the ability of microglia to influence developmental neurogenesis. First, both embryonic and adult neural stem cells could migrate along gradients of microglia-conditioned medium (Aarum et al., 2003). Microglia were later found to secrete mitogenic factors that induce neural stem cell proliferation in a PI3K and Notch-dependent fashion (Morgan et al., 2004), similar to Drosophila cortex glia (Pérez-Gómez et al., 2013). Furthermore, addition of microglia can prolong neurogenesis in cultured subventricular zone-derived neurospheres (Walton et al., 2006). Finally, analysis of PU.1–/– mice, which disrupts microglial development, revealed a decrease in cortical progenitor proliferation in vitro (Antony et al., 2011). In vivo analysis of microglia-dependent embryonic neurogenesis is limited, yet microglia have been shown to regulate the timing of neural differentiation in the zebrafish developing retina (Huang et al., 2012). Here, knockdown of the cell surface protein Colony stimulating factor-1 receptor suppressed entry of microglia into the CNS. Lack of microglia delayed the differentiation of retinal neurons and increased the number of proliferative progenitors, resulting in an immature optic lobe (Huang et al., 2012).

In mammals, both microglia and macroglia regulate adult neurogenesis (reviewed in Falk and Götz, 2017). Co-culturing astrocytes with adult NSCs derived from the hippocampus is sufficient to induce NSC proliferation in vitro (Song et al., 2002). Elegant data both in vitro and in vivo have since defined that complex extrinsic cues from astrocytes and oligodendrocyte precursor cells can bias adult NSCs toward neurogenic or gliogenic trajectories (Peretto et al., 2004; Lie et al., 2005; Barkho et al., 2006; Ferrón et al., 2011; Ashton et al., 2012; Shin et al., 2015). For example, astrocyte-derived Wnt7a instructs neurogenesis (Moreno-Estellés et al., 2012), whereas oligodendrocyte precursor-derived Wnt3a promotes generation of additional oligodendrocyte precursor cells (Ortega et al., 2013). Microglia are primarily thought to regulate hippocampal neurogenesis through pruning of supernumerary neurons that undergo apoptosis (discussed further below, Sierra et al., 2010). Interestingly, a recent report found that microglial phagocytosis induces a cell-autonomous transcriptional cascade, resulting in secretion of factors that are required for continued proliferation of residual neural stem cells. Accordingly, mouse models with disrupted microglial phagocytosis (P2Y12–/– and microglia-specific knockout of MerTK/Axl) showed reduced hippocampal neurogenesis (Diaz-Aparicio et al., 2020). Together, these data show that glia influence developmental and adult neurogenesis through modulation of neural proliferation, and survival.



Glial Cell Dysfunction and Diseases That Alter Brain Size

Since neurons are postmitotic, neuroepithelial expansion and neural stem cell proliferation are key to regulating neuronal numbers, and consequently, organ size. Defects in neuroepithelial expansion, neural stem cell proliferation, as well as the timing of transitions between these states may therefore lead to developmental disorders that alter brain size (e.g., microcephaly or macrocephaly) (Jamuar and Walsh, 2015). Macrocephaly, characterized by increased head circumference, is also common in autism patients (Lainhart et al., 2006; Grandgeorge et al., 2013; Gamsiz et al., 2015). Indeed, a mammalian model of autism/macrocephaly showed over-proliferation of neural precursors caused by deregulation of mTOR/PI3K signaling (Zhang et al., 2020), which is known to instruct stem cell proliferation during development (Chell and Brand, 2010; Sousa-Nunes et al., 2011; Yuan et al., 2020).

Given that altering the duration of radial glial proliferation can bias cell fate decisions (Pilaz et al., 2016), defects in radial glial proliferation could manifest in many different neurodevelopmental disorders. In humans, mutations in Fragile X Mental Retardation 1 (FMR1) causes Fragile X syndrome, a disease associated with severe cognitive deficits and autism-like behaviors (Salcedo-Arellano et al., 2020). In Drosophila, Fmr1/Fmrp is required in neuroblasts and non-autonomously in glia for timely neuroblast reactivation, which is dependent on insulin-like signaling (Callan et al., 2012). Interestingly, FMR1/FMRP is robustly expressed in microglia during brain development (Gholizadeh et al., 2015), and consequently, microglial numbers are reduced in FMR1/FMRP knockout mice (Lee et al., 2019). Since microglia are able to secrete Insulin to induce post-natal neural survival (Ueno et al., 2013), they may also play an important role in neuronal survival or stem cell activation in the etiology of Fragile X syndrome.

The regulation of neurogenesis in mammalian adult neural stem cell niches is especially relevant in the context of neurodegenerative diseases or injury, where the replacement of dead neurons is necessary for recovery (Ghosh, 2019). Adult neurogenic niches are populated by microglia and astrocytes which can modulate cell number and cell fate decisions (Alvarez-Buylla et al., 2008; Sierra et al., 2010; Than-Trong and Bally-Cuif, 2015; Bonzano et al., 2018; Sirerol-Piquer et al., 2019; Vicidomini et al., 2020). NSC reactivation is induced by exercise as well as feeding, which involve insulin signaling fluctuations (Bjornsson et al., 2015; Licht and Keshet, 2015; Otsuki and Brand, 2020). Astrocytic as well as microglial expression of IGF1 has been linked to adult NSC proliferation (Yan et al., 2006; Ueno et al., 2013). These findings raise the possibility that Insulin-resistance associated with Alzheimer’s disease (AD) could influence glial-mediated NSC proliferation, and thus, regeneration (Ferreira et al., 2018). Indeed, AD models show a decrease in neuronal progenitor proliferation (Rodríguez and Verkhratsky, 2011). Additionally, levels of IGF1 receptor as well as insulin are dysregulated in AD animal models in human disease tissue, including in astrocytes (Crews et al., 1992; Connor et al., 1997; Frölich et al., 1999; Jafferali et al., 2000; Steen et al., 2005; Moloney et al., 2010; Gupta et al., 2018). Whether these changes are pathogenic is not yet clear; however, further analysis of the role of glia in regulation of Insulin/IGF1 signaling and NSC proliferation may be an important avenue of investigation to understand AD development and progression.



DEVELOPMENTAL CELL DEATH AND NEURONAL SURVIVAL

In addition to neuroepithelial expansion and stem cell proliferation, neuronal numbers can also be modulated by programmed cell death (PCD). PCD is essential for appropriate nervous system development. PCD eliminates excess, obsolete, or “damaged/incorrect” cells, and therefore serves as a means to adjust neuronal populations to refine circuit formation (Oppenheim, 1991; Buss et al., 2006; Miura, 2012; Yamaguchi and Miura, 2015). Different types of PCD occur during development, but the most well-studied is apoptosis, which is conserved in invertebrates and vertebrates (Kornbluth and White, 2005; Maghsoudi et al., 2012; Zakerp et al., 2015). When triggered, apoptosis induces a signaling cascade that ultimately results in activation of caspases that completely break down the proteome of the cell, priming the cell for elimination (Elmore, 2007; Singh et al., 2019). The decision to trigger PCD is controlled by a balance of cell death and cell survival signals, and glia are active participants in this regulatory process (Burek and Oppenheim, 1996; Frade and Barde, 1998; Sedel et al., 2004; Bredesen et al., 2006; Coutinho-Budd et al., 2017).


Regulation of Programmed Cell Death by Glia

One of the earliest studies to define glia-derived signals that activate neuronal death was described in the chick embryonic retina. This pioneering work demonstrated that the secreted neurotrophic factor NGF (Nerve Growth Factor) is exclusively expressed by microglia during early embryogenesis and is required to induce cell death in the early retinal neuroepithelium (Frade and Barde, 1998). NGF can promote cell survival through binding and activation of receptor tyrosine kinases (TrkA); however, here, NGF leads to cell death through neurotrophin p75 receptors (Frade and Barde, 1998). Cell death is prevalent in this epithelium in vertebrates and is essential for normal development (Vecino et al., 2004), although the exact physiological role of this high death rate is not known. It is hypothesized that PCD may be necessary to create space for the incoming axons of retinal ganglion cells forming the optic nerve at the center of the retina (Frade and Barde, 1998).

Microglia play a similarly critical role in controlling cell death within the developing motor circuit. Motoneurons are born in excess in the vertebrate spinal cord (Hamburger and Oppenheim, 1982; Pettmann and Henderson, 1998; Eisen and Melancon, 2001; Sedel et al., 2004). During late embryonic development, post-mitotic motoneurons compete for trophic factors during synaptogenesis and undergo apoptosis in order to reach a 1:1 stoichiometry of motoneuron to myotube. Selective apoptosis is triggered by activation of TNF receptor 1 on motoneurons by the pro-death factor TNFα (Tumor necrosis factor α) secreted by microglia (Sedel et al., 2004). Interestingly, microglia utilize different pro-apoptotic pathways depending on the cellular and developmental context. Integrin CD11b and immunoreceptor DAP12 expressed in microglia similarly promote cell death of hippocampal neurons perinatally (Wakselman et al., 2008). During post-natal development, microglia trigger cell death of Purkinje cells, a cerebellum neural population, through release of superoxide ions (Marín-Teva et al., 2004). Interestingly, microglia can also shape brain development through active engulfment of viable neural precursor cells and oligodendrocyte precursor cells (Cunningham et al., 2013; Nemes-Baran et al., 2020), demonstrating that microglia-mediated engulfment can profoundly impact cell numbers within the CNS.

Glia also regulate neuronal cell numbers by actively promoting cell survival. In Drosophila, neuronal cell bodies are surrounded by cortex glia that extend processes to envelop differentiated neurons. During development, correct morphology and physiology of cortex glia is required for the survival of new-born neurons (Coutinho-Budd et al., 2017; Spéder and Brand, 2018; Plazaola-Sasieta et al., 2019; Yuan et al., 2020). Cortex glia exclusively surround neuronal cell bodies. Morphologically, cortex glia are most akin to mammalian satellite glial cells, which have also been shown to promote survival of postganglionic sympathetic neurons in the peripheral nervous system (PNS) (Enes et al., 2020). Further mechanistic and descriptive study of each of these cell types is needed before concluding the functional equivalency of cortex and satellite glia. In the CNS, microglia promote neuronal survival in vitro and in vivo (Polazzi et al., 2001; Ueno et al., 2013; Littlejohn et al., 2020). Specifically, microglial-derived IGF1 can promote survival of layer V cortical neurons during post-natal development (Ueno et al., 2013) and in new-born hippocampal neurons after injury (Littlejohn et al., 2020). The balance between apoptosis and neuronal survival during nervous system development is essential to promote maturation and homeostasis of newly formed neuronal circuits (Marín-Teva et al., 2004; Pfisterer and Khodosevich, 2017); thus, glia are key mediators of circuit development (discussed further below).



Clearance of Neuronal Debris by Glia in Development

In addition to regulating overall cell numbers, glia modulate brain development through clearance of neural debris following apoptosis (Marín-Teva et al., 2004) and during activity-dependent neuronal remodeling (Fuentes-Medel et al., 2009; Paolicelli et al., 2011; Santosa et al., 2018; Wilton et al., 2019). Since the CNS is partially isolated from blood circulation by the blood-brain barrier and is therefore inaccessible to circulating macrophages, glial cells with phagocytic capacity are responsible for clearing cellular and axonal debris in the developing and mature nervous system (Kurant, 2011; Shklyar et al., 2014; Shklover et al., 2015; Galloway et al., 2019). As the resident immune cells of the nervous system, this function is performed primarily by microglia in vertebrates (Ferrer et al., 1990; Calderó et al., 2009; Napoli and Neumann, 2009; Cunningham et al., 2013; Lyons and Talbot, 2015; Morsch et al., 2015; Prinz et al., 2019); however, other glial subtypes exhibit phagocytic activity, such as astrocytes (Chung et al., 2013; Iram et al., 2016), olfactory ensheathing cells in the olfactory system (Nazareth et al., 2015), satellite glia precursors of the developing dorsal root ganglia (Wu et al., 2009), Müller glia in the retina (reviewed in Bejarano-Escobar et al., 2017), and Schwann cells that occupy peripheral nerves and neuromuscular junctions (Reichert et al., 1994; Lutz et al., 2017; Santosa et al., 2018). Since there is no microglia equivalent in Drosophila, other subtypes of glia take up this role (Figure 1), including cortex glia (Kurant et al., 2008; Doherty et al., 2009; McLaughlin et al., 2019), astrocytes (Tasdemir-Yilmaz and Freeman, 2014; Hilu-Dadia et al., 2018), and ensheathing glia (Doherty et al., 2009; Musashe et al., 2016; Hilu-Dadia et al., 2018). One of the best-described conserved mechanisms for phagocytosis by macroglia is through the engulfment receptor MEGF10 (Multiple EGF-like domains 10), ortholog of Draper in Drosophila, and CED-1 in C. elegans. This receptor was first shown to be required for phagocytosis by neighboring engulfing cells during C. elegans development (Zhou et al., 2001), and soon after, shown to be used for phagocytosis by glial cells in Drosophila (Freeman et al., 2003; Awasaki et al., 2006; MacDonald et al., 2006). We now know that mammalian glia require this receptor for both axonal (Chung et al., 2013) and apoptotic cellular debris clearance (Wu et al., 2009; Iram et al., 2016), nicely illustrating the conservation of glial phagocytosis at the molecular and cellular level.



Ectopic Phagocytic Activity of Glia in Disease

Glial clearance of neural debris is particularly relevant in the context of neurodegenerative diseases, such as Parkinson’s and AD. Phagocytic glial cells seem to have a neuroprotective effect in clearance of toxic protein aggregates characteristic of early stages of degeneration (Yeh et al., 2016; Ho, 2019). However long-term accumulation of aggregates leads to increased microglial and astrocytic activation, and therefore excessive phagocytic activity and inflammation (Glass et al., 2010; Liddelow et al., 2017), creating a chronic toxic environment that aggravates neurodegeneration (discussed further in section “Glial Regulation of Synapse Numbers”). Here, we will focus on glial roles in the modulation of PCD and neuronal survival during nervous system development. Considering the functions of glia in differentially promoting neuronal survival and death during development, disruption of glia-mediated neuronal apoptosis could contribute to the etiology of neurodevelopmental diseases. In fact, recent work in a zebrafish model of RNAseT2-deficient leukoencephalopathy (characterized by myelin defects that lead to motor and cognitive decline) suggest that early developmental defects in apoptotic cell phagocytosis by microglia contribute to pathology (Hamilton et al., 2020). Increases in glia-mediated neuronal apoptosis are similarly detrimental to brain function. Alexander disease is caused by mutations in the glial fibrillary acidic protein (GFAP). Disease-associated mutations result in severe astrocyte dysfunction, causing a leukoencephalopathy that is frequently accompanied by macrocephaly, seizures, and psychomotor retardation (Brenner et al., 2001; Quinlan et al., 2007). Using a Drosophila model of Alexander disease, Wang and colleagues recently showed that diseased glia non-autonomously induce neuronal cell death by releasing nitric oxide (Wang L. et al., 2015). Thus, glia non-autonomously regulate cell numbers in development, and loss of this regulation can manifest in human disease.



GLIA IN NEURONAL MIGRATION AND PATHFINDING OF AXONS AND DENDRITES

From invertebrates to vertebrates, neurons and their progenitors migrate to precise positions within the nervous system, where they will eventually extend axons to find their respective partners. The spatial and temporal precision of neuronal positioning and neurite extension is essential for the assembly of correct neural circuits and for correct nervous system organization (Buchsbaum and Cappello, 2019). Glial cells also migrate to specific positions in the nervous system after being born (Klämbt, 2009), where they act as scaffolds for neuronal migration, and modify the environment to guide neuronal migration and subsequent neurite outgrowth (Allen and Lyons, 2018; Song and Dityatev, 2018; Rigby et al., 2020).


Glia and Neuronal Migration

Two major types of neuronal migration occur during the development of the mammalian cortex. Radial migration describes the migration of new-born neurons from the ventricular zone (VZ), where they originate, to the most superficial cortex layer (marginal zone). This pattern of migration results in an inside-out organization, with early born cortical neurons in superficial layers and later-born neurons in deep layers. While excitatory neurons migrate radially, inhibitory interneurons populate the cortex by tangential migration from the ganglionic eminences to the cortex, slotting horizontally into the cortical layers (Moon and Wynshaw-Boris, 2013; Buchsbaum and Cappello, 2019). As mentioned above, radial glia are the neural progenitors of the vertebrate CNS (Doetsch et al., 1999; Noctor et al., 2001), but they also serve as scaffolds for radial migration. Radial glia extend processes spanning from the VZ to the surface of the neural tube (pial surface), and these processes are substrates for neuronal migration (Rakic, 1988; Marín and Rubenstein, 2003). Interestingly, radial glia also regulate the positioning of Cajal–Retzius cells (Kwon et al., 2011), which migrate tangentially to populate the marginal zone and are essential for the correct layering of the developing cortex (reviewed in Frotscher, 1998). Microglia, in contrast to macroglia, are also present in the CNS during migration of cortical neurons (Thion and Garel, 2017). Thus, microglia are present at the right time and place to regulate cortical migration. Indeed, embryonic depletion or ectopic activation of microglia results in mispositioning of Lhx6+ interneurons (tangentially migrating) to upper cortical layers during early postnatal development (Squarzoni et al., 2014), showing an important role of microglia in the organization of brain circuits.

In the peripheral nervous system, glial cells also contribute to neuronal migration. Within the olfactory system, Gonadotropin-releasing hormone (GnRH) neurons originate from the olfactory placode. GnRH neurons then migrate along the olfactory sensory neuron axons encompassed by the olfactory ensheathing cells into the developing forebrain (Wray, 2010). In the absence of Sox10 (required for neural crest-derived glial cells), olfactory ensheathing cells do not develop and GnRH neurons fail to enter the forebrain, resulting in accumulation of GnRH neurons at the PNS-CNS boundary. Additionally, loss of olfactory ensheathing cells disrupts GnRH axon targeting, demonstrating a dual role for these glial cells in organization of the neural circuits underlying olfaction (Barraud et al., 2013).



Glial Regulation of Neurite Outgrowth

Glial cells within the PNS and CNS are essential for proper guidance of axon and dendrite outgrowth (Mason and Sretavan, 1997; Poeck et al., 2001; Hidalgo, 2003; Chotard and Salecker, 2004; Chotard et al., 2005; Learte and Hidalgo, 2007; Procko and Shaham, 2010; Avraham et al., 2020; Rigby et al., 2020). This is required for directing information flow in local circuits and is also essential for broad nervous system organization. The role of glia in axon guidance has been particularly well-defined in invertebrate species. Following initial pathfinding by pioneer axons, embryonic longitudinal glia form a scaffold that enables assembly of the longitudinal connectives in the Drosophila ventral nerve cord, analogous to the vertebrate spinal cord (Hidalgo et al., 1995; Hidalgo and Booth, 2000). This function is primarily performed by cortex glia and neuropil glia in larvae to accommodate for second waves of neurogenesis (Spindler et al., 2009). In the embryo, ablation of longitudinal glia or pioneer axons results in misrouting of secondary axons from interneurons. Consequently, longitudinal connectives fail to form due to defasciculation (Hidalgo et al., 1995; Hidalgo and Booth, 2000). Similarly, loss of Schwann cells does not impair initial outgrowth of axons in the peripheral lateral line nerve in zebrafish, but results in progressive defasciculation (Raphael et al., 2010; Perlin et al., 2011).

Beyond longitudinal growth, glia also serve as “guidepost cells” to ensure proper guidance of axons that must cross the midline in Bilateria species (reviewed in Freeman and Doherty, 2006; Chotard and Salecker, 2007; Squarzoni et al., 2015). In the Drosophila embryo, a specialized population of glial cells, aptly named “midline glia,” migrate and position themselves at the CNS midline. At the midline, they ensheath the axons that compose the longitudinal tracts and commissures, and express highly conserved guidance cues that direct axonal crossing (e.g., Netrin and Slit) (Klämbt et al., 1991; Jacobs, 2000; Lemke, 2001; Learte and Hidalgo, 2007; Stork et al., 2009; Crews, 2010; Howard et al., 2019). Vertebrates have a similar population of cells that populate the ventral midline of the developing spinal cord, floorplate cells, which also use Netrins and Slit as attractive and repellent cues to regulate crossing of commissural axons, respectively (reviewed in Chotard and Salecker, 2004; Placzek and Briscoe, 2005; Crews, 2010; Evans and Bashaw, 2010). In vertebrates, communication via commissures between the two brain hemispheres can also be regulated by glia. In zebrafish, astrocyte-like glia form glial bridges across the midline of the forebrain and secrete Slit1a/Slit2/Slit3 to guide commissural and retinal axons through the anterior and postoptic commissures (Barresi et al., 2005). Correct axon guidance across the anterior commissure also requires expression of Slit2 from astrocytes in mice (Minocha et al., 2015). Moreover, both wedge glia and microglia are required for correct guidance and fasciculation of axons through the developing corpus callosum (Shu et al., 2003; Pont-Lezica et al., 2014). In general, loss of these conserved glial-derived cues results in defasciculation of commissural axons, and to a lesser extent, failed midline crossing (Hidalgo et al., 1995; Hidalgo and Booth, 2000; Shu et al., 2003; Barresi et al., 2005; Minocha et al., 2015).

Interestingly, recent work in C. elegans has defined a glial cell population that instructs the initial assembly of the central nerve ring. The cephalic sheath (CEPsh) glia, which envelops the outer surface of the nerve ring once formed, extend processes to demarcate the nerve ring prior to arrival of any axonal projections. Once there, a bundle of fewer than 10 pioneer axons enter the nerve ring, followed by a stereotyped pattern of follower axons. By taking advantage of forward genetic screening approaches, it was shown that glial-derived Netrin and Semaphorin instruct pathfinding of pioneer and follower axons into the nascent nerve ring, respectively (Yoshimura et al., 2008; Rapti et al., 2017). Thus, glia are essential directors of neurite outgrowth at local and global scales.



Glial Regulation of Transition Zones

Glial cells also guide information flow by establishing boundaries throughout the nervous system, including within the CNS and PNS to separate functional units (Wandall et al., 2005; Chotard and Salecker, 2007; Kucenas, 2015; Wu et al., 2017; Bittern et al., 2020), and at the border between the CNS and PNS. Here, we focus on the role of glia at unique borders called transition zones. Transition zones are the specialized regions in the nervous system where the CNS and PNS meet (Fontenas and Kucenas, 2017; Suter and Jaworski, 2019). Because glial cell populations traverse the CNS:PNS interface in development (Sepp et al., 2001; Kucenas et al., 2008, 2009; Clark et al., 2014; Smith et al., 2014, 2016) and following injury (Adelman and Aronson, 1972; Blakemore and Patterson, 1975; Franklin and Blakemore, 1993; Sims et al., 1998; Green et al., 2019), this boundary must be selectively permeable. Accordingly, there are glial cell populations that sit at transition zones and regulate exit and entry of neurite projections and in some cases, whole cells (Fontenas and Kucenas, 2017). In the zebrafish spinal cord, CNS-derived glial cells populate the motor exit point (MEP) and myelinate the dorsal-most segments of motor axons. Additionally, MEP glia act as gatekeepers to prevent ectopic exit of oligodendrocytes from the spinal cord (Smith et al., 2014; Fontenas et al., 2019). In mammals and chicks, neural crest-derived boundary cap cells occupy the dorsal root exit zone and the MEP transition zone (Niederländer and Lumsden, 1996; Golding and Cohen, 1997; Vermeren et al., 2003). Cre-mediated (Krox20+) knockout of Sox10 does not disrupt boundary cap cell formation but results in migration of oligodendrocytes and astrocytes into the periphery (Fröb et al., 2012). In addition, boundary cap cells prevent ectopic exit of motor neuron cell bodies from the CNS (Vermeren et al., 2003; Bron et al., 2007). More investigation of mammalian transition zones will uncover whether neural crest-derived MEP glia are also present, and if so, how they interface with boundary cap cells. Nonetheless, despite their distinct origins, MEP glia and boundary cap cells share functional similarities and both express Wnt-inhibitory factor 1 (Coulpier et al., 2009; Smith et al., 2014; Fontenas and Kucenas, 2018), implicating Wnt-inhibitory factor 1 as a potential key regulator of transition zone function. Drosophila also have glial cell populations that occupy transition zones in the ventral nerve cord (Sepp et al., 2000, 2001) and in the central brain (Chotard and Salecker, 2007). In the developing eye, photoreceptors in the retina differentiate and extend their axons through the optic stalk in order to project into the optic lobe, and glial cells within the retina are necessary for this PNS to CNS transition (Rangarajan et al., 1999). A similar phenomenon is observed in the mammalian olfactory system (Barraud et al., 2013), as discussed above. In sum, glia are instrumental in guiding nervous system organization.



Glial Contribution to Diseases Impacting Nervous System Organization

Glia are critical regulators of axon targeting during development (Mason and Sretavan, 1997; Hidalgo, 2003; Chotard and Salecker, 2004; Learte and Hidalgo, 2007; Procko and Shaham, 2010; Rigby et al., 2020) and during regeneration (Doherty et al., 2014; Lewis and Kucenas, 2014; Jessen and Mirsky, 2016; Purice et al., 2016; Sofroniew, 2018). Accordingly, changes to glial signaling can profoundly impact axon regrowth after injury. As this topic has been recently reviewed (Rigby et al., 2020); here, we will focus on how defective glial signaling during neuronal migration contributes to human disease. Neural migration disorders (NMDs) are characterized by defects in cortical neuron migration that produce a spectrum of phenotypes including intellectual disability, epilepsy, developmental delay, and motor impairment (Buchsbaum and Cappello, 2019). The classic NMD is Lissencephaly type I, or “smooth brain,” characterized by the lack of folds (gyri) on the cerebral surface and an inverted organization of the cortical layers (Moon and Wynshaw-Boris, 2013). Because cerebral gyri are not present in murine models, recent efforts to understand the etiology of NMDs have expanded beyond the mouse to alternative model systems such as non-human primates, ferrets, and human cerebral organoids derived from patient tissue (Wynshaw-Boris et al., 2010; Bershteyn et al., 2017; Wang, 2018; Pinson et al., 2019). These works indicate that defects in radial glia proliferation strongly contribute to reduced brain size in lissencephaly patients (Gambello et al., 2003; Pramparo et al., 2010; Wynshaw-Boris et al., 2010; Bershteyn et al., 2017); however, defects in the radial glial scaffold also contribute to lissencephaly (Caviness, 1982; Trommsdorff et al., 1999; Dulabon et al., 2000; Li et al., 2008). Mutations in REELIN, which encodes a glycoprotein, cause an autosomal recessive form of lissencephaly. Reeler mice (mutant for Reelin) exhibit over migration of neurons on radial glial processes and inverted layering of the mammalian cortex (Caviness, 1982; Trommsdorff et al., 1999; Dulabon et al., 2000). Similar to the neurons they support, astrocytes exhibit layer specific expression profiles in the cortex, which is also inverted in Reeler mice (Bayraktar et al., 2020). Astrocytes are the primary synapse-associated glial cell type and are essential for maintenance of synapse health and function (see below in section “Glial Regulation of Circuit Function”). Because astrocytes represent a heterogeneous population of cells with brain region and circuit level specificity (Bayraktar et al., 2014, 2020; Molofsky et al., 2014; John Lin et al., 2017), disorganization of astrocytes could contribute to the development of seizures in lissencephalic patients.

Finally, as discussed above, microglia arrive in the CNS concurrent with neurogenesis. Microglia have been shown to regulate tangential migration (Squarzoni et al., 2014). Although lissencephaly is primarily thought to originate from defects in radial migration, defects in tangential migration are also apparent in mouse models and human patients of Lissencephaly type I (McManus et al., 2004; Pancoast et al., 2005; Kappeler et al., 2006, 2007; Friocourt et al., 2007; Marcorelles et al., 2010). Therefore, this glial subtype is of special interest in the study of diseases with early migratory defects, including cortical malformations and other neurodevelopmental diseases with targeting defects (Squarzoni et al., 2015).



GLIAL REGULATION OF SYNAPSE NUMBERS

Following initial waves of axonal and dendrite growth, developing neurons enter a phase of rapid synaptogenesis. Glia shape overall synapse numbers within the nervous system through three primary means: (1) regulation of synapse development, (2) selective pruning of supernumerary connections, and (3) continued synapse maintenance (discussed in section “Glial Regulation of Circuit Function”).


Glial Regulation of Synaptogenesis

The first evidence that glia instruct synaptic development stemmed from studies of cultured retinal ganglion cells (RGCs) (Pfrieger and Barres, 1997; Ullian et al., 2001). In these pioneering works, RGCs cultured in isolation exhibited an intrinsic ability to form a limited number of synapses, which was significantly enhanced when grown in astrocyte-conditioned medium (Ullian et al., 2001). More recently, astrocyte-like CEPsh neuropil glia in C. elegans (Colón-Ramos et al., 2007; Shao et al., 2013) and Drosophila astrocytes (Muthukumar et al., 2014) were similarly shown to instruct synaptogenesis. Indeed, TEM analysis revealed that ablation of Drosophila astrocytes results in a 30–50% reduction in global synapse numbers in young adult flies, depending on brain region (Muthukumar et al., 2014). In the last decade, a series of astrocyte-secreted molecules (Hevin, Thrombospondins, Glypicans, Cholesterol, and more) were identified as essential for development of structural and functional synapses in mammals and invertebrates (Allen and Eroglu, 2017). As this subject has been extensively reviewed (Chung et al., 2015; Allen and Eroglu, 2017; Farhy-Tselnicker and Allen, 2018), we will instead focus on the role of additional glial cell types in synaptogenesis.

As aforementioned, microglia are known to regulate both neurogenesis and axon targeting (Pont-Lezica et al., 2014; Ueno and Yamashita, 2014). Microglia represent the resident immune cells of the brain and are well known for their roles in synapse engulfment (see more in Synaptic pruning). Interestingly, depletion of microglia during early postnatal development, a period of rapid synaptogenesis, results in a significant reduction in spine density on Layer 2/3 pyramidal neurons in mouse (Miyamoto et al., 2016). Further, live imaging demonstrated that microglial-dendritic contact was sufficient to induce spine formation (Miyamoto et al., 2016). These findings suggest that microglia also promote synapse development. Accordingly, microglia have been shown to regulate learning-dependent synapse formation in the adult brain. Motor skill learning stimulates formation of dendritic spines within the motor cortex to facilitate improvement of motor performance (Yang et al., 2009; Liston et al., 2013). When microglia are depleted in postnatal mice (P19-P30), learning induced spine formation on layer V pyramidal neurons is impaired. Microglia-specific deletion of Brain-derived neurotrophic factor (BDNF) recapitulates this phenotype, suggesting that microglial BDNF drives learning-induced post-synaptic dendritic spines within the motor cortex (Parkhurst et al., 2013), but whether BDNF regulates synapse development more broadly was not assessed. Furthermore, a recent report found that environmental enrichment induces robust expression of IL-33 in a subset of hippocampal neurons, which stimulates microglia-dependent spine formation. Accordingly, conditional knockout (cKO) of IL-33 from neurons in the dentate gyrus and CA1 regions, or cKO of the obligate co-receptor Il1rl1 (Interleukin 1 receptor like 1) from microglia, suppressed experience-dependent spine formation (Nguyen et al., 2020). Excitingly, this study found that IL-33 expression stimulates microglia-dependent engulfment of Aggrecan (Nguyen et al., 2020), a chondroitin sulfate proteoglycan that forms part of the perineuronal nets that restrict neuronal plasticity (Rowlands et al., 2018). Expression of chondroitin sulfate proteoglycans suppresses activity-dependent neural circuit remodeling during early developmental windows called critical periods (Takesian and Hensch, 2013; Rowlands et al., 2018). It will be important to determine whether microglia also promote synapse formation during early phases of development by maintaining the extracellular matrix in an environment that is permissive to synaptogenesis.

Outside of the CNS, peripheral glia are also active participants in synaptogenesis at the neuromuscular junction (NMJ). In Drosophila, NMJ glia secrete the TGF-β ligand Maverick in concert with muscle-derived TGF-β ligands (Glass bottom boat), which activate TGF-β receptors on motor axons to stimulate synaptic growth (Fuentes-Medel et al., 2012). Similarly, terminal Schwann cells (tSCs) at the vertebrate NMJ are necessary for expansion of motor endplates during development (Love and Thompson, 1998; Herrera et al., 2000; Darabid et al., 2014; Santosa et al., 2018), and stimulate reinnervation and synapse development following injury (Kang et al., 2003, 2019; Darabid et al., 2014; Santosa et al., 2018; Jablonka-Shariff et al., 2020). For example, extending the time to reinnervation following more severe cut injury of the nerve innervating the sternomastoid or soleus muscle in young adult mice (2–4 months post-natal) results in migration of tSCs away from the NMJ. Because motor axons depend on tSC guidance to the appropriate targets during regrowth, reinnervation to NMJs was misrouted and significantly delayed where tSCs were absent (Kang et al., 2014). Although the molecular mechanisms by which tSCs promote synaptogenesis following injury are limited, a recent report found tSCs lacking expression of the adhesion G protein-coupled receptor Gpr126/Adgrg6 fail to extend processes to guide reinnervation following crush injury of the sternomastoid muscle (Jablonka-Shariff et al., 2020). As 35% of the drug targets on the market currently target G protein-coupled receptors (Sriram and Insel, 2018), this study implicates Gpr126 (Diamantopoulou et al., 2019) as a potential therapeutic target to promote axon regrowth and synapse development following human peripheral nerve injuries.



Glia-Mediated Synaptic Pruning

During development, synapses are often generated in excess of what is necessary to achieve functional neural circuits. Accordingly, circuits undergo waves of activity-dependent circuit refinement to prune away weak or redundant synapses, followed by strengthening and maintenance of surviving synapses (Riccomagno and Kolodkin, 2015; Jung et al., 2019). As noted previously (see section on “Developmental Cell Death and Neuronal Survival”), one major pruning pathway used by both invertebrate and vertebrate glia is the CED-1/Draper/Megf10 pathway (Zhou et al., 2001; Freeman et al., 2003; Awasaki et al., 2006; MacDonald et al., 2006; Tasdemir-Yilmaz and Freeman, 2014; Chung et al., 2015). Loss of this pathway from mammalian astrocytes and microglia impairs activity-dependent pruning of excess RGC synapses in the developing visual system (Chung et al., 2013). Similarly, Drosophila NMJ glia use Draper to phagocytose excess synaptic boutons on motor axons during NMJ development (Fuentes-Medel et al., 2009).

Although astrocytes contribute to synaptic pruning and remodeling (Chung et al., 2013; Hill et al., 2019), the primary phagocytic cells within the vertebrate CNS are microglia (Paolicelli et al., 2011; Wilton et al., 2019). As immune cells, microglia primarily respond to immune cues (e.g., cytokines) to guide their behaviors (Werneburg et al., 2017). The best described signaling axis that drives microglial-dependent synaptic pruning is the complement pathway (Hammond et al., 2018). This pathway has been extensively studied in both developmental (Stevens et al., 2007; Schafer et al., 2012; Filipello et al., 2018) and pathological conditions (Shi et al., 2015; Hong et al., 2016; Schafer et al., 2016; Vasek et al., 2016; Werneburg et al., 2020). In brief, during early postnatal development, synapses that are destined for elimination secrete the complement components C1q and C3 as “eat me” signals that bind to the fractalkine receptor CX3CR1 on microglial membranes to trigger engulfment of the tagged synapse (Hammond et al., 2018). Microglia also receive “don’t eat me” signals (e.g., CD47) to prevent ectopic synapse pruning (Lehrman et al., 2018). Interestingly, TGF-β signaling from astrocytes can stimulate C1q expression in RGCs to potentiate microglial engulfment (Bialas and Stevens, 2013). Furthermore, astrocyte-derived IL-33 can bind to IL1RL1 on microglia to stimulate engulfment of excitatory glutamatergic synapses in the thalamus, and to instruct engulfment of both excitatory and inhibitory inputs onto α motor neurons in the spinal cord (Vainchtein et al., 2018). These studies suggest that astrocytes can greatly influence circuit refinement not only through direct synapse engulfment (Chung et al., 2013), but by directing microglia-dependent pruning (Bialas and Stevens, 2013; Vainchtein et al., 2018). Although a number of neurons, microglia, and astrocyte-derived proteins have been implicated in microglial dependent pruning, how synapses are physically tagged for removal remained elusive until recently. Phosphatidylserine is a phospholipid within cell membranes that is usually localized to the inner leaflet of the plasma membrane but can be externalized to mark cells for apoptosis (Segawa and Nagata, 2015). A new study found that exposed phosphatidylserine within pre-synaptic membranes on hippocampal neurons binds to C1q and serves as an “eat me” signal, which in turn promotes microglial engulfment through the phagocytic receptor TREM2 (Filipello et al., 2018; Scott-Hewitt et al., 2020). Interestingly, a recent study found that TWEAK-expressing microglia drive synapse elimination in the developing visual system independent of their role in phagocytosis (Cheadle et al., 2020). Thus, glia instruct synapse numbers by promoting both developmental and activity-dependent synaptogenesis, followed by pruning (phagocytic and non-phagocytic) of excess synapses to promote circuit refinement.



Glia-Mediated Changes to Synapse Stability in Disease

Defects in a number of the aforementioned signaling pathways have been linked to both neurodevelopmental and neurodegenerative disorders (Hong et al., 2016; Vasek et al., 2016; Allen and Eroglu, 2017; Werneburg et al., 2020). Misexpression of astrocyte-derived synaptogenesis genes (e.g., Glypicans 4 and 6, Hevin, Thrombospondin 1) is evident in several autism spectrum disorders, suggesting that astrocyte dysfunction may strongly influence developmental circuit defects in humans (Allen and Eroglu, 2017). Additionally, mutant astrocytes (Lioy et al., 2011) and microglia (Schafer et al., 2016) both contribute to circuit dysfunction in a mouse model of Rett’s syndrome, a neurodevelopmental disorder characterized by cognitive and motor deficits. Finally, ectopic expression of synapse pruning pathways is evident in animal and human models of neurodegeneration. Complement-driven phagocytosis of synapses by microglia is present in preclinical mouse models of multiple sclerosis (Werneburg et al., 2020), Huntington’s disease (Hong et al., 2016), and prior to viral-induced memory impairment (Vasek et al., 2016). Furthermore, allelic variations of complement protein C4 are linked to increased susceptibility to schizophrenia in humans (Sekar et al., 2016; Kamitaki et al., 2020). These data implicate ectopic microglial pruning as a common underlying factor that contributes to, and may even instigate, circuit dysfunction in neurological disorders (Werneburg et al., 2017; Hammond et al., 2018).



GLIAL REGULATION OF SYNAPTIC MAINTENANCE AND BASIC SYNAPTIC FUNCTION


Ion Buffering by Glia

Following synapse establishment and refinement, perisynaptic glia ensure a permissive local environment that is absolutely essential for regulating synapse health, maintenance, and function. Proper synaptic transmission is dependent on efficient depolarization and repolarization of neuronal membranes in response to stimuli. This is achieved through tight regulation of the ionic milieu surrounding synapses (Na+, K+, and Cl–), which is highly dependent on glia (Featherstone, 2011; Leiserson and Keshishian, 2011; Khakh and Sofroniew, 2015; Olsen et al., 2015; Parinejad et al., 2016). Within CNS gray matter, astrocytes are the predominant glial cell population that maintains ion homeostasis around synapses (Olsen et al., 2015; Ohno, 2018). Astrocytes express a myriad of ion channels and transporters (Olsen et al., 2006, 2015; Seifert et al., 2009, 2018; Zhang et al., 2014), but are best known for their role in potassium buffering via Kir4.1 (Kucheryavykh et al., 2007; Olsen et al., 2015). Kir4.1 is a glia-specific, inwardly rectifying K+ channel that facilitates perisynaptic K+ homeostasis, but also contributes to astrocyte glutamate uptake and overall astrocyte health (Dibaj et al., 2007; Djukic et al., 2007). Accordingly, astrocyte-specific knockout of Kir4.1 in mice disrupts astrocyte morphogenesis, significantly impairs K+ and glutamate uptake, and results in a decrease in spontaneous network activity in the CA1 stratum radiatum (Djukic et al., 2007). In CNS white matter, astrocytic processes are only able to contact neurons at the nodes of Ranvier (Wang et al., 1993; Rash et al., 2016; Larson et al., 2018), necessitating additional glial populations for efficient K+ buffering. Both oligodendrocyte progenitor cells and myelinating oligodendrocytes strongly express Kir4.1 (Kalsi et al., 2004; Zhang et al., 2014), and contribute to clearance of K+ from heavily myelinated regions of the brain that are inaccessible to astrocytic processes (Larson et al., 2018). Together, astrocytes and oligodendrocytes mediate ion homeostasis across gray and white matter regions of the vertebrate CNS, respectively, which is essential to both synaptic and circuit level function (discussed below in section “Glial Contribute to Circuit Function”).

Peripheral glia buffer extracellular ion concentrations to promote long-term synaptic and axonal health. In C. elegans, the K+/Cl– cation-chloride cotransporter KCC-3 is strongly localized to membranes of the amphid sheath (AMsh) glia that support neuron receptive endings on thermosensing AFD neurons. Mutations in kcc-3 result in progressive retraction of neuron receptive endings (Singhvi et al., 2016). Furthermore, kcc-3 mutants fail to elicit sustained temperature-induced activation of AFD neurons, likely as a result of depleted extracellular K+ (Yoshida et al., 2016). During mouse cochlear development, activation of the purinergic autoreceptor P2RY1 on glia-like inner supporting cells triggers release of Cl– through TMEM16A Ca2+-activated Cl– channels and subsequent release of K+ ions to maintain charge. This series of ion exchanges causes spontaneous depolarization of inner hair cells to initiate maturation of auditory neurons prior to the onset of hearing (Wang H. C. et al., 2015; Babola et al., 2020). Thus, glia-mediated ion buffering is essential during critical periods of circuit development and is necessary for long term synaptic health.



Glial Regulation of Neurotransmitter Turnover

In addition to ion homeostasis, vertebrate and invertebrate glia express a suite of receptors and transporters for uptake of neurotransmitters including glutamate, acetylcholine, and GABA, as well as neuromodulators such as histamine (van der Zee et al., 1993; Ribak et al., 1996; Stacey et al., 2010; Schousboe et al., 2013; Allen, 2014; Chaturvedi et al., 2014; Muthukumar et al., 2014; Boddum et al., 2016; Katz et al., 2019; Peng et al., 2019; Singhvi and Shaham, 2019; Zhang et al., 2019). Continual recycling of neurotransmitters by perisynaptic glia, primarily astrocytes, is necessary for prolonged synaptic function. Neurotransmitter uptake serves to prevent ectopic crosstalk between neighboring synapses, but also to avert excitotoxicity due to accumulation of perisynaptic glutamate (Murphy-Royal et al., 2017). Once taken up by astrocytes, glutamate enters the glutamate-glutamine cycle. In this cycle, glutamine synthase converts glutamate into glutamine for subsequent release and uptake by neurons. Because glutamine is a metabolic precursor for both glutamate and GABA, this is essential for continued function of the predominant excitatory and inhibitory synapse types within the brain (Schousboe et al., 2013; Allen, 2014). Interestingly, a recent report found that oligodendrocytes within caudal regions of the brain and spinal cord also express glutamine synthetase. Following oligodendrocyte-specific knockout of glutamine synthetase, synaptic glutamate transmission in the midbrain was significantly impaired due to overall reductions in both glutamate and glutamine (Xin et al., 2019). Thus, in the CNS, both oligodendrocytes and astrocytes mediate continued turnover of glutamate.



Glial-Mediated Synaptic Dysfunction in Disease

Loss of ionic and neurotransmitter homeostasis disrupts synaptic maintenance and synaptic function, and has consequently been linked to a number of neurological disorders. Mutations in KCNJ10, which encodes human Kir4.1, causes SeSAME/EAST syndrome. SeSAME/EAST is a neurodevelopmental disorder associated with a variety of phenotypes including ataxia, seizures, deafness, and intellectual disability (Scholl et al., 2009). Furthermore, mutations in KCNJ10 are linked to increased risk for seizure and ataxia in other neurodevelopmental disorders such as autism and Rett’s syndrome, underscoring the importance of glial ion buffering to developmental circuit function (Nwaobi et al., 2016; Eid et al., 2019). Interestingly, though mutations in KCNJ10 have not been linked to neurodegenerative disorders, analysis of animal models of AD, amyotrophic lateral sclerosis (ALS), and Huntington’s disease suggest that downregulation of Kir4.1 in astrocytes may contribute to disease onset and/or progression (Kaiser et al., 2006; Wilcock et al., 2009; Tong et al., 2014). Indeed, post-mortem brain samples from AD patients with severe cerebral amyloid angiopathy showed loss of Kir4.1 from astrocytic endfeet (Wilcock et al., 2009). Altered neurotransmitter turnover is also linked to neurodevelopmental and neurodegenerative disorders (Murphy-Royal et al., 2017), and in some cases, impaired ion and neurotransmitter turnover converge in disease. As aforementioned, astrocytic Kir4.1 is also needed for appropriate uptake of perisynaptic glutamate by GLT-1 (Djukic et al., 2007). Expression of GLT-1 is downregulated in post-mortem brains of Huntington’s disease patients (Arzberger et al., 1997). Similarly, expression of Kir4.1 is also significantly reduced in animal models of Huntington’s disease. Excitingly, overexpression of Kir4.1 in striatal astrocytes rescues Glt-1 expression deficits, improves function of medium spiny neurons (disproportionately lost in Huntington’s disease) and increases animal survival (Tong et al., 2014). As Kir4.1 is affected in a vast array of neurological disorders and modifies multiple critical functions of astrocytes, identifying therapeutic strategies that target Kir4.1 function could have extensive medical impact.

Outside of the CNS, loss of glial support disrupts synaptic maintenance and overall peripheral nerve health. In vertebrates, tSCs are required for maintenance of the NMJ, and loss of tSCs (Santosa et al., 2018) or neuron-glial signaling (Jablonka-Shariff et al., 2020) can result in degeneration. Similarly, post-developmental ablation of C. elegans AMsh glia (exhibit ensheathment similar to non-myelinating Schwann cells) results in retraction of neuron receptive endings (pre-synaptic) that sense the environment (Bacaj et al., 2008; Singhvi et al., 2016; Wallace et al., 2016). Disruption of glia-derived ion transporters does not only impact synaptic maintenance but can disrupt peripheral nerve health. Loss of NKCC1 homologs (Na+, K+, and Cl– cotransporter) from peripheral glia results in abnormal nerve swelling and axonal defasciculation in Drosophila (Leiserson et al., 2000, 2011) and zebrafish (Marshall-Phelps et al., 2020), resulting in neuropathy-like symptoms (Leiserson et al., 2000, 2011; Marshall-Phelps et al., 2020). In sum, glia support overall nervous system health by careful management of the extracellular environment.



GLIAL REGULATION OF NERVOUS SYSTEM FUNCTION


Metabolic Support of Neurons by Glia

Glia instruct nervous system function beyond the synaptic unit. Neuronal signaling is energetically demanding, yet energy stores (e.g., glucose) within the blood are largely inaccessible to neurons due to blood-brain and blood-nerve barriers (Poduslo et al., 1994; Daneman and Prat, 2015). Both central and peripheral glia, which more directly interact with vasculature, respond to the metabolic states of neurons and provide critical metabolic support for continued nervous system function. This role of glia was first described in the honeybee retina (Tsacopoulos and Poitry, 1982; Tsacopoulos et al., 1987, 1988) and later for Müller glia in the rodent retina (Poitry-Yamate and Tsacopoulos, 1992; Poitry-Yamate et al., 1995). This process converges on a glia-to-neuron lactate shuttle following glycolysis, regardless of system (invertebrate vs. vertebrate) or cell type (Fünfschilling et al., 2012; Lee et al., 2012; Beirowski et al., 2014; Pooya et al., 2014; Volkenhoff et al., 2015; Saab et al., 2016; Philips and Rothstein, 2017; Delgado et al., 2018; Yildirim et al., 2019; Deitmer et al., 2019; Bouçanova and Chrast, 2020). Astrocytes, which form an integral component of the neurovascular unit, are also known to shuttle lactate to neurons in both animal models and in the human brain (Pellerin and Magistretti, 1994; Svichar and Chesler, 2003; Mangia et al., 2009; Deitmer et al., 2019). According to the Astrocyte-to-Neuron Lactate Shuttle hypothesis (Pellerin and Magistretti, 1994), glucose passes through transporters between capillaries and astrocytes; it is ultimately converted from pyruvate to lactate following glycolysis, and transported into neurons through monocarboxylate transporters (MCTs). Once inside the neuron, lactate reverts back to pyruvate via lactate dehydrogenases for use in aerobic respiration within mitochondria (Steinman et al., 2016; Deitmer et al., 2019). This process is elegantly coupled to glutamate release from neighboring synapses, ensuring that energy supply meets demand (Pellerin and Magistretti, 1994). Similarly, blood brain barrier glia in Drosophila transfer lactate from the haemolymph to neurons in the CNS via the MCT chaski, and loss of chaski from glia disrupts excitatory synaptic transmission and locomotion (Delgado et al., 2018).

In CNS white matter and in peripheral nerves, metabolic support of axons is carried out by myelinating oligodendrocytes and Schwann cells, respectively (Fünfschilling et al., 2012; Philips and Rothstein, 2017; Bouçanova and Chrast, 2020). The myelin sheath is organized into multiple functional domains, including cytoplasmic (myelinic) channels that facilitate uptake of metabolites and ions from neighboring astrocytes (for oligodendrocytes) or from the environment (both oligodendrocytes and Schwann cells), which can then be transferred to the associated axonal segment (Lutz et al., 2009; Salzer, 2015; Snaidero et al., 2017). Given that mutations in many genes enriched in myelinating glia (e.g., PLP, CNPase, and MPZ) cause axonal degeneration in the absence of overt dysmyelination (Philips and Rothstein, 2017; Bouçanova and Chrast, 2020), this function of oligodendrocytes and Schwann cells is distinct from the role of myelin in saltatory conduction (discussed below in section “Myelination and Circuit Function”). In the CNS, oligodendrocytes take in extracellular glucose, which is then converted to lactate and transferred to neurons via the monocarboxylate transporter MCT1 (Lee et al., 2012). Accordingly, oligodendrocyte-specific knockout of MCT1 in vitro within mouse organotypic spinal cord slice cultures, or in vivo within the optic nerve and corpus callosum, causes axonopathy prior to myelin damage (Lee et al., 2012). A recent report found that glucose uptake by oligodendrocytes can be stimulated by binding of glutamate to oligodendrocyte NMDA receptors (Saab et al., 2016). These findings suggest that oligodendrocyte-specific metabolic support, as with astrocytic support, is coupled to neuronal output. In the PNS, disruption of glial metabolism and mitochondrial homeostasis via Schwann cell-specific knockout of the serine/threonine kinase LKB1 causes a severe, progressive axonopathy reminiscent of diabetic neuropathy (Beirowski et al., 2014). Thus, glia ensure energy demand is met for proper nervous system homeostasis.



Myelination and Circuit Function

Even when ionic and metabolic conditions are met, circuits within the vertebrate nervous system cannot function without myelin. Myelin is a multi-lamellar sheath generated by oligodendrocytes in the CNS and Schwann cells in the PNS (Salzer, 2015; Ackerman and Monk, 2016; Simons and Nave, 2016). Myelin promotes saltatory conduction through insulation of axonal segments and clustering of ion channels at nodes of Ranvier (discussed further in Rasband and Peles, 2015). Myelin thickness is highly stereotyped, and mutations that either increase (hyper) or decrease (hypo) myelin thickness or alter myelin sheath length, can adversely affect action potential propagation (Court et al., 2004; Michailov et al., 2004; Simpson et al., 2013; Li, 2015; Etxeberria et al., 2016; Camargo et al., 2017). These data suggest that myelin state must be tightly regulated. A 3D TEM reconstruction of myelinated segments along pyramidal neurons in the mouse neocortex demonstrated extensive variability in the extent and pattern of myelination along axon tracts, leading to the hypothesis that oligodendrocytes dynamically respond to, and modify, circuit activity (Tomassy et al., 2014). In the past decade, a number of studies demonstrated that neuronal activity tunes the level of oligodendrocyte myelination in vivo (Monje, 2018). In zebrafish, silencing of reticulospinal neurons or phox2b+ hindbrain neurons via expression of tetanus toxin biased axon selection to electrically active neighbors (Hines et al., 2015; Mensch et al., 2015). Pharmacological activation of reticulospinal neurons also enhanced axon selection, which could be blocked by expression of tetanus toxin. This finding suggests that oligodendrocytes monitor neuronal activity through release of local synaptic vesicles (Mensch et al., 2015). Indeed, a recent report demonstrated that oligodendrocytes express post-synaptic proteins, putative sites of axon-glial communication, which are necessary to tune sheath length and number (Hines et al., 2015; Hughes and Appel, 2019). In mouse, oligodendrocyte myelination is also regulated by neuronal activity (Gibson et al., 2014; Etxeberria et al., 2016; Swire et al., 2019; Bacmeister et al., 2020). Optogenetic activation of deep cortical projection neurons of the premotor cortex is sufficient to stimulate oligodendrocyte precursor cell proliferation, enhance myelination, and improve motor learning (Gibson et al., 2014). In contrast, neuronal silencing by monocular deprivation caused myelin internode length in the optic nerve to be significantly shorter, resulting in reduced nerve conduction velocity (Etxeberria et al., 2016). Together, these data exhibit that myelin is much more dynamic than previously appreciated, and that myelin plasticity can shape circuit function.



Glia and Neural Circuit Function

Finally, glia instruct circuit function through modulating activity-dependent plasticity mechanisms that function both locally (synapse-level) and globally (circuit-level). As this subject has been reviewed extensively, here we will direct readers to relevant literature (Araque et al., 2014; Wu et al., 2015; Allen and Eroglu, 2017; Salter and Stevens, 2017; Babola et al., 2018; Long et al., 2018; Bar and Barak, 2019; Durkee and Araque, 2019; Foster et al., 2019; Marinelli et al., 2019; Mederos and Perea, 2019; Ackerman et al., 2020), and instead highlight two pertinent examples of astrocyte-mediated neuromodulation in fly (Ma et al., 2016) and zebrafish (Mu et al., 2019). Astrocytes display local and population-wide calcium transients in response to changes in neuronal activity, and it is thought that these transients may in turn influence circuit function (Fatatis and Russell, 1992; Porter and McCarthy, 1996; Nett et al., 2002; Nimmerjahn et al., 2009; Srinivasan et al., 2015). In a landmark study, Ma et al. (2016) identified TRP channel Waterwitch (Wtrw) activity and octopamine-tyramine receptor (Oct-TyrR) signaling as key mediators of astrocyte-dependent neuromodulation. Drosophila astrocytes within the ventral nerve cord exhibit oscillatory waves of calcium activity in response to neuronal activity. Here, the authors found that octopamine and tyramine signaling (analogous to vertebrate norepinephrine) from Tdc2+ neurons in the ventral nerve cord activates Oct-TyrR on astrocytes, which in turn allows for calcium entry via Wtrw. Calcium influx drives secretion of an astrocyte-derived cue (potentially ATP) that inhibits adenosine receptors on local dopaminergic neurons, which is necessary for proper larval chemotaxis and startle behavior. Thus, astrocyte-mediated neuromodulation occurs in vivo, is necessary for circuit function, and drives animal behavior (Ma et al., 2016).

Until recently, evidence of bona fide astrocytes, with their characteristic stellate structure, was lacking in zebrafish (Lyons and Talbot, 2015; Mu et al., 2019; Chen et al., 2020). Instead, radial glia were believed to perform astrocytic functions in zebrafish (Kroehne et al., 2011; Kyritsis et al., 2012). Excitingly, a recent study showed that a subtype of astrocytes in zebrafish called radial astrocytes are actively engaged in neural computation in vivo within a behaviorally relevant circuit. Futility-induced passivity (“giving up”) is a strategy that allows animals to conserve energy following repeated failed attempts to achieve a given task (Maier, 1984; Warden et al., 2012). In this pioneering work, Mu et al. (2019) developed a virtual reality arena that would induce visually evoked, perceived swimming failures. Using whole-brain calcium imaging to simultaneously monitor neuronal and glial calcium levels, they found that repeated swimming failures resulted in accumulation of calcium in radial astrocytes that reside within the lateral medulla oblongata. Localized ablation of radial astrocytes or disruption of astrocytic calcium signaling using an IP3R inhibitor (xestospongin C) strongly suppressed futility-induced passivity, but not wildtype swimming behavior. Through further circuit analysis, the authors demonstrate that radial astrocytes signal via an unknown mechanism to activate downstream GABAergic neurons within the lateral medulla oblongata and suppress continued motor output. Interestingly, accumulation of calcium within radial astrocytes is also dependent on norepinephrine signaling from neurons within the norepinephrine expressing cluster of the medulla oblongata (Mu et al., 2019). Recently, cells resembling mammalian spinal cord astrocytes in every aspect (stellate morphology, marker expression, and calcium signaling) were described in zebrafish for the first time, and were also shown to be norepinephrine sensitive (Chen et al., 2020). These studies together suggest that norepinephrine signaling from neurons may be a common trigger for astrocyte-mediated neuromodulation (Paukert et al., 2014; Ma et al., 2016; Mu et al., 2019).



Glia and Circuit Dysfunction in Disease

It is evident that glial cells strongly contribute to circuit function. Accordingly, glial cell dysfunction is present in a variety of neurodevelopmental disorders that impact neural network activity (Ma et al., 2016; Mondelli et al., 2017; Salter and Stevens, 2017). This is particularly apparent in neural networks that exhibit higher than average levels of neuronal activity and therefore have greater energetic demands. Motor neurons are highly polarized and energetically demanding cells that extend axons in excess of a meter in length in humans. Accordingly, they require extensive metabolic support from glial cells for continued function and survival (Van Damme et al., 2002; Bélanger et al., 2011; Lee et al., 2012; Morrison et al., 2013; Bouçanova et al., 2020). Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder characterized by specific loss of lower and upper motor neurons in the spine and motor cortex, respectively, resulting in paralysis and mortality within ∼5 years of disease onset. Though the majority of ALS cases are non-hereditary (sporadic), 10% of ALS cases are familial in nature and are mapped to known disease-causing loci. Most familial ALS cases are caused by mutations in a handful of genes including SOD1, Tpd43, Fus, and C9orf72 (Robberecht and Philips, 2013). By modeling ALS in animal models using cell-type specific manipulations (Pramatarova et al., 2001; Lino et al., 2002; Beers et al., 2006; Boillée et al., 2006b; Haidet-Phillips et al., 2011; Wang et al., 2011; Kang et al., 2013; Lee and Sun, 2015; Bouçanova et al., 2020), it became clear that glial cells strongly contribute to both disease onset and progression (Boillée et al., 2006a; Philips and Rothstein, 2014; Yamanaka and Komine, 2018; Filipi et al., 2020). For example, in chimeric mice, disease onset is delayed when mutant SOD1 motor neurons are surrounded and supported by wildtype glial cells (Clement et al., 2003).

Analysis of human tissue revealed that microglial and astrocyte populations adopt activated, pro-inflammatory states locally and systemically in ALS (McCombe and Henderson, 2011; Robberecht and Philips, 2013; Blasco et al., 2017; McCauley and Baloh, 2019). This switch in cell state adversely impacts motor neuron survival through the combined cytotoxic effects of inflammation and a loss of homeostatic functions, such as neurotransmitter turnover (Liddelow et al., 2017). Astrocytes are necessary for glutamate clearance from the synaptic cleft (Allen, 2014). Downregulation of the glutamate transporter EAAT2 is evident in animal models expressing mutant SOD1G93A (Howland et al., 2002; Boston-Howes et al., 2006), which could be rescued in part via glutamate uptake by focal transplantation of wildtype astrocytes (Lepore et al., 2008). This change in expression causes aberrant accumulation of perisynaptic glutamate, which results in glutamate induced excitotoxicity (Filipi et al., 2020). In the healthy nervous system, astrocytes position mitochondria at places with high energetic demand (Agarwal et al., 2017), because glial transfer of lactate is coupled to extracellular levels of glutamate (Pellerin and Magistretti, 1994). MCT1 expression in oligodendroglia is similarly downregulated in models and patients with mutant SOD1, suggesting that glutamate-induced excitoxicity may be compounded by a lack of glia-mediated metabolic support (Lee et al., 2012). A recent study found that suppressing astrocyte activation and subsequent astrogliosis significantly prolonged the lifespan of a mouse model of ALS (SOD1G93A), implicating gliosis as a putative target for therapeutic intervention (Guttenplan et al., 2020).



CONCLUDING REMARKS ON GLIA AS THERAPEUTIC TARGETS IN DISEASE

To summarize, the nervous system contains a variety of glial cell types that collectively orchestrate neural development and ensure continued nervous system function. The field of glial biology has long focused on how individual glial subtypes influence neuronal health and longevity. Thus, we have achieved a great deal of success in delineating how disruptions to single glial cell populations contribute to pathology in various animal models of disease. As neurological disease states are often accompanied by dysfunction in multiple glial populations, it is unsurprising that therapeutic interventions that target individual glial and neuronal populations have been met with limited success. Furthermore, it is increasingly evident that in addition to glia-neuron interactions, dynamic glial-glial communication instructs development and function of the healthy and diseased nervous system. Generation of complementary genetic strategies that facilitate independent manipulation of multiple cell populations in vertebrates, while leveraging invertebrate models that are already amenable to complex genetics approaches, is necessary to understand how different glial subtypes function in concert with one another in vivo. By expanding the scope of our experiments to account for the complexity of these interactions, we have the potential to uncover novel therapeutic strategies to simultaneously inhibit glial inflammation and promote glial homeostatic functions to drive repair and recovery.
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The polarization of microglia/macrophage, the resident immune cells in the brain, plays an important role in the injury and repair associated with ischemia-reperfusion (I/R). Previous studies have shown that DJ-1 has a protective effect in cerebral I/R. We found that DJ-1 regulates the polarization of microglial cells/macrophages after cerebral I/R and explored the mechanism by which DJ-1 mediates microglial/macrophage polarization in cerebral I/R. Middle cerebral artery occlusion/reperfusion (MCAO/R) and oxygen and glucose deprivation/reoxygenation (OGD/R) models were used to simulate cerebral I/R in vivo and in vitro, respectively. DJ-1 siRNA and the DJ-1-based polypeptide ND13 were used to produce an effect on DJ-1, and the P62-specific inhibitor XRK3F2 was used to block the effect of P62. Enhancing the expression of DJ-1 induced anti-inflammatory (M2) polarization of microglia/macrophage, and the expression of the anti-inflammatory factors IL-10 and IL-4 increased. Interference with DJ-1 expression induced pro-inflammatory (M1) polarization of microglia/macrophage, and the expression of the proinflammatory factors TNF-α and IL-1β increased. DJ-1 inhibited the expression of P62, impeded the interaction between P62 and TRAF6, and blocked nuclear entry of IRF5. In subsequent experiments, XRK3F2 synergistically promoted the effect of DJ-1 on microglial/macrophage polarization, further attenuating the interaction between P62 and TRAF6.

Keywords: DJ-1, microglial/macrophage polarization, ND13, XRK3F2, P62, TRAF6-IRF5, ischemia-reperfusion injury


INTRODUCTION

The inflammatory response after cerebral ischemia-reperfusion (I/R) is characterized by the activation and polarization of resident microglia/macrophage (Badimon et al., 2020), whose dynamic polarization state plays a dual role in brain injury and repair (Kanazawa et al., 2017). Although there is controversy (Ransohoff, 2016), it is generally believed that after stroke, microglia/macrophage are polarized into the pro-inflammatory (M1) phenotype and anti-inflammatory (M2) phenotype (Yang et al., 2016). The pro-inflammatory phenotype is characterized by the markers iNOS, CD86, CD16/32, and CD40 (MacMicking et al., 1997; Taylor et al., 2005; Zhou et al., 2017) and the secretion of the proinflammatory cytokines tumor necrosis factor (TNF)-α, IL-1β and IL-6. M2 phenotype cells express high levels of arginase 1 (Arg1), CD163, CD206, and Ym1 (Laffer et al., 2019) and secrete the anti-inflammatory cytokines IL-4 and IL-10 (Rosi, 2016). The anti-inflammatory phenotype is detectable at 12 h, peaks at 1 d, and decreases after 3 d. The pro-inflammatory microglia is increased in the first 14 d after ischemic stroke (Perego et al., 2011, 2016). Although inflammatory damage and microglia/macrophage phenotype caused by cerebral I/R are dynamic, selective regulation of microglial/macrophage polarization to the anti-inflammatory phenotype may be a therapeutic strategy for treating ischemic stroke (Xia et al., 2015; Ma et al., 2017).

Interferon regulatory factor 5 (IRF5) is a transcription factor (Almuttaqi and Udalova, 2019; Jefferies, 2019) and is currently defined as a key factor associated with the phenotype of inflammatory microglia/macrophages (Mamun et al., 2018, 2020b; Corbin et al., 2020). IRF5 is activated by interacting with MyD88 and TNF receptor-associated factor 6 (TRAF6) (Krausgruber et al., 2011). After activation, IRF5 enters the nucleus binds to the IFN-stimulated response element (ISRE) to induce further IRF5 nuclear translocation and facilitate the transcription of proinflammatory factors (Takaoka et al., 2005; Lawrence and Natoli, 2011). Abdullah Al Mamun (Mamun et al., 2018) confirmed that the IRF5 also mediates microglial activation after stroke and suggested that microglia appears to have the same IRF5 signaling mechanism as peripheral origin macrophages (Mamun et al., 2020b). Downregulation of IRF5 signaling by siRNA or conditional knockout (CKO) results in enhanced M2 activation, abrogated proinflammatory responses, and improved stroke outcomes, whereas increased IRF5 expression enhances M1 activation, exacerbates proinflammatory responses, and worsens functional recovery (Mamun et al., 2020a). Therefore, the TRAF6/IRF5 signaling pathway is crucial in regulating microglial/macrophage polarization.

DJ-1 was identified as a causative gene for autosomal recessive, encoded in a causative gene of familial Parkinson’s disease (PARK7) (Bonifati et al., 2003). As a multifunctional protein, DJ-1 is involved in a variety of signal transduction pathways, including those associated with antioxidative stress, free radical scavenging and mitochondrial homeostasis (Repici and Giorgini, 2019). Our previous study showed that DJ-1 negatively regulated cerebral I/R inflammatory responses by promoting SHP-1 and TRAF6 interactions (Peng et al., 2020). Researchers hypothesized that DJ-1-deficient microglia exhibited increased cytotoxicity by promoting the secretion of the proinflammatory cytokines IL-1β and IL-6 (Trudler et al., 2014). This finding was consistent with the conclusion of our previous research, in which we confirmed that DJ-1 played a key role in neuroprotection in ischemic injury (Peng et al., 2019). DJ-1 induced WT and DJ-1–/– bone-derived macrophages polarization in sepsis mice (Amatullah et al., 2017). iNOS protein levels were increased in wild-type (WT) and DJ-1–/– bone marrow-derived macrophages (BMMs), whereas Arg1 protein levels were decreased. Neuroprotective efficacy of DJ-1 is reported to mediate thorough attenuating oxidative stress (Yanagisawa et al., 2008; Yanagida et al., 2009), however, its role in managing neuroinflammation is not reported yet.

P62 is a multifunctional protein that has recently been shown to be involved in neurological disease. The abnormal accumulation of P62 may lead to neuronal loss and pathogenesis of neurodegenerative diseases (Watanabe et al., 2012; Song et al., 2016; Liu et al., 2017). As a protective factor, DJ-1 can inhibit the abnormal expression of P62 (Gao et al., 2012; Nash et al., 2017). In addition, hypoxia promotes the degradation of P62 (Pursiheimo et al., 2009). After treatment with siRNA targeting DJ-1, the human osteosarcoma cell line U2OS expressed a high level of P62 during hypoxia for 16 h, which was not conducive to P62 translocation (Vasseur et al., 2009; Lee et al., 2018). DJ-1 overexpression plays a neuroprotective role in dopaminergic neurons by clearing accumulated P62 (Gao et al., 2012). How DJ-1 regulates the expression of P62 in cerebral I/R is inexplicably. And its role in managing neuroinflammation is not reported yet.

In this study, we established cerebral I/R models in vivo and in vitro to investigate the effects of DJ-1 on microglial/macrophage polarization and the inflammatory immune response. We found that DJ-1 promoted microglial anti-inflammatory (M2) polarization and anti-inflammatory cytokine secretion, and inhibited pro-inflammatory (M1) polarization and proinflammatory cytokine secretion. DJ-1 regulated the level of P62. By blocking the interaction between P62 and TRAF6, DJ-1 negatively regulated the levels of TRAF6 and IRF5 and impaired IRF5 nuclear translocation. Therefore, DJ-1 participates in the protective effect of microglia/macrophage on cerebral I/R.



MATERIALS AND METHODS


Experimental Animals, Cell Culture, and Reagents

Healthy male adult Sprague–Dawley rats weighing 250 ± 10 g were used for in vivo and were provided by the Animal Experimental Center of Chongqing Medical University. Animals were cared for in strict accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). All experiments were approved by the Institutional Animal Ethics Committee of Chongqing Medical University, Chongqing, China. All measures were made to minimize animal suffering. All the rats were housed under a 12 h light/dark cycle with 23 ± 2°C temperature and 60–65% humidity, and provided free access to water and food. Before the MCAO operation, fasting for 12 h, water prohibition for 4 h. To minimize animal suffering, all rats were anesthetized by peritoneal injection with 1 ml/100 g of 3.5–4% chloral hydrate. During the operation, aseptic operation was carried out. Sputum was cleared in time, and the incision size was reduced as much as possible under the condition of ensuring the surgical field of vision. During postoperative anesthesia recovery, the animals were placed on 37°C thermostatic pad and covered with cotton cloth to keep warm. The incision was closed and coated with antibiotics. During the whole process, the animal’s breathing was stable and the heart rate was normal. 24 h after MCAO/R, the rats were given a blind evaluation using Zea-Longa Neurological Deficit Score (Longa et al., 1989). When neurofunctional score below two, rats in the model group were excluded.

The number of SD rats and groups used in the study were as follows (Figures 1A,B): each experimental group contained 6 rats, and each experiment was repeated three times.
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FIGURE 1. Experimental groups and protocol. (A) The numbers of SD rats used and the groups. (B) Experimental protocol schedule. (C,D) Knockdown efficiency of DJ-1 siRNA in rats. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6 per group. (E,F) Changes in cerebral blood flow were monitored during MCAO modeling by laser Doppler flowmeter.


The highly aggressively proliferating immortalized (HAPI) microglial cell line was a generous gift from Dr. Yixin LI. HAPI cells were cultured in DMEM (high glucose, HyClone) with 10% fetal bovine serum (FBS, Grand Island, NY, United States) and 1% penicillin/streptomycin (Beyotime, Shanghai, China) in 5% CO2 at 37°C.

The DJ-1 siRNA was designed and synthesized by Gene Pharma (Shanghai, China) (sense primer: 5′-CCCAUUGGCUA AGGACAAATT-3′ and antisense primer: 5′-UUUGUCCUU AGCCAAUGGGTT-3′). The negative control siRNA without any target sequence was also constructed (sense primer: 5′-UU CUCCGAACGUGUCACGUTT-3′ and antisense primer: 5′-ACGUGACACGUUCGGAGAATT-3′). Knockdown efficiency of DJ-1 siRNA in rats was shown in Figures 1C,D.

ND13 is a DJ-1-based peptide synthesized by China Peptides (Suzhou, China). The complete 20 amino acid sequence is YGRKKRRKGAEEMETVIPVD, which includes a 13 amino acid DJ-1-based sequence. The control peptide used was a scrambled amino acid sequence peptide (13 amino acids in the opposite order). XRK3F2 was purchased from MedChemExpress (HY-112904, MCE, China) (Lev et al., 2015a).



Middle Cerebral Artery Occlusion/Reperfusion Model, Treatment With DJ-1 siRNA or ND13 and XRK3F2 Dosing

The Middle Cerebral Artery Occlusion/Reperfusion (MCAO/R) surgical procedure was performed as described (Peng et al., 2019) by our research center. After anesthetization by chloral hydrate, a nylon monofilament (2838A5; Cinontech, Beijing, China. The length is 45mm, head diameter is 0.38 ± 0.02 mm.) was inserted into the middle cerebral artery through the left external carotid artery for 1 h. Then, the nylon monofilament was removed for reperfusion for 24 h. All rats were sacrificed, and the sham group rats underwent the same surgery without MCAO.

The DJ-1 siRNA was obtained as described in our previous studies (Peng et al., 2019) and administered by intracerebroventricular injection into the left lateral cerebral ventricle 24 h before MCAO. The coordinates for ICV injection were: 1.0 mm posterior to the bregma, 2.0 mm from the midline, and 3.5 mm beneath the skull surface. DJ-1 siRNA was dissolved in DEPC at a final concentration of 3.3 μg/ul. Needles used for ICV is a Hamilton microsyringe of 25 μl. In order to prevent the backflow of the siRNA, injection of the siRNA liquid at rate of 2 μl/min. When completed, the needle was kept for 10 min and then withdrawn slowly. The injection hole was covered with bone wax. The same volume of control siRNA was injected in the same way as the control group. ND13 and the control peptide were injected by the same method. We dissolved XRK3F2 in 10% DMSO with 90% saline and injected the solution at a dose of 2.5 μg/μl (Figure 1B).



Laser Doppler Flowmeter

Changes in cerebral blood flow were monitored during MCAO modeling by laser Doppler flowmeter (PeriFlux System 5000, Perimed, China). Anesthetized rats were then fixed on the locator to expose the cranial coronal and sagittal joints. The anterior fontanelle is the origin of coordinates. The left 5 mm of the anterior fontanelle and the back 3 mm are selected for positioning. Secured the probe. The MCAO operation was performed after LDF detection of stable blood flow. After the embolus was inserted into the internal carotid artery into the intracranial area, we observed a precipitous drop of blood flow using LDF. A decrease of 70% was considered successful (Figures 1E,F).



Oxygen and Glucose Deprivation/Reoxygenation Treatment of HAPI Cells

After expansion, HAPI cells were grown to 70–80% confluence, subcultured, detached by trypsinization, and seeded into 10 cm culture dishes at a density of 1.0∗106/ml. Normal cells without any treatment were used as controls. The cells for the Oxygen and Glucose Deprivation/Reoxygenation (OGD/R) experiment were placed in glucose-free DMEM and in a tri-gas incubator for 4 h with 1% oxygen, 94% N2 and 5% CO2. Then, the glucose-free DMEM was replaced with normal culture medium (high glucose DMEM containing 1% penicillin/streptomycin and 10% FBS) in an incubator with 5% CO2 for 24 h.



Evaluation of Neurological Deficits

Measured neurofunctional deficits 24 h after MCAO/R. The rats were given a blind evaluation using Zea-Longa Neurological Deficit Score (Longa et al., 1989). This score follows a 5-point scale. Briefly, 0: no neurological deficiency; 1: the inability to fully extend left forepaw when held by tail; 2: animals circle to the contralateral side while walking, but exhibit normal posture at rest; 3: animals which lean to the injured side; and 4: animals with no spontaneous locomotor activity and a depressed level of consciousness.



Infarct Volume Measurement and Hematoxylin and Eosin (HE) and Nissl Staining

After MCAO/R, the animals were sacrificed. The entire brain was quickly removed and frozen at −80°C for 4 min. The brains were cut into five 2 mm-thick sections, stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma, United States) at 37°C for 20–30 min, and fixed in 4% paraformaldehyde at 4°C for 24 h. The brain sections were photographed and analyzed by ImageJ (version 6.0, NIH). The percentage infarct volume was calculated by the following equation: [total infarct volume – (ipsilateral hemisphere volume – contralateral hemisphere volume)]/contralateral hemisphere volume × 100%.

After MCAO/R 24 h, taken the neurological examination, then the animals were anesthetized with 3.5% chloral hydrate and perfused with 4% paraformaldehyde. After fixation for 24 h, the brain tissues were dehydrated, paraffin-embedded, cut into 5-μm coronal sections. Paraffin brain sections were baked at 60°C for 15 min, dewaxed, and washed by water.

For HE staining, the sections stained with hematoxylin for 5 min. Then the color was separated by 1% hydrochloric acid alcohol for 25 s. Backed to blue for 30 s with 1% ammonia. After stained with eosin for 5 min, dehydrated with increasing concentrations of alcohol, hyalinized with dimethyl benzene. Finally sealed with neutral resin.

For Nissl staining, the sections stained by Nissl staining solution (0.1% cresol purple) for 10 min, washed by double distilled water for 1 min. Then dehydrated with increasing concentrations of alcohol. After transparentized by xylene for 3 min, sealed with neutral resin (Peng et al., 2020). All the sections were assessed the pathological changes by a microscope.



Double-Labeling Immunofluorescence Staining

The prepared cell coverslips were warmed at room temperature for 15 min. The cells were fixed with paraformaldehyde for 30 min and then washed with PBS. The cells were treated with blocking buffer (5% BSA with 1% Triton X-100 in PBS) for 1 h at 37°C (or 2h at RT), then incubated with IRF5 (1:100, ab181553, Abcam) and HSP60 (1:100, EC0334, Elabscience) primary antibodies overnight at 4°C. Then, the sections were incubated with fluorescein-labeled secondary antibodies at 37°C for 40 min. Antifade mounting medium containing DAPI was used to cover the sections, which were observed with a laser scanning confocal microscope.



Western Blot Analysis

Proteins from ischemic penumbral tissues and HAPI cells were used for Western blot analysis. SDS-PAGE was performed, and the resolved proteins were transferred onto polyvinylidene fluoride (PVDF) membranes by electroblotting. The membranes were blocked at Tris–buffered saline (TBST) containing 5% non-fat milk powder for 2 h and then incubated with the following primary antibodies overnight at 4°C: Arg1 (1:500, GTX109242, GeneTex), CD163 (1:500, WH112776, ABclonal), iNOS (1:500, GTX130246, GeneTex), CD86 (1:500, WH141312, ABclonal), P62 (1:200, WH146703, ABclonal), IRF5 (1:1000, ab181553, Abcam), TRAF6 (1:200, sc-8409, Santa Cruz), IKKαβ (1:200, BM4499, Boster), IL-10 (1:200, 20850-1-AP, Proteintech), IL-4 (1:500, 66142-1-lg, Proteintech), TNF-α (1:200, YT4689, ImmunoWay), and IL-1β (1:500, DF6251, Affinity). After being washed with TBST 3 times, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit/mouse secondary antibodies for 2 h at RT. β-actin was used as a loading control. Immunoreactive bands were detected by an enhanced chemiluminescence (ECL) detection system. The gray values of the protein bands were quantified by Image Lab.



Coimmunoprecipitation Assay

For every Coimmunoprecipitation (Co-IP), the appropriate amount of animal protein and cell lysates were mixed with protein A/G beads (MedChemExpress, HY-K0202, United States) in an ice box with gentle rotation for 4 h and then incubated with TRAF6 antibody (1:200, Santa Cruz, sc-8409, United States) overnight at 4°C. After being washed 4 times with PBST, the immunoprecipitates were separated using SDS-PAGE. The products were transferred to PVDF membranes and subjected to Western blot analysis with P62 antibody (1:50, ABclonal, A7758, China) and ECL reagents.



Statistical Analysis

All data presented are representative of three independent experiments, and statistical analysis was analyzed by GraphPad Prism 8 and one-way analysis of variance (ANOVA) followed by Tukey’s test for multigroup comparisons. A value of P < 0.05 indicated statistical significance.




RESULTS


DJ-1 Affects the Expression of Microglial/Macrophage Polarization Markers and Inflammatory Factors After MCAO in Rats

To examine whether DJ-1 affects microglial/macrophage polarization and participates in the inflammatory response, we used ND13 (DJ-1 based peptide) (Glat et al., 2016; Molcho et al., 2018; Miguel et al., 2020) and DJ-1 siRNA to produce an effect on DJ-1 expression. Then, we measured the expression of microglial cell marker proteins (pro-inflammatory markers: iNOS and CD86; anti-inflammatory markers: Arg1 and CD163) and the expression of inflammatory mediators by Western blotting. The results showed that the expression levels of all microglial/macrophage marker proteins (Arg1, CD163, iNOS, and CD86) were significantly increased in the MCAO group compared with the sham group (Figure 2A). After DJ-1 siRNA treatment, the downregulation of DJ-1 resulted in increasing of iNOS and CD86, compared with those of the MCAO group (Figures 2A,E,F). However, the expression levels of Arg1 and CD163 were significantly decreased (Figures 2A,C,D). After treatment with ND13, the expression levels of iNOS and CD86 were decreased (Figures 2A,E,F), while the expression levels of Arg1 and CD163 were increased compared with those in the MCAO group (Figures 2A,C,D).
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FIGURE 2. DJ-1 regulates the expression of microglial polarization markers and inflammatory factors. (A,C–F) Western blot analysis of the expression of the microglial markers Arg1, CD163, iNOS, and CD86. (B,G–J) Western blot analysis of the cytokines IL-10, IL-4, TNF-α, and IL-1β. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6 per group.


Moreover, we found that inflammatory factor expression was significantly upregulated in the cerebral I/R injury group compared with the sham group (Figure 2B). The production of TNF-α and IL-1β (pro-inflammatory) in the DJ-1 siRNA group was significantly increased (Figures 2I,J), while the levels of IL-10 and IL-4 (anti-inflammatory) were significantly decreased compared with those in the MCAO group (Figures 2G,H). After ND13 treatment, the expression levels of TNF-α and IL-1β were significantly lower (Figures 2I,J), while the expression levels of IL-10 and IL-4 were higher (Figures 2G,H) than those of the MCAO group. Inhibiting DJ-1 function led to increased expression of pro-inflammatory microglia cells, and promoted the secretion of pro-inflammatory cytokines as TNF-α and IL-1β. But promoting DJ-1 function led to increased expression of anti-inflammatory microglia cells, and enhanced the secretion of anti-inflammatory cytokines as IL-4 and IL-10.



The Correlation Between DJ-1 and the P62-TRAF6/IRF5 Pathway After Cerebral I/R in Rats

DJ-1 exerts a neuroprotective effect (Vasseur et al., 2009; Glat et al., 2016). We examined whether DJ-1 regulates the expression of P62, TRAF6, IRF5, and IKKαβ after cerebral I/R. The level of P62 were significantly decreased after DJ-1 siRNA treatment but increased after ND13-treated, compared with the MCAO group (Figures 3A,C,D). The interaction between TRAF6 and P62 was enhanced after MCAO, but weakened after ND13 treatment (Figures 3B,E. Data in vitro was unshown.). Compared with those of the sham group, the expression levels of TRAF6, IRF5 and IKKαβ (Figures 3F–I) were significantly increased after MCAO. Interestingly, P62, TRAF6, and IRF5 levels were further increased after DJ-1 siRNA treatment; the changes in the expression of these proteins in the ND13 group showed a marked decline compared with those of the MCAO group. However, compared with that of the MCAO group, the level of IKKαβ was decreased in the DJ-1 siRNA group and upregulated after ND13 treatment (Figures 3F,I). Based on these results, we hypothesized that DJ-1 regulated the TRAF6-IRF5 pathway.
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FIGURE 3. The correlation between DJ-1 and the P62-TRAF6/IRF5 pathway after cerebral I/R. (A,C,D) Western blot analysis of DJ-1 and P62 expression in rats. (B) DJ-1 affects the interaction between P62 and TRAF6 after cerebral I/R in rats. (E) Quantification of (B) P62 Co–IP intensity normalized to TRAF6 IP (compared to sham). (F–I) Western blot analysis of TRAF6, IRF5, and IKKαβ expression in rats. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6 per group.


To verify whether DJ-1 plays a protective role in I/R through P62, we injected the P62-specific inhibitor XRK3F2. In Figure 4C, the neurological deficit scores of rats treated with ND13 were decreased, compared with those of the MCAO group. This was further improved with XRK3F2. Then, we examined the differences in cerebral infarcts between each group by TTC staining and analyzed the morphological changes by HE and Nissl staining. As shown in Figures 4A,B, after I/R, the infarcted area increased significantly. After treatment with XRK3F2, the infarct volume was significantly decreased compared with that of the ND13 group. HE staining (Figure 4D) showed that compared with the sham group, the MCAO group exhibited obvious edema and looser tissue space. The neurons in the infarcted area were dense, and the perinuclear mass was concentrated and stained deeply. After treatment with ND13, the lesions described earlier were alleviated. When P62 was inhibited by XRK3F2, the injuries showed further improvements. The Nissl staining results (Figure 4D) were similar to those of HE staining. In the sham group, the neurons were neatly arranged and dense, the cell bodies were large and blue-stained, and Nissl bodies were abundant; after MCAO, the neuronal arrangement was disrupted, the nucleolus disappeared, the vacuoles changed, and the number of Nissl bodies decreased significantly. After treatment with ND13, the vacuole-like changes and nuclear shrinkage were reduced. XRK3F2 further attenuated brain damage after MCAO.
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FIGURE 4. DJ-1 may protect against cerebral I/R injury through P62. (A,B) TTC staining and infarct volume in the brain. n = 6 per group. (C) Neurological scores. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 9 per group. (D) HE staining and Nissl staining.




DJ-1 Affects Microglial/Macrophage Polarization and the Expression of Cytokines Through P62 After Cerebral I/R

P62 is a multifunctional protein that has recently been shown to be involved in neurological disease. To determine whether DJ-1 regulates microglia/macrophage polarization through P62, we used the P62-specific inhibitor XRK3F2 to inhibit the function of P62. As shown in Figures 5, 6, ND13 increased the expression of Arg1 and CD163 and reduced the expression of iNOS and CD86. Compared with ND13 treatment, P62 inhibitor treatment further increased the expression of CD163 and Arg1 and further decreased the expression of iNOS and CD86 in vivo (Figures 5A–D) and in vitro (Figures 6A–D). We then evaluated whether DJ-1 affects the expression level of cytokines after stroke through P62. ND13 increased the expression levels of IL-10 and IL-4 and decreased the expression levels of TNF-α and IL-1β (Figures 5E–H, 6E–H). After combined treatment with XRK3F2 and ND13, the expression levels of IL-10 and IL-4 were higher and the expression levels of TNF-α and IL-1β were lower than those of the ND13 group in vivo (Figures 5E–H) and in vitro (Figures 6E–H). These results suggest that DJ-1 regulates microglia/macrophage polarization and the inflammatory response after cerebral I/R through P62.
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FIGURE 5. DJ-1 affects microglial polarization and the expression of cytokines after cerebral I/R in rats through P62. (A–D) Western blot analysis of microglial markers in rats. (E–H) Western blot analysis of cytokine levels in rats. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6 per group.
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FIGURE 6. DJ-1 affects microglial polarization and the expression of cytokines after cerebral I/R in HAPI cells through P62. (A–D) Western blot analysis of microglial markers in HAPI cells. (E–H) Western blot analysis of cytokine levels in HAPI cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6 per group.




DJ-1 Regulates the TRAF6/IRF5 Pathway Through P62 After Cerebral I/R

We investigated whether DJ-1 regulates the TRAF6-IRF5 molecular pathway through P62. P62 inhibitors XRK3F2 further weakened the association of P62 and TRAF6 after I/R both in vivo (Figures7A,B) and in vitro (Figures 8A,B). ND13 enhanced the ability of DJ-1 to remove P62 and inhibited the expression of TRAF6 and IRF5 compared with those of the MCAO group (Figures7C–F). After treatment with XRK3F2, P62 decreased significantly. P62 inhibition decreased TRAF6 and IRF5 levels. After ND13 treatment, the IKKαβ level was significantly higher than that in the MCAO group, but after treatment with the P62 inhibitor, the expression of IKKαβ decreased significantly compared with that in the ND13 group. We observed similar results in vitro (Figures 8C–F).
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FIGURE 7. DJ-1 regulates the TRAF6-IRF5 pathway through P62 after cerebral I/R in rats. (A) DJ-1 affects the interaction between P62 and TRAF6 after cerebral I/R in rats. (B) Quantification of (A) P62 Co–IP intensity normalized to TRAF6 IP (compared to sham). (C–F) Western blot analysis of P62, TRAF6, IRF5, and IKKαβ levels in rats. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6 per group.
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FIGURE 8. DJ-1 regulates the TRAF6-IRF5 pathway through P62 after cerebral I/R in HAPI cells. (A) DJ-1 affects the interaction between P62 and TRAF6 after cerebral I/R in HAPI cells. (B) Quantification of (A) P62 Co–IP intensity normalized to TRAF6 IP (compared to control). (C–F) Western blot analysis of P62, TRAF6, IRF5, and IKKαβ levels in HAPI cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 6 per group. (G) DJ-1 regulates IRF5 nuclear translocation after cerebral I/R. Immunofluorescence was used to measure IRF5 expression in HAPI cells, and HSP60-labeled mitochondria were used as a reference. Original magnification, ×400. IRF5 expression was observed by confocal fluorescence microscopy and is shown by green fluorescence. HSP60 expression is shown by red fluorescence. The cell nuclei were stained with DAPI. The arrow indicates IRF5 nuclear translocation.


We assessed IRF5 expression by double-labeling immunofluorescence analysis. IRF5 was expressed in the cytoplasm of HAPI cells, and a small amount was expressed in mitochondria (Figure 8G). After OGD/R, the number of IRF5-positive cells and the intensity of the positive signal increased significantly, and colocalization with the nucleus (DAPI) increased. This finding indicated that IRF5 expression increased after cerebral I/R. Enhanced DJ-1 activity by ND13 administration decreased the expression of IRF5. After treatment with XRK3F2, the number of IRF5-positive cells continued to decrease, as did the intensity of the positive signal. DJ-1 reversed the effect of IRF5 nuclear transport. Specific inhibition of P62 further enhanced this effect.




DISCUSSION

In the present study, we demonstrate that DJ-1 plays a protective role in the brain by regulating microglial/macrophage polarization and the inflammatory response after stroke. DJ-1 promoted microglial anti-inflammatory (M2) polarization and inhibited pro-inflammatory (M1) polarization. DJ-1 promotes the secretion of anti-inflammatory cytokines (IL-4 and IL-10) and inhibits the secretion of pro-inflammatory cytokines (IL-1β and TNF-α). The DJ-1-based polypeptide ND13 robustly reduced P62 levels. ND13 weakened the interaction between P62 and TRAF6, and inhibited IRF5 expression and nuclear translocation. These effects were enhanced by P62 inhibition. Therefore, DJ-1 plays an anti-inflammatory and neuroprotective role in promoting anti-inflammatory (M2) microglial/macrophage polarization in cerebral I/R injury, possibly by mediating the TRAF6-IRF5 pathway via P62 (Figure 9).
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FIGURE 9. Mechanisms of DJ-1 regulating microglial/macrophage polarization. DJ-1 regulates microglial polarization in cerebral I/R. DJ-1 inhibits the expression of P62 and affects the interaction of P62-TRAF6. DJ-1 regulates the TRAF6/IRF5 signaling pathway through P62.


ND13 is a newly discovered polypeptide that consists of 13 DJ-1-derived amino acids and 7 TAT-derived amino acids (Glat et al., 2016; Molcho et al., 2018; Miguel et al., 2020). ND13 has been reported to alleviate dopaminergic system dysfunction in a Parkinson’s disease model (Longa et al., 1989). ND13 significantly improved motor function in mice in a stroke model (Molcho et al., 2018), protected cells from oxidative stress, improved survival, and exerted a neuroprotective effect against SIN-1-induced neurotoxicity (Miguel et al., 2020). However, whether ND13 has a similar effect in cerebral I/R model has not been reported. In this study, to evaluate the role of DJ-1 in ischemic reperfusion injury, we measured the differences in microglial/macrophage polarization and cytokines’ levels. ND13 increased the expression of the M2 markers Arg1 and CD163, and the levels of the anti-inflammatory cytokines IL-4 and IL-10. In comparison, siRNA-induced DJ-1 knockdown increased the expression of the M1 markers iNOS and CD86 and the levels of IL-1β and TNF-α. It is worth mentioning that IL-10 inhibits the production of proinflammatory cytokines in microglia, protects against excessive inflammation (Ledeboer et al., 2002; Orihuela et al., 2016) and is an important mediator that regulates the interactions between microglia, astrocytes and neurons (Lobo-Silva et al., 2016). IL-4 promotes neurological recovery by activating selectively microglia (Ransohoff, 2016). IL-4 can induce downstream processes with anti-inflammatory effects, such as Arg-1 upregulation (Lee et al., 2016; Liu et al., 2016; Lively et al., 2016; Pepe et al., 2017). The release of anti-inflammatory cytokines is beneficial for repairing neuronal damage. In brief, the level of DJ-1 is important for changes in microglial/macrophage polarization and leads to the reversal of the inflammatory response after stroke.

DJ-1 regulates binding of the molecular chaperone HSPA5 to P62 through the ZZ domain, resulting in conformational changes and activation of P62 (Lee et al., 2018). In MN9D cells with DJ-1 overexpression, the sizes of the P62-positive puncta decreased. This finding indicates that DJ-1 inhibited the expression of P62 (Lev et al., 2015b). P62 is an N-terminal binding protein that binds to type 1 and type 2 N-terminal degraders (N-degrons), including arginine (NT-Arg). Both types of N-degrons bind to their ZZ domains. The structural characteristics of the ZZ domain include the C2H2 zinc finger motif, which induces conformational changes (Cha-Molstad et al., 2017; Kwon et al., 2018). The ZZ zinc finger domain of P62 is known to be the binding site for the RING finger protein TRAF6 (Sanz et al., 2000; Islam et al., 2018). In our study, we used XRK3F2, an inhibitor of the P62-ZZ domain, to inhibit P62. The expression of DJ-1 was not affected, while the interaction between P62 and TRAF6 was weakened after blocking P62. This effect may be due to the inability of TRAF6 to effectively bind to P62. P62 interacts with TRAF6 and activates nerve growth factor-induced NF-κB (Wooten et al., 2005; Nakamura et al., 2010; Schimmack et al., 2017). Our results showed that DJ-1 blocked the expression of the proinflammatory cytokines TNF-α and IL-1β by affecting the binding of P62 to TRAF6. However, it is not clear that P62 and TRAF6 undergo conformational changes and docking through their structural domains, which is a point we will study later.

IRF5 plays a central role in regulating microglia/macrophage phenotypes (Krausgruber et al., 2011; Almuttaqi and Udalova, 2019) and is activated by interacting with MyD88 and TRAF6 (Balkhi et al., 2010; Hedl et al., 2016). In M1 macrophages, IRF5 interacts with TRAF6 and is necessary to activate IRF5 transcriptional activity, thereby facilitating the transcription of many proinflammatory mediators. IRF5 phosphorylation requires IKKβ and TRAF6. IKKβ is an IRF5 kinase that activates IRF5 in vitro and in cells. Serine phosphorylation of IRF5 requires IKKβ (Ren et al., 2014). IKKβ and IRF5 may crossregulate the phosphorylation of each other (Ren et al., 2014). We observed that in the cerebral I/R model, DJ-1 inhibited the expression of TRAF6 and IRF5 and IRF5 nuclear translocation. Microglia/macrophage that lacked IRF5 was significantly biased toward anti-inflammatory (M2) polarization. Proinflammatory cytokine production in pro-inflammatory (M1) macrophages were blocked. DJ-1 facilitated anti-inflammatory (M2) microglial polarization by regulating TRAF6-IRF5.

In our study, we found that the level of IKKαβ was decreased by interfering DJ-1 effect, and upregulated after ND13 treatment, compared with that of the MCAO group. But after treatment with the P62 inhibitor, the expression of IKKαβ decreased significantly compared with that in the ND13 group. It was different from our expectation. It was reported that in the cerebral hemorrhage model in rats, both DJ-1 and p-IKK peaked 24 h after intracerebral hemorrhage (ICH). After selective knockout of DJ-1, the levels of DJ-1 and its downstream target p-IKK decreased (Xu et al., 2019). The activation of NF-κB depends on two pathways: the classic pathway through IKKβ and the alternative pathway through IKKα. The two activation pathways may overlap and crossover (Duran et al., 2008; Hinz and Scheidereit, 2014). When P62 is inhibited, TRAF6 ubiquitination, IκB phosphorylation, and ubiquitination regulation are disordered, which may cause activation of other signal transduction pathways. IKKα, IKKβ, and IKKγ (known as the regulatory subunit NEMO) together form the IKK complex. The three subunits crosstalk with each other in structure and function to enrich their abilities to regulate biological functions (Hinz and Scheidereit, 2014). However, the IKK used in our research includes the IKKα + IKKβ complex. We will further examine how DJ-1 regulates IKKα, IKKβ, and IKKγ specifically.

In summary, our findings further confirm that DJ-1 modulates microglial/macrophage polarization against the inflammatory response after stroke. DJ-1 is beneficial for blocking P62 and inhibiting the TRAF6-IRF5 pathway. Although there are controversial understandings on microglia/macrophage polarization state (Miron et al., 2013; Ransohoff, 2016), the neuroprotective mechanism of DJ-1 in cerebral I/R needs to be further investigated. Our results suggest that polarized microglia/macrophage need to be evaluated carefully for their potential use as anti-inflammatory targets in stroke therapy.



CONCLUSION

DJ-1 regulates microglial polarization through P62 to play a neuroprotective role in cerebral I/R. DJ-1 blocks the P62-TRAF6 interaction to negatively affect the TRAF6/IRF5 signaling pathway. DJ-1 may be a therapeutic target for cerebral injury repair.
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The myelination of axons by oligodendrocytes is a highly complex cell-to-cell interaction. Oligodendrocytes and axons have a reciprocal signaling relationship in which oligodendrocytes receive cues from axons that direct their myelination, and oligodendrocytes subsequently shape axonal structure and conduction. Oligodendrocytes are necessary for the maturation of excitatory domains on the axon including nodes of Ranvier, help buffer potassium, and support neuronal energy metabolism. Disruption of the oligodendrocyte-axon unit in traumatic injuries, Alzheimer’s disease and demyelinating diseases such as multiple sclerosis results in axonal dysfunction and can culminate in neurodegeneration. In this review, we discuss the mechanisms by which demyelination and loss of oligodendrocytes compromise axons. We highlight the intra-axonal cascades initiated by demyelination that can result in irreversible axonal damage. Both the restoration of oligodendrocyte myelination or neuroprotective therapies targeting these intra-axonal cascades are likely to have therapeutic potential in disorders in which oligodendrocyte support of axons is disrupted.
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INTRODUCTION

Structural variants of the myelin sheath have arisen several times during evolution as a means to allow for the rapid conduction of nerve impulses along axons, including in vertebrates and some species of worm and shrimp (Roots, 2008). Within the central nervous system (CNS) of jawed vertebrates, myelination is carried out by oligodendrocytes, a highly specialized glial cell (Zalc, 2016). The promotion of the speed and efficiency of action potentials has been the best understood purpose of oligodendrocytes and myelin over the past seven decades (Hartline and Colman, 2007). While this role is undeniably important, there is also an increasing appreciation that neurons require support by glia, including oligodendrocytes, for their long-term integrity. When oligodendroglial support is lost, axons become progressively compromised and vulnerable to loss. Consequently, remyelination strategies are being pursued in diseases such as multiple sclerosis (MS) with the hope of not only recovering nerve conduction in the short term but also protecting axons against degeneration in the long term (Franklin et al., 2012; Franklin and Ffrench-Constant, 2017; Lubetzki et al., 2020b). In this review, we outline evidence emerging from both animal models and human pathology that suggests that the integrity of myelinated neurons is dependent on oligodendrocyte support. We focus on recent advances in our understanding of the cellular mechanisms by which oligodendrocytes support axonal and neuronal integrity, how neurons adapt to demyelination, and the intra-axonal cascades contributing to their degeneration.



DEMYELINATION AND NEURONAL DAMAGE; BEYOND CLASSICAL DEMYELINATING DISEASES

Disruption of oligodendrocyte-axon contact and demyelination causes dysfunction in a wide-range of neurological pathologies. MS is considered the prototypical CNS demyelinating disease and features myelin loss in lesions throughout the gray and white matter. Clinically, MS typically presents as a relapsing-remitting (RRMS) course of neurologic dysfunction, though occasionally people with MS experience a progressive accumulation of neurologic disability with few or no relapses (primary progressive MS, PPMS). Demyelination is not the only sequalae in MS; there is also considerable brain atrophy (De Stefano et al., 2010), which is reflective of ongoing axonal damage and neurodegeneration. Acute demyelinating lesions have the highest rate of axonal damage and the degree of damage is correlated with inflammation (Ferguson et al., 1997; Bitsch et al., 2000; Kornek et al., 2000; Kuhlmann et al., 2002). Cytotoxic T-cells found within these lesions can directly damage neurons (Medana et al., 2001; Yan et al., 2003; Shriver and Dittel, 2006) and drugs targeting the activation and infiltration of adaptive immune cells in the CNS are effective at reducing relapses (Derfuss et al., 2020). However, these drugs typically fail to prevent the accumulation of progressive disability during chronic phases of the disease (secondary progressive, SPMS), when acute T-cell mediated lesions wane. Instead, it is the widespread loss of axons and neurons during the progressive phase of the disease that drives permanent disability (Fu et al., 1998; Bjartmar et al., 2000; De Stefano et al., 2001). Crucially, remyelination fails to regenerate myelin along the majority of demyelinated axons leaving them chronically demyelinated (Patrikios et al., 2006; Goldschmidt et al., 2009). These chronically demyelinated inactive lesions constitute the bulk of lesions in MS (Frischer et al., 2015) and display signs of ongoing axonal damage (Kornek et al., 2000). Axonal damage in these chronically demyelinated lesions is, therefore, likely the central contributor to persistent disability in MS.

The susceptibility of axons to damage following myelin and oligodendrocyte loss is observed in other demyelinating pathologies as well. Leukodystrophies are a heterogeneous group of genetic disorders characterized by abnormalities in the development or maintenance of CNS myelin (Kohler et al., 2018; van der Knaap et al., 2019; Wolf et al., 2020). Adrenoleukodystrophy (ALD) is an X-linked demyelinating leukodystrophy caused by mutation in the ABCD1 gene (Mosser et al., 1993), which encodes an ATP-binding cassette transporter necessary for very long-chain fatty acid (VLCFA) transport into the peroxisome for degradation (McGuinness et al., 2003; van Roermund et al., 2011; Wiesinger et al., 2013). As a consequence, there is an accumulation of VLCFA in cells leading to increased oxidative stress culminating in myelin loss as well as progressive axonal degeneration (Powers et al., 2000; Fourcade et al., 2008). Whether the progressive axonal degeneration occurring in ALD is a primary or secondary to myelin degeneration has not been fully determined. However, peroxisome impairment via the deletion of Pex5 selectively from oligodendrocyte lineage cells results in the accumulation of VLCFA and axonal degeneration, demonstrating that axonal degeneration can, in principal, be secondary to oligodendrocytic peroxisomal dysfunction (Kassmann et al., 2007). Pelizaeus-Merzbacher disease (PMD) is an X-linked hypomyelinating leukodystrophy caused by mutation, deletion or duplication of the PLP1 gene. PLP1, which encodes proteolipid protein (PLP) and its alternative splicing variant DM20, are the most abundant myelin proteins (Jahn et al., 2020). PMD patients typically have a global developmental delay (motor and cognitive) as well as hypotonia, spasticity, and ataxia (Inoue, 2019). PLP1 gene duplication is the most common cause of PMD (Mimault et al., 1999). Rodent models of homozygous Plp1 gene duplication result in premature arrest of myelination and oligodendrocyte apoptosis likely as a result of PLP and cholesterol accumulation leading to endoplasmic reticulum (ER) stress (Kagawa et al., 1994; Readhead et al., 1994; Simons et al., 2002; Karim et al., 2007; Elitt et al., 2018). Mice hemizygous for the PLP gene duplications myelinate normally before developing significant demyelination, inflammation and axonal degeneration (Anderson et al., 1998; Ip et al., 2006). Ultrastructural examination of clinical gene duplications also reveal considerable axonal damage and degeneration (Laukka et al., 2016). The examples of PMD and ALD highlight that neuronal integrity is often impaired in genetic demyelinating pathologies.

Myelin loss and axonal damage are also features of a number of neurologic conditions less commonly thought of as myelin-related disorders. In Alzheimer’s disease (AD), white matter damage is one of the earliest pre-clincal pathologic changes (Hoy et al., 2017; Nasrabady et al., 2018). Single-cell and spatial transcriptomic analyses reveal upregulation of genes involved in remyelination in AD brains (Grubman et al., 2019; Mathys et al., 2019; Agarwal et al., 2020; Chen et al., 2020). However, late term senescent plaques may be inhibitory for remyelination and potentially co-op oligodendrocyte progenitor cells (OPCs) into a pro-inflammatory role (Zhang et al., 2019). These human and rodent studies highlight an underappreciated involvement of oligodendrocyte lineage cells in the pathophysiology of AD. Likewise, the neurodegenerative disorder amyotrophic lateral sclerosis (ALS) also features myelin damage. Decreased expression of myelin basic protein (MBP) in the motor cortex and spinal cord is observed in ALS (Kang et al., 2013). Animal models with mutant Sod1, which recapitulate the motor neuron loss observed in ALS, have increased oligodendrocyte loss coupled with a failure of new oligodendrocytes to mature (Kang et al., 2013; Philips et al., 2013). In zebrafish models this precedes motor neuron degeneration, suggesting myelin and oligodendrocyte dysfunction is an early pathology in ALS (Kim et al., 2019). Knockout of mutant Sod1 from OPCs delays motor decline and increases survival time, possibly by restoring oligodendrocyte support to the neuron (Lee et al., 2012; Kang et al., 2013). Beyond ALS and AD, traumatic injuries to both the brain and spinal cord exhibit conduction deficits and acute demyelination (Kakulas, 2004; Guest et al., 2005; James et al., 2011; Marion et al., 2018) which may also strip axons of oligodendrocyte support and leave them vulnerable to degeneration. However, few axons following spinal cord injury remain chronically demyelinated (Kakulas, 2004; Lasiene et al., 2008). Whether this is due to subsequent degeneration of demyelinated axons or efficient remyelination remains unclear (Duncan et al., 2020). Demyelination and oligodendrocyte loss is also observed in ischemic stroke (Rosenzweig and Carmichael, 2013; Sozmen et al., 2016), and improved myelin regeneration is associated with enhanced functional recovery (Sozmen et al., 2016). This suggests a functional role of demyelination in the deficit following ischemia, at least in rodent models. The breakdown of oligodendroglial support to neurons and demyelination may be common to a wide range of disorders. For these reasons, it is crucial to understand how oligodendrocytes shape axonal function and support their long-term survival.



MYELINATING GLIA ORGANIZE THE AXON

Oligodendrocyte progenitor cells differentiate to form mature oligodendrocytes which extend multiple processes that ensheath nearby axons with concentric layers of membrane (for comprehensive reviews on the development and structure of CNS myelin see Aggarwal et al., 2011; Rasband and Peles, 2015; Simons and Nave, 2016; Stassart et al., 2018; Stadelmann et al., 2019). Depending on the CNS region, each oligodendrocyte will myelinate somewhere between 20 and 60 axons, with myelin internodes being from 20 to 200 μm in length (Chong et al., 2012). During myelination, the leading edge of the developing myelin sheath circles repetitively around the axon, remaining closely associated with the axon to pass under previous myelin wraps with each revolution. Meanwhile, the outer wraps extend laterally, with the terminal edges attaching to the axon in a series of loops that ultimately form the paranode. Over time the cytoplasm is excluded from most regions of the myelin, producing compact myelin (Snaidero et al., 2014). Some areas of non-compact myelin remain; the paranodal loops and the innermost “tongue” of myelin adjacent to the axon remain uncompacted, providing an area of oligodendrocyte cytoplasm closely opposed to that of the axon. In addition, cytoplasmic channels extend through the myelin sheath and provide a connection between the oligodendrocyte cell body and the inner myelin layer (Velumian et al., 2011; Snaidero et al., 2014). Although most prominent during development, these cytoplasmic channels remain in the adult (Snaidero et al., 2017) and likely act as an important conduit for organelles and molecules to support the myelin sheath.

An important role of myelin is to establish distinct axonal domains (recently reviewed in detail in Lubetzki et al., 2020a; Rasband and Peles, 2021). The myelinated regions of axons can be divided into subdomains; the internode (corresponding to the compacted region of myelin), the paranodes (where the outer loops of the myelin contact the axon), the node of Ranvier (the ∼1 μm gap between adjacent myelin internodes) and the juxtaparanode (the interface between the paranode and compact myelin, rich in potassium channels) (Figure 1). During development, the clustering of voltage-gated sodium and potassium channels to these domains coincides with the process of myelination, and is disrupted in dysmyelinating mutants (Rasband et al., 1999; Mathis et al., 2001; Arroyo et al., 2002). Several partially redundant mechanisms act in parallel to drive the clustering of nodal proteins during myelination (Susuki et al., 2013). Firstly, glial secreted proteins such as Contactin 1, Phosphocan, and Tenascin-R help cluster axonal neurofascin 186 and voltage-gated sodium channel subunits to sites of future nodes (Kaplan et al., 1997; Susuki et al., 2013; Freeman et al., 2015; Dubessy et al., 2019; Thetiot et al., 2020). Subsequently, oligodendroglial neurofascin 155 interacts with axonal Contactin 1 and Caspr at the paranodes, establishing septate-like junctions that form a barrier between the axon and the myelin loops that prevents the lateral diffusion of nodal proteins (Rasband et al., 1999; Charles et al., 2002; Susuki et al., 2013). Finally, the nodal and paranodal complexes are stabilized through interactions with the axonal cytoskeleton. These interactions are dependent on proteins such as AnkyrinG and protein 4.1B, which tether nodal and paranodal proteins to axonal spectrins, respectively (Komada and Soriano, 2002; Susuki et al., 2013; Brivio et al., 2017). Voltage-gated potassium channels are predominantly restricted to the juxtaparanodal regions through interactions between glial Contactin 2 and axonal Caspr2 (Poliak et al., 2003; Traka et al., 2003). This localization of voltage-gated ion channels essentially restricts the regeneration of action potentials to the node of Ranvier, with current then flowing longitudinally along the myelinated segments of the axon (Hartline and Colman, 2007; Figure 1). This process, termed saltatory conduction, dramatically increases conduction velocity relative to axonal size (Waxman and Bennett, 1972). Although most work has focused the longitudinal current flow along the interior of the axon, a recent study indicates that conduction velocity is also influenced by current flow through the periaxonal space between the innermost myelin wrap and the axon (Cohen et al., 2020). This may prove to be highly significant in light of findings that the width of this space is regulated by neuronal activity and during learning (Cullen et al., 2021).
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FIGURE 1. Oligodendrocytes regulate axonal structure, conduction and support their survival. Schematic of an axon myelinated by an oligodendrocyte and an unmyelinated axon. Myelin permits saltatory conductance where action potentials are generated at the nodes of Ranvier. The high membrane resistance and low capacitance generated by the myelin sheath promotes rapid current flow along the myelinated section of the axon to the next node, greatly increasing conduction velocities relative to unmyelinated axons. Oligodendrocytes contact axons at the paranode (via NF155-Caspr/Contactin1) and are crucial for the organization, clustering and maintenance of sodium channels (primarily Nav1.6) at the nodes, as well as Kv1 potassium channels at the juxtaparanodes. In contrast, unmyelinated axons have potassium and sodium (primarily Nav1.2 channels) channels dispersed along the axon and are not confined to discrete excitatory clusters. Oligodendrocytes secrete exosomes that can support neuronal health and buffer potassium via the expression of Kir4.1. Oligodendrocytes provide glycolysis byproducts via monocarboxylate transporters (MCTs), which enter the Krebs cycle and are critical to support axonal metabolism.




OLIGODENDROCYTE SUPPORT OF AXONAL HEALTH


Oligodendrocytic Shuttling of Monocarboxylates and Glucose to the Axon

Although the best understood roles of myelin are to allow for rapid saltatory conduction by electrically insulating the axon and establishing distinct axonal domains, myelination also has profound implications for axonal energy demand and metabolism. Myelination reduces axonal capacitance and substantially decreases the amount of energy required to restore the resting ion concentrations after each depolarization (Harris and Attwell, 2012). However, myelin, with its concentric membranes, also requires considerable resources to produce and maintain. The act of myelination can be therefore be seen as shifting some of the metabolic load of neuronal firing from axons onto oligodendrocytes. Even though it has been estimated that it may take 15–23 million action potentials for the relative decrease in energy expenditure by a myelinated axon to offset the energetic cost of making the myelin sheath (Harris and Attwell, 2012), this investment may become beneficial at times of high activity where an unmyelinated axon may otherwise struggle to support successive rounds of repolarization through the activity of the Na+/K+-ATPase. Nevertheless, as noted in several reviews on the subject (Mierzwa et al., 2010; Nave, 2010; Stassart et al., 2018), the presence of myelin comes with the liability of impeding the axon’s ability to take up glucose and other metabolites directly from the extracellular space, as myelin restricts diffusion of most molecules to gaps at the paranodal junctions. Combined with the substantial logistical difficulty of transporting energy sources from the neuronal cell body, myelinated axons may rely on metabolic support from the myelinating glia to meet their energy requirements. Oligodendrocytes express the monocarboxylate transporter MCT-1 and can transfer glycolysis products such as lactate to axons (Figure 1), where it can be converted to ATP (Funfschilling et al., 2012; Lee et al., 2012). MCT-1 is expressed both within the myelin sheath and along the adaxonal surface, ideally placing it to directly supply myelinated axons with energy sources they would otherwise be isolated from Rinholm et al. (2011); Lee et al. (2012). Within the corpus callosum, oligodendrocytes support axonal metabolic function by providing glucose as well as glycolysis products (Meyer et al., 2018). Whether the relative oligodendroglial supply of glucose verses the supply of lactate to axons varies across different regions of the CNS is yet to be systematically investigated. Intriguingly, oligodendrocyte expression of the GLUT1 glucose transporter is regulated by NMDA receptor activity (Saab et al., 2016). Given oligodendrocytes do not store glycogen, this suggests a mechanism by which this oligodendroglial uptake of glucose and subsequent supply of glycolysis products might be matched to levels of activity in the myelinated axons (Micu et al., 2016), supporting axons during times of heightened metabolic load (Micu et al., 2017). This feature of supporting axons through provision of glycolysis products would mirror the role of astrocytes and invertebrate glial cells (Pellerin and Magistretti, 1994; Tekkok et al., 2005; Volkenhoff et al., 2015).

Global heterozygosity of the Slc16a1 gene (which encodes the MCT-1 transporter) in mice causes axonal pathology by eight months of age, including axonal swellings, degeneration, and enlarged axonal mitochondria (Lee et al., 2012). In contrast, a more recent study found that conditionally ablating Slc16a1 within mature oligodendrocytes (using MOG-Cre) resulted in a more modest and delayed axonopathy, becoming apparent from postnatal day 750 (Philips et al., 2021). This suggests that some of the neurodegeneration in the global heterozygous mice is likely secondary to expression of monocarboxylate transporters in cell types other than myelinating oligodendrocytes, such as astrocytes. Nevertheless, the late-onset axonal pathology seen in oligodendrocyte conditional knockouts of Slc16a1 clearly indicates that oligodendrocyte provision of metabolites is required for axonal integrity, at least in the aging CNS (Philips et al., 2021). Given (Lee et al., 2012) found reduced expression of MCT1 in the cortex of ALS patients and oligodendrocytes of SOD1 mutants it is tempting to speculate that enhancing oligodendrocyte provision of glycolysis products to axons could be neuroprotective in disease contexts. A recent study seeking to virally overexpress MCT1 in oligodendrocytes in the model failed to find any therapeutic benefit, however (Eykens et al., 2021). This highlights the need for a better understanding of the situations in which oligodendrocyte provision of glycolysis products is a limiting factor for axonal survival.



Extracellular Vesicle Transfer to Axons

Extracellular vesicles (EVs) are lipid bilayer-bound structures that can carry a variety of cargos including metabolites, proteins, lipids, mRNAs, and miRNAs. Based on size and release mechanisms, they are classed as exosomes [30–100 nm, released from multivesicular bodies (MVBs)] or microvesicles (100–1,000 nm, released by budding of the plasma membrane). Once secreted, EVs can be taken up by other cells, where they modulate cellular phenotypes and gene expression (Holm et al., 2018). Increasing evidence indicates that oligodendrocyte-derived EVs support neuronal integrity. Oligodendrocyte MVBs, the precursor to released exosomes, are concentrated in regions of non-compact myelin and at the adaxonal loop (Hsu et al., 2010; Fruhbeis et al., 2013). Following secretion, oligodendrocyte EV’s are taken up by neurons (Kramer-Albers et al., 2007; Fruhbeis et al., 2013; Mukherjee et al., 2020), and promote their survival, at least in culture (Fruhbeis et al., 2013). Conversely, mice with conditional oligodendrocyte ablation of Rab35 (required for secretion of exosomes from oligodendrocyte MVBs) display progressive oxidative damage and neuronal loss (Hsu et al., 2010; Mukherjee et al., 2020). Somewhat like the expression of glucose transporters (see section “Oligodendrocytic Shuttling of Monocarboxylates and Glucose to the Axon”), the release of EVs from oligodendrocytes is stimulated by activation of oligodendroglial glutamate receptors (Fruhbeis et al., 2013). The release of EVs along the periaxonal space would presumably allow for preferential uptake of oligodendrocyte-released EVs by the myelinated axon, allowing for a relatively targeted and activity-regulated transfer of supportive metabolites or signaling molecules. Such a transfer has been demonstrated to occur between ensheathing glia and the giant squid axon (Buchheit and Tytell, 1992), and likely represents an evolutionarily conserved relationship between glia and axons.

A large number of details remain to be determined about the role of oligodendrocyte exosomes, including their cargo. Oligodendrocyte-derived exosomes are known to be enriched in chaperone proteins and enzymes mediating protection against oxidative stress (Kramer-Albers et al., 2007), but thus far individual components has received little experimental attention. One notable exception is ferritin heavy chain, which is secreted with oligodendrocytes EVs and protects neurons against ferroptotic cell death in vitro (Mukherjee et al., 2020). Oligodendrocyte conditional ablation of the Fth1 gene in mice resulted in neuronal loss and oxidative damage, indicating that at least some of the neurodegeneration seen in the oligodendrocyte Rab35 conditional knockouts may be secondary to loss of ferritin heavy chain secretion (Mukherjee et al., 2020). It should be noted that oligodendroglial expression of ferritin heavy chain is also required for early postnatal myelination (Wan et al., 2020), which raises the potential confounder that some of the axonal degeneration in the Fth1 condition knockout mice could be secondary to myelin defects. Nevertheless, with conditional ablation of the Fth1 gene in adulthood the neuronal loss occurred in the absence of detectable disruption to myelin (Mukherjee et al., 2020), arguing against this interpretation. Reduced EV release is seen in oligodendrocytes derived from Plp1 and Cnp1 null mice, both of which display progressive axonal degeneration (Frühbeis et al., 2020). Together, these results identify the secretion of EVs from oligodendrocytes as a potentially important mechanism for axonal support by oligodendrocytes.



Potassium Buffering and the Glial Syncytium

Action potentials rely on differential concentrations of Na+ and K+ ions across the neuronal membrane, with the extracellular space being relatively high in Na+ and low in K+. The repolarization phase of each action potential releases K+ into to the extracellular space, which needs to be removed by a network of glial cells to enable subsequent action potentials (Rash, 2010). Astrocytes fulfill this function throughout much of the CNS. However in myelinated fibers, voltage-gated K+ channels are primarily localized to the juxtaparanodal region where they can release K+ into the periaxonal space underlying the myelin (Wang et al., 1993; Poliak et al., 2003). Oligodendrocytes express the inward-rectifying potassium channel Kir4.1 (coded by the Kcnj10 gene) at the perinodal area and along the inner myelin tongue, where it would be well placed to clear K+ from the periaxonal space (Schirmer et al., 2018; Figure 1). Indeed, oligodendrocyte Kcnj10 conditional knockouts display delayed K+ clearance from the white matter, deficits in high-frequency axonal firing, and seizures (Larson et al., 2018; Schirmer et al., 2018). Interestingly, the failure of oligodendrocytes to clear potassium from the periaxonal space is also crucial for the long-term health of axons. Kcnj10 conditional knockouts display axonal mitochondrial swelling and degeneration in long white matter tracts such as the spinal cord and optic nerve and loss of retinal ganglion cells (RGCs; Schirmer et al., 2018). Oligodendrocytes may rely heavily on gap junctions to siphon potassium away from the inner myelin tongue and into the broader glial syncytium. Heterotypic gap junctions form between oligodendrocytes and astrocytes, predominantly through either oligodendrocyte Cx47 and astrocyte Cx43 or oligodendrocyte Cx32 and astrocyte Cx30 (Kamasawa et al., 2005; Orthmann-Murphy et al., 2007; Magnotti et al., 2011). These heterotypic junctions could mediate the directional shuttling of potassium from the oligodendrocytes into the astrocytes (Fasciani et al., 2018), though oligodendrocyte-oligodendrocyte gap junctions may also help disperse potassium (Kettenmann et al., 1983; Battefeld et al., 2016).

It is likely that the roles of connexin-based channels between glia could extend well beyond potassium buffering. For example, in vitro studies demonstrate that labeled glucose analogs can be trafficked between oligodendrocytes and astrocytes, raising the possibility that gap junctions could mediate similar trafficking of glucose between astrocytes and oligodendrocytes in vivo (Niu et al., 2016). Consistent with this idea, genetic disruption of Cx47, necessary to fully connect oligodendrocytes to astrocytes, blocks the ability of glucose-loaded corpus callosum oligodendrocytes to support axonal firing in conditions of oxygen and glucose deprivation (Meyer et al., 2018). Similarly, loading thalamic astrocytes with glucose or lactate supports postsynaptic activity during oxygen and glucose deprivation, a protective effect that is blocked by disruption of Cx32 and Cx47 (Philippot et al., 2021). Together, these data indicate gap junctions may serve to link glial networks and distribute metabolites that are ultimately shuttled to axons through oligodendrocytes. Recent findings indicate that astrocytes and oligodendrocytes may also act in concert to regulate the breakdown of glutamate and redistribution of its metabolites, with subsets of oligodendrocytes in the spinal cord and midbrain expressing glutamine synthetase (Philippot et al., 2021). Nevertheless, the metabolites that are trafficked between astrocytes and oligodendrocytes through gap junctions in more physiological contexts have been challenging to experimentally determine, especially given the profound myelin deficits seen in mice lacking Cx47 and Cx32 (Menichella et al., 2003). The exact role of these glial gap junctions in supporting axonal health is likely to be an ongoing area of important work.




RELATIONSHIP BETWEEN DE/DYSMYELINATION AND AXONAL LOSS IN RODENT MODELS

Demyelinating and dysmyelinating animal models have offered key insights into how oligodendrocytes support neurons. Demyelination in rodents is typically produced in one of three ways; via autoimmune attack against myelin, administration of demyelinating toxins, or genetic depletion of oligodendrocytes. These strategies differ dramatically in the extent of myelin and axonal damage as well as the aspects of MS modeled. A key shared characteristic of these models is the fairly rapid and effective remyelination. At this time no model accurately mimics the stresses placed on the axon by long-term remyelination failure like that seen in MS. Nevertheless, these models have revealed much about the extent to which oligodendrocytes contribute to neuronal integrity.


EAE

Experimental autoimmune encephalitis (EAE) is a family of models in which the immune system is activated to target the myelin sheath for degradation. Typically this is achieved by the transfer of myelin-reactive T cells or the administration of myelin peptides alongside adjuvants to drive the immune response (Kipp et al., 2012; Ransohoff, 2012; Lassmann and Bradl, 2017). In recent years, the most common model of EAE involves immunization with the 35–55 peptide of myelin oligodendrocyte glycoprotein (MOG35–55), a myelin protein found in the outermost lamellae (Mendel et al., 1995), along with complete Freund’s adjuvant and pertussis toxin. In C57BL/6 mice this reliably causes inflammatory demyelinating lesions, mostly within the spinal cord, which are characterized by CD4+T-cell infiltration (Soulika et al., 2009; Berard et al., 2010). Significant axonal damage and subsequent transection occur within the spinal cord (Kim et al., 2006; Aharoni et al., 2011), and are correlated with persistent decline (Wujek et al., 2002; Papadopoulos et al., 2006). Both transport deficits and swellings are observed prior to demyelination and the extent of axonal damage is closely correlated with, and driven by inflammatory infiltrate (Soulika et al., 2009; Nikic et al., 2011; Sorbara et al., 2014). Nevertheless, genetic manipulations of the oligodendrocyte lineage to improve remyelination also enhance axonal preservation following EAE (Mei et al., 2016), indicating oligodendroglial and myelin damage likely contributes to axon loss in this model. However, the stochastic nature of demyelinating lesions in EAE and challenges in uncoupling immunomodulatory effects from remyelination make it difficult to use this model to make mechanistic insights about how oligodendrocytes support axons.



Toxic Models

Toxin-induced models of demyelination, such as dietary cuprizone or focal injections of lysolecithin (or less commonly ethidium bromide) offer strict spatial and temporal control over demyelination and subsequent remyelination. Lysolecithin is typically injected into white matter tracts where it acts as a detergent to disrupt membranes and induce demyelination (Plemel et al., 2018). This is followed by rapid remyelination of remaining axons (Woodruff and Franklin, 1999). While this model has been an enormously important tool to understand the mechanisms of remyelination, lysolecithin does not act selectively on myelin membranes, but disrupts all membranes often killing astrocytes and triggering calcium accumulation and subsequent degeneration of axons (Zhao et al., 2015; Plemel et al., 2018). The combination of very rapid remyelination, small lesion size and axon damage through the direct action of the toxin makes lysolecithin-mediated demyelination an unsuitable model for delving in to how oligodendrocytes support neuronal integrity. Conversely, cuprizone can cause prolonged demyelination throughout the corpus callosum, hippocampus, cortex and the cerebellum for as long as the animals are fed cuprizone (Matsushima and Morell, 2001; Gudi et al., 2014; Bai et al., 2016; Zhan et al., 2020). Cuprizone is a copper chelator, but the precise mechanism by which cuprizone induces demyelination is unclear, though oxidative damage to oligodendrocyte is seen within days of administration of cuprizone followed by both apoptotic and non-apoptotic forms of cell death (Buschmann et al., 2012; Skripuletz et al., 2013; Jhelum et al., 2020). At higher doses, cuprizone is widely toxic to cells, inducing hepatoxicity and spongiform encephalopathy (Suzuki, 1969; Suzuki and Kikkawa, 1969), though damage is most prominent in oligodendrocytes at the doses typically given to induce demyelination. Axon degeneration can be severe with between 20% and 50% of the axons lost in the corpus callosum depending on the length and dose of cuprizone administered (Irvine and Blakemore, 2006; Manrique-Hoyos et al., 2012). Interestingly, following withdrawal of cuprizone from the diet there is ongoing damage to axons despite remyelination (Lindner et al., 2009) ultimately culminating in reduced axon number and motor coordination (Manrique-Hoyos et al., 2012). This indicates that even with successful remyelination ongoing axonal injury can occur. Whether the failure to fully protect axons after remyelination is due to an inherent inability of new, remyelinating oligodendrocytes to adequately support axons, an ongoing cytotoxic inflammatory state induced by cuprizone, or persistent toxicity remains unclear.



Genetic Models

Demyelination can be induced by the genetic targeting of the oligodendrocyte lineage, which avoids the direct action of inflammation or toxins on neurons. This is typically achieved via the inducible expression of “suicide” genes in oligodendrocytes such as diphtheria toxin subunit A (DTA; Traka et al., 2010; Pohl et al., 2011), DTA receptor in conjunction with diphtheria toxin (Oluich et al., 2012), activated caspases (Caprariello et al., 2012), or via the deletion of a key gene for myelin or oligodendrocyte maintenance like Myrf (Koenning et al., 2012; Hartley et al., 2019). Axon swellings are observed prior to and during outright demyelination in the DTA models (Pohl et al., 2011; Oluich et al., 2012) but axonal loss is not observed, at least within the visual system (Traka et al., 2010). Following demyelination, the number of oligodendrocytes recovers and the mice rapidly remyelinate in DTA models (Traka et al., 2010; Pohl et al., 2011). Similarly, genetic mutants that congenitally lack compact myelin such as the Mbp mutant shiverer mice or les rats, do not have progressive axonal loss, and retain ensheathing oligodendrocytes (Rosenbluth, 1980; Griffiths et al., 1998; Smith et al., 2013). These studies illustrate a critical point – loss of myelin per se does not invariably lead to the degeneration of the underlying axon when oligodendroglial support is restored rapidly or retained (as in the case of Mbp mutants). Additionally, the cell-specificity of these genetic models will likely be highly beneficial to elucidate mechanisms by which oligodendrocytes support axons, particularly if models with delayed oligodendrogenesis and remyelination can be developed.



Long-Term Breakdown of Oligodendrocyte Support in Myelin Gene Knockouts Leaves Neurons Vulnerable to Damage

Substantial demyelination in animal models does not invariably lead to neurodegeneration, conversely, germline knockout of several genes expressed solely within the oligodendrocyte lineage go on to develop axonal degeneration despite forming normal levels of myelin. Plp1 null mice develop compact myelin but lack stable intermembrane bonding resulting in separation of the myelin lamellae (Boison and Stoffel, 1994; Rosenbluth et al., 1996; Coetzee et al., 1999). However, outright demyelination remains rare even with aging (Klugmann et al., 1997; Luders et al., 2019). These mice develop profound axonal transport defects and progressive axonal loss, particularly in long and thin axons (Griffiths et al., 1998; Garbern et al., 2002; Edgar et al., 2004). Axonal spheroids, indicative of axonal damage, are observed by four months of age in germline knockouts of Plp (Griffiths et al., 1998), and four months following tamoxifen administration in inducible oligodendrocyte-specific knockouts (Luders et al., 2019). Axonal spheroids precede T-cell mediated infiltration though are coincident with astrogliosis and microglial activation (Luders et al., 2017, 2019). Similarly, mice lacking the Cnp1 gene have progressive axonal loss culminating in considerable axonal degeneration in the brain and shortened lifespan (Lappe-Siefke et al., 2003; Edgar et al., 2009). Comparable to the Plp null mice, axon loss begins by about four months of age (Lappe-Siefke et al., 2003; Edgar et al., 2009). CNP is expressed in the inner, non-compact tongue of myelin (Braun et al., 1988; Trapp et al., 1988). Its knockout swells the inner tongue, but compact myelin thickness is normal and in early adulthood (P60) has equivalent numbers of myelinated axons (Edgar et al., 2009). So, what explains this apparent discrepancy – substantial demyelination and oligodendrocyte apoptosis throughout the CNS does not necessarily lead to axon degeneration, yet a number of single gene knockouts in oligodendrocytes do? In the case of toxin and genetic models of demyelination oligodendrocyte support is usually rapidly restored through oligodendrogenesis and remyelination with the bulk of remyelination occurring within two weeks in focal chemical models of demyelination (Duncan G. J. et al., 2017) and within two months in cuprizone demyelination (Sachs et al., 2014) and oligodendrocyte depletion (Traka et al., 2010). In contrast, within the Plp knockouts and Cnp1 null mice oligodendrocyte-axon interactions may be impaired throughout lifespan with axon loss taking at least four months to accrue. In both Plp and Cnp knockout mice there is considerable evidence oligodendrocyte-axon interactions are impeded. Plp-null oligodendrocytes are outcompeted for axons by wildtype oligodendrocytes (Yool et al., 2001). This is especially true for small diameter axons, which are preferentially vulnerable in Plp null mice (Yool et al., 2001; Nave and Trapp, 2008). PLP may aide in the extension of processes and ensheathment of axons, which is necessary for the long-term stability of oligodendrocytes following differentiation (Hughes et al., 2018) and likely indicates a diminishment of oligodendrocyte-axon support in Plp null mice. Likewise, CNP is known to maintain the opening of cytoplasmic channels in myelin (Snaidero et al., 2017). If these channels are compromised in the Cnp1 null mice, oligodendrocyte support functions such as delivery of EVs (Fruhbeis et al., 2020) or lactate (Funfschilling et al., 2012; Lee et al., 2012) could be disrupted, leaving the myelinated portions of the axons stressed and vulnerable to loss. These studies indicate that, a long-term breakdown of normal oligodendroglial support, even if the myelin sheath is broadly maintained, can trigger axon loss.



Does Remyelination Restore Neuronal Health and Function?

With remyelinating therapies entering clinical trials (Green et al., 2017; Plemel et al., 2017; Stangel et al., 2017; Cadavid et al., 2019; Lubetzki et al., 2020b) it will be important to establish whether new oligodendrocytes are capable of supporting axonal integrity and function to a similar degree as those formed during development. Experimentally, there is evidence remyelinating oligodendrocytes may not confer the same level of support to neurons. In the cuprizone model of demyelination, axon loss can continue despite accomplished remyelination and cessation of cuprizone administration (Manrique-Hoyos et al., 2012). Remyelinated axons have higher mitochondrial content, suggesting that metabolic support may not be fully restored and a greater share of the energetic burden remains on the neuron (Zambonin et al., 2011). The myelin of adult-born oligodendrocytes is often thinner and internodes are typically shorter than those derived during development (Lasiene et al., 2009; Young et al., 2013; Duncan I. D. et al., 2017). This may contribute to the persistent motor deficits in genetic models of demyelination despite considerable levels of remyelination (Hartley et al., 2019). One approach to determine how effective remyelination is in protecting axons and restoring function has been to use the relative heterogeneity in remyelination in MS as a natural experiment. The level of axon damage between the subset of lesions capable of remyelination in MS – so called shadow plaques – is less than those that remain chronically demyelinated (Kornek et al., 2000; Kuhlmann et al., 2002). Likewise, to examine remyelination’s role in recovery in MS, a recent study used positron emission tomography with a compound sensitive to myelin changes (Pittsburgh compound B) to characterize the extent of remyelination relative to disability (Bodini et al., 2016). Those with greater levels of remyelination had lower levels of disability (Bodini et al., 2016). It is important to note that these studies, while informative, represent only correlative evidence that remyelination is protective and restores function, not causal data. It remains possible that axons less-damaged during inflammatory demyelination are more receptive to remyelination in MS, which could also explain these associations.

Experimentally, only a few animal studies have attempted to determine if remyelination directly improves axonal health. This is in large part due to difficulty in decoupling inflammatory and degenerative processes from that of remyelination. To assess if a failure to remyelinate increases axonal damage, X-irradiation was applied during cuprizone demyelination to deplete OPCs necessary for remyelination (Blakemore and Patterson, 1978; Irvine and Blakemore, 2007). Increased axonal damage, and fewer axons with highly phosphorylated neurofilaments were observed in the corpus callosum, both of which were rescued by transplantation of OPCs capable of remyelinating (Irvine and Blakemore, 2008). However, irradiation-induced changes in both astrogliosis and inflammation confounded whether remyelination failure is the specific causative agent that increased axonal damage. A more cell-specific gain of function approach was recently undertaken to determine the role of remyelination in axonal integrity by deleting the muscarinic receptor 1 from oligodendrocyte lineage cells (Mei et al., 2016). This resulted in more rapid remyelination and a greater number of neurofilament-positive axons following EAE, providing evidence of a neuroprotective role of remyelination. However, whether a failure to remyelinate, like that seen in MS lesions, triggers worsened axonal loss in the absence of autoimmune T-cell infiltration remains untested. Inducible cell-specific knockouts have been used to block de novo oligodendrogenesis in adulthood (McKenzie et al., 2014; Schneider et al., 2016; Xiao et al., 2016; Pan et al., 2020) and during repair (Duncan G. J. et al., 2017; Duncan et al., 2018) and may provide a selective approach to determine to what extent remyelination protects axons.

Remyelinated axons typically have shorter internodes and thinner myelin. This begs the question to what extent is remyelination capable of restoring conduction and behavior? Computer simulations indicate the sudden loss of a single myelinated internode along an axon may be sufficient to temporarily block conduction (Koles and Rasminsky, 1972; Waxman and Brill, 1978). In agreement with these simulations, conduction is highly diminished through focal lesions in the days after an injection of lysolecithin or ethidium bromide (Smith et al., 1979; Black et al., 1991). Endogenous remyelination was shown decades ago to improve conduction and increase the speed of propagation relative to demyelinated axons (Smith et al., 1979), a finding that identified remyelination as a truly regenerative process. Remyelination restores sodium channel clustering to the nodes and Kv1.1 and Kv1.2 channels to the juxtaparanode (Rasband et al., 1998; Coman et al., 2006). Nodal structure is critical for action potential propagation and its restoration likely helps reestablish conduction (Arancibia-Carcamo et al., 2017). Perhaps one of the most compelling instances by which remyelination promotes functional recovery is following high-dose radiation injury to rats. High doses of radiation depletes OPCs, induces oligodendrocyte death and causes demyelination (Kurita et al., 2001). Following brain-wide demyelination induced by radiation, injection of human OPCs resulted in considerable remyelination and fully restored performance on a novel object recognition task or the rotarod depending if OPCs are injected into either the corpus callosum (for novel objection recognition) or cerebellum (for rotarod) (Piao et al., 2015). Remyelination is less critical for recovery in instances when axonal damage is high, or the spread of demyelination is low like traumatic injury to the spinal cord (Duncan et al., 2018). In such cases axons are likely able to restore conduction through small areas of demyelination (up to several millimeters in length) (Felts et al., 1997). Remyelination, therefore, seems more likely to propel recovery when the extent of demyelination is high, axon damage is low and the area of remyelination is large.

It is now clear that remyelination is broadly effective at improving nodal structure, conduction, and function at least relative to demyelinated axons. However, two recent publications (Bacmeister et al., 2020; Orthmann-Murphy et al., 2020) have made an interesting observation; the pattern of remyelination in gray matter diverges significantly from that of the initial myelination. Following cuprizone diet administration, the vast majority of myelinated internodes are lost in the upper cortical layers, where axons usually display an intermittent pattern of myelination (Bacmeister et al., 2020; Orthmann-Murphy et al., 2020). Following cessation of cuprizone administration, many axons were remyelinated at near-identical locations to the original internodes (Orthmann-Murphy et al., 2020). Axons which had a higher initial degree of myelination were more likely to be precisely remyelinated, suggesting the preference for myelinating particular neuronal populations can be maintained (Orthmann-Murphy et al., 2020). However, ∼32% of denuded myelin sheaths were not replaced after 8 weeks, with a large number of new myelin sheaths instead being formed along previously unmyelinated axonal segments (Orthmann-Murphy et al., 2020). Even relatively small changes in de novo myelination by new oligodendrocytes have significant impacts on motor learning (McKenzie et al., 2014; Xiao et al., 2016), spatial learning (Steadman et al., 2019), and fear conditioning (Pan et al., 2020). This suggests that the altered pattern of cortical myelination seen following remyelination has the potential to disrupt higher-order brain function and synchrony between neuronal circuits. Interestingly, in the motor cortex forelimb reach training increased the proportion of demyelinated internodes that received myelin, suggesting selective activity paradigms may be necessary to reconstitute myelin patterns fully (Bacmeister et al., 2020). Training and rehabilitation might therefore need to be coupled with remyelinating therapeutics to not only increase the quantity but to target myelin to appropriate axons in demyelinating disease.




NEURONAL ADAPTATIONS TO DEMYELINATION


Demyelination-Induces Changes to Axonal Ion Channels

The disruption of oligodendrocyte-axon interactions during demyelination fundamentally reshapes the organization of excitatory domains along the axon. Breakdown of paranodal contact between the oligodendrocyte and the axon occurs at a very early stage during demyelination in both MS (Wolswijk and Balesar, 2003; Coman et al., 2006; Howell et al., 2006) and in EAE (Fu et al., 2011). The paranode acts as a diffusion barrier necessary to maintain the sodium channels at the node (Rios et al., 2003; Dupree et al., 2004; Zhang et al., 2020), and its loss instigates sodium channels to spread along the axolemma (Rios et al., 2003; Dupree et al., 2004). There is also increased expression of sodium channels (England et al., 1991) including the Nav1.2 sodium channel following demyelination (Figure 2; Craner et al., 2003, 2004; Coman et al., 2006), which is normally restricted to unmyelinated axons (Caldwell et al., 2000; Boiko et al., 2001; Lubetzki et al., 2020a). The upregulation and increased expression of sodium channels likely has the benefit of restoring conduction through demyelinated segments stretching several millimeters (Felts et al., 1997), and might be crucial to recovery during the relapsing-remitting phase of MS and in rodent models of inflammatory demyelination (Trapp and Nave, 2008). However, demyelinated axons have notably slower conduction, and are more susceptible to generating ectopic action potentials (Smith and McDonald, 1982; Hamada and Kole, 2015). Further, heightened sodium channel expression results in increased axoplasmic Na+ accumulation. Sodium must then be removed from the axon for repolarization via the increased operation of Na+K+ATPase, a highly energetic process (Trapp and Stys, 2009; Harris and Attwell, 2012). Changes to excitatory domains following demyelination may alleviate conduction block, but it culminates in slow, discordant, energy-intensive propagation of APs in the absence of oligodendrocyte myelination.
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FIGURE 2. Neuronal adaptations to acute demyelination. Schematic of a partially demyelinated neuron early after demyelination. Conduction is reestablished through the demyelinated segment by the increased expression of sodium channels along the axolemma, but it is notably slower. Demyelinated axons require greater Na+ entry to depolarize the axon, necessitating increased activity of the Na+K+ATPase. Mitochondria increase in number and size within demyelinated axons to meet the higher demand for ATP and also uptake Ca2+. If Na+K+ATPase has sufficient ATP, the NCX is rarely activated in the reverse direction (faded arrows). Transcriptional changes occur within the neuron in response to demyelination and could be critical to these adaptions. Faded text and indicates low activity or levels, bolded text or thick arrows indicates increased levels following demyelination.




Increased Mitochondrial Content in Demyelinated Axons

It is perhaps not surprising that to support the increased energetic burden on the axon after demyelination, mitochondrial content is increased within demyelinated axons (Figure 2). An increase in the number of mitochondria was first detected in experimental demyelinated lesions (Mutsaers and Carroll, 1998; Sathornsumetee et al., 2000), then observed in MS (Sathornsumetee et al., 2000; Zambonin et al., 2011). Increased mitochondrial content and activation of respiratory chains is likely a generic change axons undergo when they lack myelin, as it is also observed in transgenic models like the compact myelin-deficient shiverer (Andrews et al., 2006; Joshi et al., 2015). There are both motile and stationary pools of mitochondria in the axon, and stationary mitochondria tend to accumulate in areas of high metabolic demand (Misgeld et al., 2007; Misgeld and Schwarz, 2017; Mandal and Drerup, 2019). A plausible signal for immobilization of mitochondria in demyelinated axons is the activity of Na+K+ATPase (Zhang et al., 2010; Ohno et al., 2011), linking metabolic requirements to mitochondrial trafficking. Indeed, demyelination increases the number of stationary mitochondria and this likely aids in meeting local metabolic burden of demyelinated axons (Kiryu-Seo et al., 2010). The axonal mitochondrial anchoring protein syntaphilin (Kang et al., 2008) increases in expression following demyelination and is necessary for the immobilization of mitochondria within the axon (Ohno et al., 2014). Following cuprizone demyelination, deletion of syntaphilin results in potentiated axon damage demonstrating the importance of mitochondrial anchoring to areas of high demand (Ohno et al., 2014). Energetic failure within the axon is the likely cause of increased damage in syntaphilin knockouts, as the blockade of sodium channels, and therefore reduced activation of Na+K+ATPase, ameliorates the axonal damage (Ohno et al., 2014). Neuronal mitochondrogenesis and immobilization of mitochondria to sites of demyelination is therefore necessary to meet the increased energy burden placed on the axon following demyelination.



Neuronal Transcriptional Responses to Demyelination

Transcriptional changes often underlie differences in cellular function, and gene expression profiling has been undertaken in experimental chemical demyelinating lesions (Lovas et al., 2010) as well as in MS to examine neuronal gene changes (Dutta et al., 2007, 2011; Schirmer et al., 2019). Dutta et al. (2011) took advantage of the variable degree of demyelination within individual MS hippocampi to assess the influence of demyelination on gene expression. There is a significant reduction in the expression of genes regulating axonal transport and synaptic structure in the demyelinated hippocampi relative to myelinated hippocampi in MS and healthy controls (Dutta and Trapp, 2011). Subsequent studies have confirmed that synapse loss is a robust and early event in demyelinating disease (Jurgens et al., 2016; Werneburg et al., 2020) and axon transport is highly impaired by demyelination (Sorbara et al., 2014). There is also a shift toward inhibitory neurotransmission with genes involved in glutamatergic signaling downregulated and increased expression of genes involved in GABAergic neurotransmission following demyelination in the hippocampus (Dutta et al., 2011, 2013). These findings highlight how transcriptional changes can be used to identify physiological changes. One disadvantage of whole-tissue approaches is that they obscure which specific cell types expression changes are found in. Additionally, loss of specific types of cells may bias the differential expression data. Single-cell RNAseq offers an unbiased approach to examine the heterogeneity in gene expression between different cell types or can be used to determine if the cell-type constituents are changing. Single nuclei RNAseq was undertaken on the cortical and adjacent subcorticial white matter lesions from people with MS who did not receive immunomodulatory treatments (Schirmer et al., 2019). There is selective vulnerability of L2/L3 cortical neurons that were Cux2+, and these neurons demonstrated enhanced activation of cell-stress pathways and protein folding response (Schirmer et al., 2019). At this point, gene-expression studies comparing demyelinated versus myelinated neurons have uncovered wide-ranging expression changes in axonal transport, synaptic stability, inhibitory neurotransmission and the activation of cell stress pathways, which together reveals that virtually all aspects of their cellular function are altered following demyelination. Future studies should assess whether these transcriptional changes are induced by the inflammatory milieu of MS lesions or are a general consequence of demyelination. In addition, it will be important to functionally determine which of the transcriptional changes in demyelinated neurons are adaptive and which represent maladaptive or pathological changes.




MECHANISMS OF AXONAL DEGENERATION FOLLOWING DEMYELINATION

Neurons undergo swift changes in response to demyelination by altering their transcription, distribution of their excitatory domains, and energy metabolism. While these changes may be necessary for restoration of some level of conductance through demyelinated segments, the lack of oligodendrocytic support and increased energetic demands nevertheless leave neurons vulnerable to damage, particularly if not remyelinated over extended periods. Over the next several sections we will discuss potential mechanisms of axonal degeneration following demyelination. We will focus on how ion channel redistribution puts increased metabolic strain on the neuron, and when coupled with inflammatory mediators, oxidative damage, transport deficits and mitochondrial dysfunction, the axon is left with an energy deficit and ultimately is vulnerable to degeneration (Figure 3). We will also discuss the evidence that active “death signaling” pathways identified from studies of Wallerian degeneration may be involved in demyelination-associated axonal degeneration.
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FIGURE 3. Potential mechanisms by which chronically demyelinated axons degenerate. Schematic of a chronically demyelinated intact axon and an additional demyelinated axon undergoing degeneration. Demyelinated axons are exposed to inflammatory mediators including ROS/RNS in MS, have reduced axonal transport, and may have synapse dysfunction/loss. The chronically demyelinated axon is likely to be in an energy crisis in which the lack of oligodendrocyte support coupled with mitochondrial damage and increased energetic demands to sustain AP propagation means there is a shortfall of ATP necessary to drive the Na+K+ATPase. This causes a reversal of the NCX to remove Na+ from the axon, but at the cost of calcium entry. Disruption of the plasma membrane, and calcium entry through calcium-permeable channels including glutamate receptors, ASICs, VGCC and mitochondrial release cause calcium to accumulate in the axon. Intra-axonal calpains are activated when calcium accumulates to high levels and begin the process of degeneration and breakdown critical cytoskeletal structures including microtubules. Activation of cell-stress pathways and the unfolded protein response also are present in many demyelinated neurons that are susceptible to degeneration. Faded text and indicates low activity or levels, bolded text or thick arrows indicates increased activated.



Axoplasmic Calcium Overload in Demyelinated Axons Triggers Axonal Degeneration

Action potential propagation in axons without myelin requires greater influx of Na+ to overcome the higher capacitance and subsequently change potential. To repolarize the demyelinated axon, increased activity of the Na+K+ ATPase is needed to extrude the Na+ (Trapp and Stys, 2009). The increased flux of Na+ into demyelinated axons coincident with inflammation in MS has been hypothesized to cause an energy run-down within the axon, reminiscent of hypoxia (Trapp and Stys, 2009; Lassmann et al., 2012; Friese et al., 2014). In anoxic conditions, which greatly limit ATP production, Na+ accumulation in the axon drives a reversal of the sodium-calcium exchanger (NCX) and a buildup of intracellular calcium ions (Ca2+) (Stys et al., 1991, 1992). Calcium overload has long been identified as a general initiator of axonal degeneration, as calcium ionophores can directly drive axonal degeneration, while calcium chelators delay axonal degeneration following transection in vitro (Schlaepfer and Bunge, 1973; George et al., 1995). In EAE, chelation of extracellular calcium almost completely ameliorates axonal degeneration, at least over the short-term (Witte et al., 2019). The accumulation of calcium propels axonal degeneration by activating intra-axonal proteases like calpains, which break down cytoskeletal elements such as neurofilaments and microtubules (Kamakura et al., 1983; Billger et al., 1988), and execute axonal degeneration (Yang et al., 2013). Increased calpain activation is observed in both MS plaques and normal-appearing-white matter (NAWM; Shields et al., 1999), and inhibitors of calpains reduce axonal and neuronal damage in the context of EAE (Hassen et al., 2008; Smith et al., 2011). Demyelinated axons may, therefore, be particularly vulnerable to calcium overload and subsequent degeneration, especially when ATP production is limited and the NCX reverses (Figure 3).



Entryways for Extracellular Ca2+

Identifying and inhibiting sources of axoplasmic calcium accumulation may be a protective strategy in demyelinating disease. Extracellular Ca2+ can reach concentrations as high as 1.5 mM which is approximately 15,000× greater than the resting neuronal Ca2+ concentration of ∼100 nM (Gleichmann and Mattson, 2011). This produces a strong gradient favoring movement of Ca2+ into the neuron. External influx of Ca2+ is typically regulated through voltage-gated calcium channels (VGCCs), glutamate receptors and non-selective cation channels (Stirling and Stys, 2010; Gleichmann and Mattson, 2011; Friese et al., 2014). During demyelination in both EAE and MS, in addition to L-type calcium channels which are typically found along axons, N-type calcium channels are upregulated and are associated with axonal swelling (Kornek et al., 2001; Gadjanski et al., 2009). Blockade of N or L-type calcium channels ameliorates EAE (Brand-Schieber and Werner, 2004; Gadjanski et al., 2009; Tokuhara et al., 2010; Ingwersen et al., 2018) and protects axons (Gadjanski et al., 2009; Ingwersen et al., 2018). There is also evidence that glutamate receptors may permit Ca2+ entry into demyelinated neurons. In MS, there is an elevation of glutamate in the brain (Srinivasan et al., 2006), potentially caused by release from dying neurons and glia, inflammatory cells (Pampliega et al., 2011) or via impaired uptake (Geurts et al., 2003; Cambron et al., 2012). When activated at prodigious levels glutamate receptors can result in Ca2+ entry and excitotoxicity. Accordingly, axonal degeneration is reduced in adoptive-transfer EAE when the AMPAR antagonist NBQX is administered (Pitt et al., 2000), and protects neurons in MBP-induced EAE in rats (Smith et al., 2000). Likewise, NMDAR antagonists like memantine, MK-801 and fullerene ABS-75 are axon-protective in EAE (Basso et al., 2008; Farjam et al., 2014; Levite, 2017). This demonstrates that glutamate or VGCC blockade can be effective at alleviating axon loss following inflammatory demyelination. A caveat is that glutamate and VGCCs have potent effects on inflammatory activation in EAE (Smith et al., 2000; Basso et al., 2008; Fallarino et al., 2010; Tokuhara et al., 2010; Sulkowski et al., 2013; Fazio et al., 2014; Ingwersen et al., 2018) making it difficult to ascertain how much of the neuroprotection is derived by a direct alleviation of calcium overload in the axon relative to immunomodulation. Administration of VGCC inhibitors during EAE does not diminish Ca2+ levels in the axon when examined using a genetic indicator of intracellular calcium, arguing against a direct axonal-protective effect (Witte et al., 2019). Likewise, application of glutamate agonists are not sufficient to drive axonal Ca2+ in the spinal cord axons (Witte et al., 2019). This argues that immune modulation may be responsible for VGCC and glutamate-mediated axonal protection rather than via direct modulation of Ca2+ levels in the axon. Interestingly, axons in EAE are permeable to extracellular molecules of up to 10 kDa in size indicative of small, non-specific ruptures (<10 nm) in the axoplasmic membrane. The cause of these “nano-ruptures” in the membrane is unclear but are associated with inflammation, and inflammatory cells are known to secrete membrane rupturing proteins like perforins and complement (Zhao et al., 2018). This presents a novel axis by which Ca2+ can enter the axon – through direct damage to the membrane. Interestingly, myelinated axons had reduced permeability of 10 kDa molecules suggestive of fewer nano-ruptures (Witte et al., 2019). A shielding effect of myelin on the axon from immune mediators may be another mechanism by which oligodendrocytes protect axons. Whether nano-ruptures occur or constitute a major source of intra-axonal calcium in the absence of auto-immunity would be interesting to test in chemical or genetic models of demyelination.



Mitochondria Contribute to Axonal Calcium Overload

There are two main organelles which store calcium; the endoplasmic reticulum (ER) and mitochondria. Release of these internal sources of Ca2+ could contribute to calcium overloading in demyelinating disease. During excitotoxic injury (Ouardouz et al., 2009), axotomy (Stirling et al., 2014; Villegas et al., 2014), or oxygen-glucose deprivation (Ouardouz et al., 2003), ER Ca2+ release contributes to axoplasmic calcium overloading and subsequent degeneration. However, the depletion of endoplasmic stores with caffeine does not induce axoplasmic Ca2+ rises in axons in EAE (Witte et al., 2019), and to our knowledge there is no direct evidence demonstrating axoplasmic Ca2+ contributes to axonal degeneration during demyelination. However, mitochondria likely do contribute to axoplasmic Ca2+ dynamics. The mitochondria calcium uniporter (MCU) is the primary Ca2+ transporter involved with buffering calcium in mitochondria. The MCU increases uptake during times of high cytoplasmic Ca2+ and low ATP/ADP ratio (Igbavboa and Pfeiffer, 1988; Litsky and Pfeiffer, 1997; Baughman et al., 2011; De Stefani et al., 2011; Gleichmann and Mattson, 2011). Ca2+ uptake into the mitochondria increases ATP synthesis by activating dehydrogenases that make reducing equivalents, which drive complex I activity (Denton et al., 1972; Nichols et al., 2017). Therefore, Ca2+ influx into mitochondria may serve two important roles: to reduce cytoplasmic calcium accumulation and to increase ATP production. Deletion of the MCU from neurons following induction of MOG35–55 EAE, exacerbates EAE severity, reduces ATP content in the spinal cord and increases axonal damage (Holman et al., 2020). More T-cells and myeloid cells are found in mice with neuron-specific deletion of MCU (Holman et al., 2020), indicating that heightened inflammatory activity can be secondary to potentiated neuronal damage. If calcium buffering in mitochondria is critical for axonal health, increased efflux of Ca2+ from the mitochondria should leave axons vulnerable to degeneration in demyelinating disease. The mitochondrial permeability transition pore (MPTP) can drive the efflux of calcium from the mitochondria, and is regulated by cyclophilin D (Connern and Halestrap, 1996; Nicolli et al., 1996). The absence of cyclophilin D makes the MPTP threshold for opening higher and would be predicted to make the axon more resistant to damage during demyelination. Germline cyclophilin D knockout mice had less damage and reduced EAE severity (Forte et al., 2007). Inflammatory infiltration of T-cells or monocytes is not inhibited, suggestive of a direct effect on neuronal health (Forte et al., 2007). A pharmacological inhibitor of the MPTP also reduced EAE severity and decreased axonal damage (Warne et al., 2016). Taken together, mitochondrial calcium uptake has an important role in reducing neuronal damage following demyelination, likely by ameliorating calcium rise within the axoplasmic compartment and by increasing ATP production.



Sodium Channel Activation Is Associated With Axonal Degeneration Following Demyelination

The increased expression of sodium channels along demyelinated axons raises their metabolic demand and places increased energetic stress on the axon. In both EAE and in MS lesions, Nav1.6 channels colocalize with the NCX (Craner et al., 2003, 2004), which under conditions of energetic stress imports Ca2+ in order to extrude Na+ (Figure 3; Stys et al., 1991, 1992). This posits a mechanism by which Na+ accumulation during an energetic rundown can directly contribute to Ca2+ buildup. Axons with Nav1.6 and NCX colocalization are much more prone to βAPP expression in MS, a marker of transport deficit and axonal damage (Craner et al., 2003, 2004). Broad pharmacological inhibitors of sodium channels during EAE reduce axonal damage and motor impairment (Lo et al., 2003; Bechtold et al., 2004, 2006; Black and Waxman, 2008; Morsali et al., 2013; Al-Izki et al., 2014). However, from these studies it was unclear if sodium blockade diminished axonal damage by acting directly on the axon or via its known role in diminishing microglia/macrophage infiltration and activation within the CNS (Craner et al., 2005; Black et al., 2009; Morsali et al., 2013). Cell-specific targeting of voltage-gated sodium channels in neurons demonstrates that sodium channels can act directly on neurons to drive their damage in EAE. Using adeno-associated virus (AAV) deletion of Nav1.6 in RGCs following EAE, greater preservation of axons in the optic nerve is observed as well as reduced neuronal loss (Alrashdi et al., 2019). Unfortunately, clinical trials of sodium channel blockers have been less promising with early clinical trials in those with SPMS using lamotrigine having found diminished brain volume relative to placebo over the first year before stabilizing (Kapoor et al., 2010; Hayton et al., 2012). Brain volume measures can be confounded by inflammatory infiltrate and edema, which is likely reduced by sodium channel blockade and could have contributed to this decline in brain volume before stabilization (Franklin et al., 2012). A recent clinical trial using optical coherence tomography (OCT) to measure neurodegeneration within the retinal nerve fiber layer (RNFL) in those with optic neuritis found that treatment with the sodium channel blocker phenytoin resulted in a 30% reduction in the thinning of the RNFL and increased macular volume after six months (Raftopoulos et al., 2016). This study highlights that voltage-gated sodium blockade may provide some level of neuroprotection, at least during RRMS. However, it is still unclear the precise mechanism(s) by which sodium blockade confers axon protection and if it contributes to calcium overloading following demyelination.



Axon Transport Deficits Following Demyelination Impair Energy Production in the Axon Leaving It Vulnerable to Degeneration

The axon represents a logistical challenge unique amongst any cell-type; mRNA, proteins and organelles produced in the soma must be trafficked for vast distances. For example, corticospinal neurons can have an axon over 1 m long, exceeding the size of its soma by 50,000 times. Mitochondria require nuclear genes in addition to their own genome for proper function, and mitochondrial biogenesis mostly occurs in the soma (Calvo et al., 2016). Mitochondria are then trafficked to meet local energy requirements along the axon (Misgeld and Schwarz, 2017; Campbell et al., 2019). This logistical bottleneck along with proximity to inflammation in the axon, can make mitochondria highly sensitive to damage and dysfunction in demyelinating lesions, which presents an axis of vulnerability especially in long axons.

In EAE, both anterograde and retrograde deficits in mitochondrial transport are detected, with anterograde transport more adversely affected (Sorbara et al., 2014). Transport deficits precede axonal blebbing and outright degeneration (Sorbara et al., 2014). Inflammatory mediators like reactive oxygen species (ROS) and reactive nitrogen species (RNS) directly impair transport of mitochondria following EAE, evident by the restoration of transport when ROS/RNS scavengers are administered (Sorbara et al., 2014). Another potential inhibitor of axonal transport in demyelinated axons includes excitotoxicity from glutamate (or TNFα exposure), which causes a calcium-dependent relocalization of histone deacetylase 1 (HDAC1) from the nucleus to the axon (Kim et al., 2010). Axonal HDAC1 interacts with the kinesin family of motor proteins where it hinders their interaction with cargo such as mitochondria to diminish their transport (Kim et al., 2010). Downregulation of HDAC1 or preventing its translocation from the nucleus reduces axonal damage following glutamate exposure (Kim et al., 2010).

If reduced transport of mitochondria to the axon is associated with axonal damage can increasing transport be protective? Overexpression of the protein Miro1, which tethers mitochondria to their motor adaptor complex, or mitochondrial biogenesis peroxisome proliferator activated receptor gamma coactivator 1-alpha (PGC1-α) are effective at increasing anterograde transport and reducing axonal damage following demyelination of cerebellar slice cultures (Licht-Mayer et al., 2020). Considering that kinesins require ATP hydrolysis to move cargoes such as mitochondria through the axons, a positive feedback loop may occur where the axon does not have the energy to effectively translocate the mitochondria to meet localized energy production, which in turn further impairs energy production at distal sites. This may explain why mitochondria content falls in distal component of the axon in chronic MS and EAE (Dutta et al., 2006; Sorbara et al., 2014). A failure of energy production at the synapses, which require considerable energy for neurotransmission (Lennie, 2003), may contribute to their loss/dysfunction in MS and demyelinating models (Jurgens et al., 2016; Werneburg et al., 2020).



Mitochondrial Damage and Dysfunction Following Demyelination

Microglia/macrophages closely appose axons during inflammatory demyelination (Nikic et al., 2011), and produce ROS and RNS which can impair and damage mitochondria. The best studied reactive species in the context of demyelination is nitric oxide (NO). NO is not inherently cytotoxic and has many important physiological roles including mediating vasodilation. However, when combined with superoxide it forms the toxic peroxynitrate which oxidizes tyrosine residues and damages proteins (Pacher et al., 2007). Importantly, NO also binds the ferrous heme of cytochrome c oxidase (mitochondrial complex IV) drastically reducing mitochondrial respiration (Brown and Cooper, 1994; Cleeter et al., 1994). Inducible nitric oxide synthase (iNOS) expression and nitrotyrosine residues are found in active MS lesions and the active edge of chronic MS lesions (Bo et al., 1994; Cross et al., 1996; Oleszak et al., 1998; Lu et al., 2000; Liu et al., 2001; Marik et al., 2007). Early active lesions in MS have selectively reduced activity of complex IV (Mahad et al., 2008), whose expression and functionality can be directly targeted by NO (Brown and Cooper, 1994; Cleeter et al., 1994; Wei et al., 2002). NO exposure blocks conduction in demyelinated axons (Redford et al., 1997) and results in axonal degeneration during high frequency stimulation (Smith et al., 2001; Kapoor et al., 2003). The selective vulnerability of axons during high frequency stimulation suggests that NO disrupts energy production, which leaves axons under intense energetic burden to remove excess sodium, which may culminate in the reversal of the NCX. In agreement with this hypothesis, sodium channel blockers and NCX inhibitors were shown to have a protective effect and ameliorate axonal degeneration following NO administration (Kapoor et al., 2003). Live-imaging studies during EAE provide further evidence that inflammation triggers mitochondrial dysfunction during demyelination, in part through a NO-mediated mechanism. Fluorescently labeled mitochondria along with potentiometric dyes were used to determine that with the onset of inflammation there is a collapse of axonal mitochondrial membrane potential, indicative of mitochondrial dysfunction (Sadeghian et al., 2016). Both hydrogen peroxide and NO treatment to spinal axons induced swelling of mitochondria within axons (Nikic et al., 2011), and treatment with ROS/RNS species scavengers attenuates mitochondrial swelling and axonal degeneration during EAE (Nikic et al., 2011). However, it was not determined if NO specifically is causative in impairing mitochondrial respiration in these studies of EAE. It also remains unclear if mitochondrial dysfunction induced by ROS/RNS plays a major role during the chronic phases of MS when acute demyelinating lesions become rare or in demyelinating diseases that do not have considerable inflammatory infiltrate, such as inherited leukodystrophies.

Mitochondria damage continues to accrue during chronic demyelination. Mitochondrial DNA (mtDNA) lacks protective histones and some DNA repair enzymes making it vulnerable to damage (Yakes and Van Houten, 1997; Calvo et al., 2016; van den Berg et al., 2017) and oxidative damage to mtDNA is detected in MS (Haider et al., 2011). With disease chronicity there is an accumulation of cortical neurons with deficient Complex IV respiration, which is encoded in part by mtDNA (Dutta et al., 2006; Zambonin et al., 2010; Campbell et al., 2011), whereas nuclear-encoded Complex II respiration is often intact, a common characteristic of mitochondrial diseases (DiMauro and Schon, 2003). Dissecting these respiratory deficient neurons specifically, some studies found they had a high rate of mtDNA deletions, which may be further amplified over time via clonal expansion (Campbell et al., 2012). Mitochondrial injury and respiratory chain dysfunction lead to the liberation of more electrons which can then subsequently react with oxygen and induce more ROS-mediated damage. This constitutes a positive feedback loop that can increasingly imperil energy production in the neuron. Damaged mitochondria are removed by mitophagy, a process that requires fusion of the mitochondrial membrane with the lysosome in the soma or potentially to some extent within the axon (Misgeld and Schwarz, 2017). Expression of synaptophilin, necessary to anchor mitochondria to demyelinated internodes (Ohno et al., 2014), also impairs their transport and renders mitochondria unable to be effectively degraded following chronic stress (Lin et al., 2017). In this sense, increased energy demand during chronic demyelination coincides with accumulating damage and decreased elimination of dysfunctional mitochondria. Unfortunately, the long-term oxidative damage to mitochondria and failure of the respiratory chain observed in progressive MS is not typically detected in rodent models (Schuh et al., 2014), making it challenging to use these experimental models to assess to what extent mitochondrial dysfunction drives degeneration.



Are Intra-Axonal Signaling Cascades Important for Wallerian Degeneration Involved in Axonal Degeneration in Demyelinating Disease?

The term Wallerian degeneration is used to describe the process by which the distal axon degenerates following injury along with the subsequent activation of glia (Waller, 1851; Gaudet et al., 2011; Wang et al., 2012). The discovery of a spontaneous mutant, the slow-Wallerian degeneration mouse (Wlds) that greatly delays axonal degeneration following transection (Lunn et al., 1989), has permitted a detailed understanding of the molecular mechanisms underlying Wallerian degeneration. A comprehensive description of theses mechanisms is beyond the scope of this review and has been recently covered in a number of excellent reviews (Freeman, 2014; Gerdts et al., 2016; Coleman and Hoke, 2020). However, many of the proteins identified contribute to axon and neuron loss in neurodegenerative diseases like ALS and AD, as well as potentially in demyelinating diseases (Coleman and Hoke, 2020). Indeed, there is considerable evidence of Wallerian-like degeneration following demyelination in MS. Diffuse axonal damage and degeneration is observed distal to lesions throughout the NAWM early during the disease (Kornek et al., 2000; Filippi et al., 2003) consistent with transected distal axons in acute lesions undergoing Wallerian degeneration. Additionally, Neuropeptide Y1-receptor, a marker for transected axons undergoing Wallerian degeneration (Pesini et al., 1999), is detected in MS lesions and NAWM (Dziedzic et al., 2010; Singh et al., 2017). To determine if Wallerian degeneration has a functional role in disease presentation or axonal degeneration in EAE, Chitnis et al. (2007) induced EAE in Wlds mice. Wlds mice initially have reduced axonal degeneration and disease severity, but disease severity worsens overtime to be no different than controls (Chitnis et al., 2007). While the authors did not examine axonal degeneration at that later time point, a recent study examining the knockout of Sarm1, a downstream effector necessary for Wallerian degeneration (Osterloh et al., 2012), in EAE found diminished axon damage early but no long-term benefit on axonal health (Viar et al., 2020). Taken together, Wallerian degeneration contributes to axonal loss in MS and EAE, but Wlds and related proteins do not seem to confer long-term axonal protection against immune-mediated demyelination.

The failure to deliver a critical survival factor following axotomy to the axon from the soma was proposed decades ago by Lubinska to be the trigger for Wallerian degeneration (Lubinska, 1982). In 2010, such a protein was identified (Gilley and Coleman, 2010). Nicotinamide mononucleotide adenylyltransferase 2 (NMNAT2), is a highly labile protein necessary for the maintenance of the axon that is anterogradely transported and rapidly degraded following axotomy (Gilley and Coleman, 2010). NMNAT2 regulates NAD biosynthesis, which is critical for redox reactions necessary to maintain mitochondrial respiration and ATP production. This suggests that proteins critical to inhibiting Wallerian degeneration intersect with, and are necessary for, energy homeostasis. Given that axonal energy deficiency is linked to axon loss in demyelinating disease (Trapp and Stys, 2009), it is plausible that bolstering NMNAT or NAD levels may be an effective approach to enhance axon protection following demyelination. NAD levels decline during EAE and supplying NAD or its precursors diminishes demyelination and axonal damage (Kaneko et al., 2006; Tullius et al., 2014). However, NAD is also a major immune-regulatory molecule and can modulate T-cell infiltration and differentiation following EAE (Kaneko et al., 2006; Tullius et al., 2014). Future work should determine if NAD acts directly on axons following demyelination, or if axonal protective effects are primarily through immune-modulation. Either way, the finding that NAD protects against axonal degeneration in EAE is intriguing and potentially offers a new axis for treatments that protect against axonal degeneration.

Studies of Wallerian degeneration have also revealed active ‘death signaling’ within the axon is necessary for axonal degeneration (Wang et al., 2012; Llobet Rosell and Neukomm, 2019). Inhibition of mitogen-associated kinases (MAPKs), especially dual leucine zipper kinase (DLK), protect axons following axotomy, and likely constitutes such a death signal (Miller et al., 2009). Interestingly, MAPK signaling intersects with NAD biosynthesis as activated MAPK signaling promotes NMNAT2 turnover (Walker et al., 2017). Likewise, the downregulation of DLK along with the related leucine zipper kinase (LZK) preserves NMNAT2 levels and neurites in vitro (Summers et al., 2018). At this time, there is no direct evidence that DLK is regulated or MAPKs are phosphorylated following demyelination, however there is considerable reason to believe these pathways may be involved. Axonal transport is rapidly affected by inflammatory demyelination (Sorbara et al., 2014) and DLK inhibition protects against insults to fast axonal transport imparted by vincristine (Miller et al., 2009; Summers et al., 2018). Additionally, when mitochondria respiration is inhibited (such as by sub-lethal doses of the ATPase inhibitor oligomycin) NMNAT2 levels fall and activation of DLK signaling drives axonal degeneration (Summers et al., 2020). If MAPK signaling is activated following demyelination, it may serve as druggable target with overlap to other neurodegenerative disorders like ALS and AD where targeting of DLK reduces neurodegeneration in rodent models (Le Pichon et al., 2017).




CONCLUSION AND FUTURE PERSPECTIVES

The interaction between the oligodendrocyte and axon is critical for axonal structure and function, which is necessary for the rapid and timely propagation of action potentials throughout the CNS. The loss of myelin and oligodendrocytes fundamentally alters the neuron. Neurons restructure their excitatory domains, increase their mitochondrial content, and undergo significant transcriptional changes in response to demyelination. While these adaptations may allow some degree of functional restoration and conductance, it ultimately leaves the axon vulnerable to damage. Demyelinated axons that lack oligodendrocyte support are susceptible to energetic failure and the accumulation of intracellular calcium, which drives subsequent degeneration.

While there has been much progress in recent years in understanding how oligodendrocytes support axons in health and disease, a number of critical questions remain. Given numerous clinical trials are beginning with the aim of improving remyelination, it will be crucial to determine whether remyelinating oligodendrocytes provide long-term support of axonal health and how they differ from those produced during development. Are core functions of oligodendrocytes such as potassium buffering and metabolic support fully restored following remyelination? Already, single-cell RNA sequencing are providing clues and finding distinctions between oligodendrocytes formed in development and those during remyelination (Falcao et al., 2018; Jakel et al., 2019). Likewise new tools available to neuroscientists will be helpful in unraveling how demyelinated neurons degenerate. While it is clear that calcium overload drives axonal degeneration during acute inflammatory demyelination (Witte et al., 2019), determining the extent to which energetic rundown and calcium accumulation drives degeneration in chronically demyelinated axons is of pressing concern. Advances in two-photon live-imaging along with genetically encoded sensors for ATP, calcium and other molecules in demyelinating axons will be crucial tools for answering this question and determining the mechanisms by which calcium accumulates and mitochondria are damaged (Trevisiol et al., 2017; Looser et al., 2018). Likewise, genetic models of demyelination, which offer cell-specificity and the potential to impair subsequent remyelination (Duncan G. J. et al., 2017), will be important for delineating how neurons respond to demyelination, which changes are protective, and for identifying neuroprotective targets. The breakdown of oligodendrocyte-axon interactions is seen in a variety of neurological disorders beyond the classical demyelinating diseases; a further understanding of the molecular mechanisms by which demyelinated axons degenerate will likely offer novel therapeutic insights to alleviate decline in these pathologies.
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Glia are present in all organisms with a central nervous system but considerably differ in their diversity, functions, and numbers. Coordinated efforts across many model systems have contributed to our understanding of glial-glial and neuron-glial interactions during nervous system development and disease, but human glia exhibit prominent species-specific attributes. Limited access to primary samples at critical developmental timepoints constrains our ability to assess glial contributions in human tissues. This challenge has been addressed throughout the past decade via advancements in human stem cell differentiation protocols that now offer the ability to model human astrocytes, oligodendrocytes, and microglia. Here, we review the use of novel 2D cell culture protocols, 3D organoid models, and bioengineered systems derived from human stem cells to study human glial development and the role of glia in neurodevelopmental disorders.
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INTRODUCTION

Glia are essential constituents and regulators of the central nervous system (CNS), and studies from the past several decades have illuminated their immense importance to brain development in both health and disease (Allen and Lyons, 2018). They not only provide trophic, metabolic, and physiological support for neuronal growth and survival but also actively control the development and plasticity of the CNS. Aberrations to the development and function of glia can also have adverse consequences. Recent evidence has implicated each of the major glial cell types, including astrocytes, oligodendrocytes (OLs), and microglia, in the onset and pathogenesis of numerous neurological disorders (Zuchero and Barres, 2015). Although glia have been extensively studied in non-human model systems, the evolutionary divergence of human glia from other species has resulted in stark differences in their functionality, heterogeneity, and molecular characterization (Pinto and Götz, 2007; Thomsen et al., 2016). This translational gap between animal models and humans, in addition to the lack of accessible primary human brain tissue, highlights the need for alternative methods to study human glia. Advancements to in vitro stem cell models of the human nervous system have greatly alleviated this problem. Both human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) can be differentiated into neurons and/or glia using various culturing techniques that are amenable to user-defined customizations (Figure 1). Currently, all major glial subtypes can be grown in 2D, 3D, or bioengineered cultures, although to varying levels of purity and efficacy (Figure 2). Throughout this article, the term “glia” will be used in specific reference to astrocytes, OLs, and microglia within the CNS. In this review, we discuss the use of human stem cell-based models to study human glial development and the role of glia in neurodevelopmental disorders (NDDs). We begin by summarizing normal development of human astrocytes, OLs, and microglia. To provide context for the need for human stem cell-based methodologies, we also briefly discuss human-specific attributes of glia. Lastly, we summarize current 2D, 3D, and bioengineered human stem cell-derived models of astrocytes, OLs, and microglia and how these models are used to study the contributions of glia to NDDs.
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FIGURE 1. Overview of Glial Development from Human Stem Cells. Astrocytes, oligodendrocytes, and microglia can be derived from human induced pluripotent stem cells (hiPSCs) or human embryonic stem cells (hESCs). Various differentiation protocols have been created to induce glial development via use of extrinsic patterning molecules and/or via induction of transcription factors (TFs). Numerous methods are used to determine successful differentiation and functionality of glial cells, including transcriptomics analyses, functional assays, and xenotransplantations.
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FIGURE 2. Human Stem Cell Models to Study Glia. Human stem cells are differentiated into astrocytes, oligodendrocytes, and microglia using 2D cultures, 3D organoids, or bioengineered systems. The main advantages of each system are highlighted. These models are used to understand the roles of glia during normal development and in the context of neurodevelopmental disorders.




GLIAL DEVELOPMENT

There are two primary classes of CNS glia, each with unique developmental origins: macroglia and microglia. Macroglia refer to a class of neural cells within the CNS that share a common neuroectodermal origin with neurons (Reemst et al., 2016). The two most abundant macroglial cells are astrocytes and OLs. Microglia, in contrast, are the resident immune cells of the CNS and are derived from extra-embryonic mesoderm surrounding the yolk sac (Ginhoux et al., 2013). This distinction between macro- and microglia is critical for stem cell-based protocols of glial development, which must replicate these developmental origins during in vitro differentiation.


Astrogenesis and Oligodendrogenesis

During human fetal CNS development, neural stem cells (radial glia) differentiate first into neurons and then astrocytes and OLs in a temporally restricted sequence. Neurogenesis begins early, around 6-8 gestation weeks, in the human fetus (Lenroot and Giedd, 2006). Around 16-18 gestational weeks, radial glia transition to the formation of astrocytes and OLs in a process called gliogenesis. Gliogenesis begins with the production of immature astrocytes, followed by the production of oligodendrocyte precursor cells (OPCs) around 18-20 gestational weeks (Jakovcevski et al., 2009; Zhang Y. et al., 2016). This neurogenic to gliogenic cell fate transition of radial glia is deemed the “gliogenic switch” (Molofsky and Deneen, 2015).

Although it is not fully known what drives the gliogenic switch, a combination of extrinsic, intrinsic, and epigenetic signals have been implicated from studies across multiple model systems. Early rodent studies identified activators of the Janus kinase/signal transducer and activator of transcription (JAK-STAT) pathway, including ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), and cardiotrophin 1, as cytokines involved in the initiation of astrogenesis (Bonni et al., 1997; Barnabé-Heider et al., 2005). Bone morphogenic protein (BMP) and Notch signaling have also been shown to promote astrogenesis via partial collaboration with JAK-STAT (Nagao et al., 2007). Intrinsically, astrocyte-promoting transcription factors (TFs) are also key regulators of the gliogenic switch. These include proteins like SOX9, NFIA, ATF3, RUNX2, FOXG1, and COUP-TFI and II (Naka et al., 2008; Kang et al., 2012; Tiwari et al., 2018; Falcone et al., 2019), amongst others (Kanski et al., 2014; Takouda et al., 2017). Additionally, chromatin modifications and demethylation of STAT binding sites on astrocyte gene promoters are needed for expression of astrocytic genes like glial fibrillary acidic protein (GFAP) (Takizawa et al., 2001; Namihira et al., 2009). With respect to OLs, extrinsic signals including thyroid hormones, glucocorticoids, and retinoic acid (RA) are all vital to the timing and efficacy of OL differentiation. Additionally, fibroblast growth factor (FGF), sonic hedgehog (SHH), RA, and Notch1 facilitate OPC production and proliferation via induction of TFs like OLIG2 (Barres et al., 1994; Bilican et al., 2008; Ortega et al., 2013). Insulin-like growth factor 1 (IGF1) has similarly been shown to promote oligodendrogenesis and myelination through its receptor signaling cascade (Zeger et al., 2007). These examples are a small subset of the factors that drive the gliogenic switch during development, reviewed extensively in Miller and Gauthier (2007) and Okano and Temple (2009), and are the same signaling molecules and TFs that have been repurposed to drive in vitro astrocyte and OL differentiation from human stem cells.



Microglial Ontogeny

Embryonic yolk sac progenitors are the precursors to all tissue-resident macrophages, including microglia. Prior to the gliogenic switch, microglia have already invaded the CNS, making them one of the first CNS glial residents of the nervous system. Primitive ameboid-like microglia have been observed in the human brain as early as 5 gestational weeks, thus developing side-by-side with neurons prior to the presence of astrocytes and OLs (Verney et al., 2010). Microglial migration and local proliferation continue within the CNS until around 24 gestational weeks.

Environmental cues drive tissue-specific gene expression and endow resident macrophages with specialized attributes. Microglia, as CNS residents, exhibit their own molecular repertoire that is maintained by CNS signals (Bohlen et al., 2017) and are unique to other myeloid cells or monocytes recruited to the CNS (Bennett et al., 2018). For example, Sall1 has been identified as a microglia-specific signature gene that is not expressed in other mononuclear phagocytes or CNS cells (Buttgereit et al., 2016). Therefore, it important to understand the specific CNS signals that induce microglial phenotypes in order to replicate these attributes in vitro. TGF-β signaling is one such pathway that has been characterized as essential for microglial development and the maintenance of microglial-specific markers that distinguishes these cells from other macrophages (Butovsky et al., 2014). Also, multiple studies have shown a strong reliance on macrophage colony-stimulating factor receptor (CSF1-R) for microglial proliferation and survival. CSF1 and interleukin cytokines, such as IL-34, bind to CSF1-R and regulate microglial development (Wang et al., 2012). Mice with null mutations in CSF1 have deficiencies in microglia propagation (Otero et al., 2009), supporting its role as an important regulator of microglial survival, growth, and maturation. Additionally, macrophage migration inhibitory factor and the chemokines CX3CL1 and CXCL12 have been shown to influence microglial recruitment and colonization of specific regions within the CNS (Arnò et al., 2014; Li and Barres, 2018). Moreover, factors secreted by astrocytes, specifically CSF1, IL-34, TGF-β2, and cholesterol, are required ex vivo for primary microglia to survive ex vivo (Bohlen et al., 2017). Thus, understanding the essential components involved in microglial specification and development greatly aid efforts to use stem cell sources to differentiate microglia in culture and maintain their molecular and phenotypic profiles.



HUMAN-SPECIFIC FEATURES OF GLIA

Nearly all biological model systems have been used to study glial development and neuron-glial interactions, and this pioneering work has been extensively reviewed in rodents (Zuchero and Barres, 2015), flies (Yildirim et al., 2019), worms (Singhvi and Shaham, 2019), and zebrafish (Lyons and Talbot, 2015). The work summarized in these reviews (and others) has established the foundational framework by which we attempt to understand human glia.

Throughout evolutionary time, increased complexity of the nervous system has been accompanied by more numerous and diverse glial populations (Lago-Baldaia et al., 2020). Evolutionary comparisons of human and rodent glia have repeatedly uncovered uniquely hominid features at molecular (Lui et al., 2014; Berto et al., 2019), functional (Zhang Y. et al., 2016), and morphological levels (Oberheim et al., 2012). For instance, human cortical astrocytes are larger, more structurally complex, more diverse, and able to extend more processes than those of rodents (Oberheim et al., 2009). There are also subtypes of astrocytes that exist exclusively in the hominid brain, such as interlaminar astrocytes (Colombo and Reisin, 2004). Additionally, the human brain has a disproportionately larger volume of white matter compared to other primates (Schoenemann et al., 2005) due to increased levels of myelin within the CNS, which is produced by OLs. This increased heterogeneity may arise, in part, from a unique developmental feature- an abundant population of outer radial glia (oRGs). oRGs are thought to be a major contributor to the expansion of the neocortex in humans because of their increased proliferative potential (Lui et al., 2011). oRGs can give rise to neurons, astrocytes, and OLs (Hansen et al., 2010; Pollen et al., 2015; Huang et al., 2020), although the extent of each remains debated. These various changes observed in the human CNS appear to be autonomous, as engraftment of human astroglial progenitors into rodent brains maintain their human-specific morphologies and even contribute to synaptic and behavioral changes in recipient animals (Han et al., 2013).

As brain complexity and heterogeneity has evolved across species, neurological disorders have also become more complex and subtle in their presentations. Many CNS disorders and diseases are polygenic (McCarroll and Hyman, 2013), meaning multiple genes interact to result in a given phenotype. Even when causal genes are conserved across animal model systems, the genomic landscape (i.e., length, folding, machinery, and epigenetics) of the human genome differs from that of other species (Khoueiry et al., 2017). This leads to uncertainty to whether some genes implicated in neurological disorders in humans behave and interact similarly in non-human model systems.



LIMITATIONS TO STUDYING HUMAN GLIA

To properly study genetic interactions and the contributions of glia to human health and disease, we need access to human samples. However, the critical timepoints in which CNS glia develop and proliferate occur during fetal stages of human brain development when access to fetal tissue is restricted or difficult to obtain. In the context of disease studies, postmortem brain tissue is the current gold standard. Postmortem cortex has been used to identify the roles of activated glia in NDDs, such as autism spectrum disorder (ASD) (Edmonson et al., 2014), and neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) (Tam et al., 2019). However, due to the age, diseased state, and postmortem intervals from which these samples are collected, they are limited in insight into how glia may initiate pathogenesis and contribute to aberrant CNS physiology. It is also unknown whether the rapid cellular changes that occur upon death affect these analyses and findings. Interestingly, many of the processes involved in development, such as synaptic pruning by microglia and astrocytes, are recapitulated in neurodegenerative pathologies, like Alzheimer’s disease (AD) (Stephan et al., 2012). Thus, more research is needed to study the effects of abnormal glial development on the propagation of both NDDs and neurodegenerative diseases. This makes it even more imperative to have accessible models in which we can study and manipulate glial function and development over relatively long periods of time.

An alternative solution to studying human CNS glia is to utilize stem cells from human patients. Stem cells can be differentiated into the various cell types of the brain, including radial glia, neurons, astrocytes, OLs, and microglia. Recent advancements to stem cell technologies, outlined in detail in the following sections, enable functional modeling of the human brain using an in vitro system that recapitulates in vivo features. The ability to study glia using human stem cell models is critical to gaining insights into their essential operations within the brain.

In the sections below, we will focus on stem cell models of human glia. We will start by discussing various sources of stem cells and their advantages for disease modeling. Next, we will highlight common metrics used to measure “success” in generating glia in vitro. With this pretext, we walk through current 2D, 3D, and bioengineered approaches for generating astrocytes, OLs, and microglia and studying their contributions to NDDs.



STUDYING NEUROLOGICAL DISORDERS USING HUMAN STEM CELL MODELS

The two primary stem cell varieties for modeling brain-derived cells include hESCs and hiPSCs. Both have the ability to undergo undifferentiated proliferation and can be differentiated into all three embryonic germ layers: ectoderm, mesoderm, and endoderm (Parrotta et al., 2017). Due to the fact that hESCs are derived from human embryos, there is ethical controversy regarding their use. They also require donations from patients undergoing in vitro fertilization, so there is a limited number of existing and new hESC lines. Alternatively, hiPSCs are reprogrammed from adult fibroblast cells using some combination of the Yamanaka TFs: Oct3/4, Sox2, c-Myc, and Klf4 (Takahashi and Yamanaka, 2006). They carry the same genomic information as the patient in which they were derived from, resulting in some hiPSC lines exhibiting a propensity to differentiate into certain germ lineages. hiPSCs are also more prone to genetic and epigenetic abnormalities compared the hESCs due to the reprogramming process. Both hESCs and hiPSCs have been used for glial differentiation paradigms (Figure 1), and thus far, no clear evidence suggests that one source is more effective than another in terms of gliogenic potency.

One of the biggest advantages to using human stem cells is the ease in modeling neurological disorders. This is because it is possible to collect fibroblasts, blood, or urine directly from patients with a specific neurological disorder and reprogram them into hiPSCs, which then harbor all of the genetic information of the patient. However, throughout the past decade, recent advancements to gene editing technologies have enabled another increasingly common option– the creation of isogenic lines. Using either control hESCs or hiPSCs, one can use CRISPR/Cas9 to induce specific disease-associated mutations. This approach has the advantage of allowing the user to directly compare control and mutated cells within identical genetic backgrounds. CRISPR and other gene editing tools can similarly be used to study the effects of knocking out genes in control lines or correcting mutations in hiPSCs of diseased patients. These stem cells can then be differentiated into various cell types of the CNS, including neurons and glia, to study neurological disorders in a cell- and disease-specific context. Examples of disease modeling using human stem cell-derived glia are outlined in the sections below and summarized in Table 1.


TABLE 1. Using human stem cell models to determine glial contributions to neurodevelopmental disorders.
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Another major advantage of human stem cell models is that drug responses can be monitored across a diverse population of patients. It is well known that many disorders affect specific populations and ethnicities at variable frequencies and severities. For example, differences in epilepsy rates in Black (2.13%) vs. White (0.77%) individuals highlights a combination of underlying genetic susceptibilities and socioeconomic access to treatment (Kroner et al., 2013). However, traditional genetics studies are commonly performed in patients from European ancestries and often fail to investigate how disorders disproportionately affect underrepresented groups (Sirugo et al., 2019). The use of human stem cells provides the ability to monitor whether drugs or other therapeutics differentially affect individuals across varying ethnicities.



METRICS OF SUCCESS FOR VALIDATING GLIAL IDENTITY

One of the major obstacles within the stem cell and glial fields is how we determine “success” of differentiations. Adding to this challenge, there is no current consensus on the appropriate methods or signatures required to define each of the major glial cell types. Here, we will briefly provide perspective on the most common readouts used to measure success of glial differentiation protocols.

The use of antibodies in immunohistochemistry (IHC)/immunocytochemistry (ICC) or with fluorescence-activated cell sorting (FACS) is one of the most frequently used methods to test glial induction. This method is quite simple: detection of a cell type-specific protein within a cell delineates its identity. However, many glial markers lack specificity and/or sensitivity. For example, GFAP is commonly used to detect astrocytes, but the protein is also present in radial glia, is a marker for astrocyte reactivity, and exists in only a subset of differentiated astrocytes in vivo (Messing and Brenner, 2020). In the microglial world, TMEM119 has emerged as an excellent microglial-specific marker (Bennett et al., 2016), but how much TMEM119 expression is indicative of bona fide microglial identity remains undefined, particularly in humans. Many culture protocols demonstrate induction of TMEM119 protein, but these levels still pale in comparison to in vivo quantities. This leads to the question of what thresholds of protein levels are required to prove successful differentiation in vitro. In general, these issues emphasize why the use of antibodies as sole markers of glial identity is oftentimes insufficient and further fails to detect cellular heterogeneity. Similarly, glial morphological assessments can be good indicators of cellular maturation and quiescent/healthy vs. reactive/disease states, but they should not be utilized as exclusive readouts. This is because some glial cells share similar morphological features (Zhang, 2001) and because these assessments are highly user dependent.

RNA-sequencing (RNA-seq) is a widely used technique for assessing differentiation success. Transcriptomics analyses allow users to unbiasedly compare expression data of stem cell-derived glia with primary glia (Zhang Y. et al., 2016) and can be used at the single cell level to detect subsets of glial populations. To accompany this transcriptional readout, functional studies are also beneficial to ensure in vitro glia acquire the same phenotypes as seen in vivo. Functional studies can also be performed via in vitro cultures (Cho et al., 2019) and/or xenotransplantation into the mouse brain (Abud et al., 2017). Some may argue that functional studies are the ultimate phenotypic readout of glial identity, although caution should be taken to consider whether the functional comparisons are being made between stem cell-derived glia and in vitro models or with in vivo observations. This is particularly relevant for cell types (microglia and astrocytes) where in vitro phenotypes can diverge from the CNS environment (Foo et al., 2011; Bohlen et al., 2017).

Altogether, combining the use of glial markers, transcriptomic data, and functional studies can help ensure the success of producing glial cells from human stem cells. Metrics of “successful differentiation” remain ambiguous, but it is clear that the combination of each of the above readouts should be a requisite benchmark for claims of successful glial differentiation.



2D GLIAL STEM CELL MODELS

The use of human stem cells to study glia and their contributions to NDDs has flourished in the last two decades. The generation of glia from human stem cells has unveiled new areas of research into their development, maturation, and involvement in neurological disorders. 2D monolayer culture protocols of glial differentiation from human stem cells remain a steadfast way to obtain astrocytes, OLs, and microglia. These cultures all begin with pluripotent stem cell colonies, sometimes maintained on top of stromal feeders, such as mouse embryonic fibroblasts (MEFs). Stromal feeders support stem cell health but can also result in the transfer of animal pathogens, elicit immune responses, and introduce cell contamination (Llames et al., 2015). As an alternative, more recent protocols have moved toward using feeder-free cultures (Ghasemi-Dehkordi et al., 2015). Feeder-free systems similarly aid in stem cell health through the use of Matrigel-, laminin-, or vitronectin-coated plates. These xeno-free cell culture matrices support the growth and differentiation of human stem cells by mimicking the extracellular environment found in many tissues. In this section, we will highlight current 2D protocols for astrocyte, oligodendrocyte, and microglia differentiation (Table 2) and discuss examples of how these protocols have been used to interrogate glial involvement in NDDs (Table 1).


TABLE 2. Recent advancements to 2D and 3D glial differentiation protocols (2015–2020).
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Astrocytes

Following early methods to successfully differentiate murine ESCs into cells of the neuronal lineage (Tropepe et al., 2001), similar approaches were sought to generate astrocytes. Many of these astrocyte differentiation protocols from human stem cells are outlined in Table 3 of Chandrasekaran et al. (2016), but here we summarize the general logic amongst popular protocols with a particular focus on those that are new within the past 5 years. The most commonly used neural induction protocol is dual SMAD inhibition in a neurobasal- or DMEM/F12-based media (Chambers et al., 2009; Zhou et al., 2016). This includes either LDN-193189, Noggin, or Dorsomorphin to inhibit the BMP pathway and SB-431542 to inhibit the TGF-β pathway. This dual inhibition helps direct stem cells to a “default” neuroectodermal lineage and to rapidly produce uniform populations of neural progenitor cells (NPCs). In 2D cultures, NPCs organize themselves into structures called neural rosettes, mimicking neural tube-like structures in a dish. While some methods continue directly toward astrocyte differentiation, most protocols require selection and culturing of neural rosettes for a number of passages prior to the initiation of astrogenesis. Thus, the most common approach is to coax astrogenesis from the NPC stage. Almost all current methods use FGF2 (Tabar et al., 2005; Roybon et al., 2013; Li X. et al., 2018) during early expansion stages of NPCs. Epithelial growth factor (EGF) is frequently supplemented as well, although not all protocols add this second growth factor (Song and Ghosh, 2004; Juopperi et al., 2012). At this juncture, 2D astrocyte protocols diverge in terms of which extrinsic gliogenic factors are supplemented into the media. Some protocols utilize serum (Tcw et al., 2017), ascorbic acid (vitamin C) (Palm et al., 2015), RA (Asano et al., 2009), and/or LIF (Tchieu et al., 2019). These additional factors help increase the abundance of GFAP+ cells but may simultaneously induce aspects of astrocyte reactivity (Sofroniew, 2020). Once directed toward an astroglial cell fate, some protocols allow time to mature astrocyte progenitors (Lam et al., 2019b) while others direct astrocyte maturation with additional exogenous molecules (Krencik and Zhang, 2011). The former likely produces more bona fide astrocyte-like cells but at the consequence of longer protocols (up to 180+ days). To obtain aquaporin-4 (AQP4)+ and S100β+ cells, markers associated with more mature astrocytes, CNTF and/or brain-derived neurotrophic factor (BDNF) are frequently added to the culture media (Roybon et al., 2013). Many of these supplements are used to differentiate astrocytes because they have been identified as gliogenic inducers in rodents (Johe et al., 1996; Bonni et al., 1997). A caveat of this approach is that most of these factors directly induce GFAP expression, making it critical to use orthogonal readouts like functionality and transcriptomic/proteomic profiles to validate the identity of human-stem cell derived astrocytes. Recently, a novel marker of human astrocytes, CD49f, has been identified to help enrich hiPSC-derived astrocytes (Barbar et al., 2020). CD49f can be used to purify primary and in vitro astrocytes and serves as a reactivity-independent marker. The identification of additional astrocytic markers will greatly expand our ability to study astrocyte development and to perform higher resolution lineage assessments on astrocyte differentiation.

The protracted process to differentiate human stem cells into functional astrocytes takes around 3 months, and many groups are actively seeking methods to accelerate this process. Tcw et al. (2017) developed a reproducible, single-medium method to generate astrocytes from hiPSCs in less than 30 days (starting with NPCs). It is important to note that they began counting from the NPC stage, while other protocols start counting from the stem cell stage. They tested various media recipes on an astounding 42 hiPSC lines and observed most efficient astrocyte generation using the commercially available ScienCell 1801 medium with Astrocyte Growth Supplement and 1-2% fetal bovine serum (FBS). Although a relatively minor concern, the astrocytes were enriched for some genes associated with reactivity, potentially due to the addition of serum. An additional approach to accelerate the astrocyte differentiation timeline is to force expression of astrocyte-specific TFs like NFIA/B and SOX9 (Deneen et al., 2006; Kang et al., 2012). Several groups have used constitutive or inducible versions of these TFs to “skip” the NPC stage and move directly toward an astrocytic lineage (Caiazzo et al., 2014; Canals et al., 2018; Li X. et al., 2018). Most recently, Tchieu et al. (2019) used transient expression of NFIA in the presence of the gliogenic factor LIF to rapidly induce an astrocyte fate. These NFIA-induced astrocytes exhibit similar morphology, function, chromatin landscape, gene expression profiles, and protein markers to those derived from primary human fetal tissue. Thus, the acceleration of stem cell-derived astrocytes is promising. Deriving astrocytes from NPCs in less than a month compared to 3+ months opens the door for more intensive research into their development, maturation, and roles in neurological disorders in a time-saving and cost-effective manner. However, it is important to remain cautious and perform critical analyses to ensure future protocols generate quiescent, non-reactive astrocytes that mimic the growth, development, and functionality of the in vivo human brain. Most importantly, astrocyte maturation remains a largely elusive phenotype to achieve in 2D culture. This is a result of the fact that immature astrocytes are still proliferating and dividing, thus requiring continual passaging of monolayer cultures. To alleviate this requirement, we must develop 2D differentiation methods that advance cells beyond this proliferative stage into a mature post-mitotic state.

Many studies using human stem cell-based models of NDDs have implicated critical roles of astrocytes in disease pathogenesis. Deletions in NRXN1 have been associated with ASD, schizophrenia, and developmental delay. During early stages of neurogenesis, NPCs derived from patient iPSCs with biallelic deletions of NRXN1-a have increased astrocytic differentiation potential and impaired neuronal functionality (Lam et al., 2019a). In late stages of neurogenesis, shRNA-mediated knockdown of NRXN1 in hiPSCs or hESCs leads to impaired astrocyte differentiation, while neuronal differentiation remains largely unchanged (Zeng et al., 2013). Alexander disease, which results from mutations in GFAP, is a primary disorder of astrocytes that leads to neurodevelopmental delays and intellectual disability. Modeling Alexander disease using patient iPSC-derived astrocytes has uncovered that GFAP mutations in astrocytes leads to secondary impaired function and proliferation of OPCs (Li L. et al., 2018). These non-cell autonomous consequences of astrocyte dysfunction have been observed in other disorders as well.

Rett syndrome NPCs derived from female patient iPSCs have increased astrocytic differentiation potential and lower expression of neuronal genes (Andoh-Noda et al., 2015). Contrastingly, Rett syndrome NPCs derived from male patient iPSCs exhibit perturbed astrocyte differentiation and decreased neuronal synapse density (Kim J.J. et al., 2019). Additional studies reveal Rett syndrome hiPSC-astrocytes display decreased levels of acetylated-tubulin (Delépine et al., 2016), potentially leading to unstable microtubules, and have negative effects on the morphology and function of wild-type neurons (Williams et al., 2014). Similarly, when co-cultured with astrocytes generated from non-syndromic ASD patients, otherwise healthy neurons displayed reduced morphology and improper development (Russo et al., 2018). Compared to controls, ASD astrocytes exhibit higher levels of pro-inflammatory cytokines. Using this hiPSC-based model of ASD, the authors identified IL-6 as a potential instigator of neural defects and suggested blockage of the IL-6 pathway as a potential therapeutic approach for a subset of ASD patients. These human stem cell models of NDDs have proven fruitful in revealing how astrocytic dysfunction can influence other cells in the CNS and drive disease pathogenesis. This approach can also expose unknown roles of astrocytes in NDDs. For example, using hiPSCs derived from Down’s syndrome (DS) patients, Chen and colleagues revealed that DS astrocytes exhibit neurotoxic qualities and limited synaptogenic capabilities (Chen et al., 2014). These phenotypes were also partially rescued by a clinically available drug, minocycline. Together, these studies not only uncover how dysfunctional astrocytes disrupt normal structure and function of the CNS, but they also reveal how hiPSC-derived astrocytes and neurons can be used for drug and therapeutics testing.



Oligodendrocytes

Almost all early protocols of OL differentiation from human stem cells relied on culturing with or collecting culture media from stromal feeder layers like mouse fibroblast cells. Nistor and colleagues published the first protocol to differentiate OLs from hESCs (Nistor et al., 2005). hESCs were grown on Matrigel in a novel glial differentiation media containing IGF1 and triiodothyroidin (T3) and supplemented with EGF, FGF2, and RA to obtain OPCs. This protocol required selection of neurospheres and takes 42 days. After confirming their in vitro identity by immunostaining, OLs were transplanted into a Shiverer mouse model of dysmyelination (MBP-/-) to further confirm their functionality in vivo. Subsequent studies tested additional supplements, including SHH, Noggin, and/or PDGF-AA, to also successfully obtain OPCs and mature OLs from hESCs (Izrael et al., 2007; Hu et al., 2009). The first detailed OL differentiation protocol from hiPSCs (Wang et al., 2013) used a combination of FGF2, RA, and purmorphamine (SHH agonist) to obtain pre-OPCs, then matured them into OPCs using a glial induction media containing T3, NT3, IGF, purmorphamine, and PDGF-AA, requiring a total of 110-150 days. These hiPSC-derived OPCs have the ability to produce both functional astrocytes and myelinating OLs. Since OLs are derived from NPCs, other groups have pursued protocols that began with neural induction strategies using the dual SMAD inhibition methodology previously described. This approach may provide a more efficient method to obtain pre-OPCs (70-75 days). These methods use similar patterning molecules as previously described, including FGF, PDGF-AA, IGF1, and T3, but additionally incorporate ascorbic acid and cAMP with either RA and SHH (Douvaras et al., 2014) or BDNF (Piao et al., 2015) for OL maturation.

Due to cross-species contamination, high variability, and undefined culture systems, some groups moved away from MEF feeder layers. The first reports of a xeno-free OL culture protocol from hESCs or hiPSCs was published by Sundberg and colleagues (Sundberg et al., 2010, 2011). Their differentiation protocols use IGF1, PDGF-AA, SHH, EGF, FGF2, and CNTF to obtain OPCs in 77-91 days. However, these cultures still rely on human foreskin fibroblast (HFF) feeder cells, and FACS is needed to select for NG2+ cells. Ehrlich and colleagues pursued an accelerated method to produce OLs via the use of forced TF expression (Ehrlich et al., 2017). They cultured hiPSCs on MEFs and differentiated them into NPCs using dual SMAD inhibition. The NPCs were then transduced with lentiviral plasmids containing the TFs SOX10, OLIG2, and NKX6.2. Transduced cells were cultured in media supplemented with PDGF-AA, NT3, IGF1, ascorbic acid, and T3. Within 28 days, 70% of the cells were O4+. The induced OLs had similar functionality, transcriptomic profiles, and ICC markers as primary human adult OLs. A year later, García-León et al. showed that hiPSC induction of SOX10 alone was sufficient to generate OLs (García-León et al., 2018). They demonstrated a yield of 50-60% O4+ cells and the entire process only took 22 days. These O4+ cells had similar gene expression profiles to primary human OLs and were able to myelinate neurons both in vitro and in vivo. Altogether, TF-based methods rapidly accelerate OL differentiation from human stem cells compared to other protocols.

The derivation of OLs from human stem cells in a rapid and efficient manner opens the door for research into disease modeling, drug testing, and therapeutic OL transplantation. There are multiple human CNS disorders that result from aberrant or damaged myelination, and a major therapeutic goal in each of these disorders is remyelination. After establishing TF-mediated differentiation protocols, Ehrlich et al. and García-León et al. tested various drugs with the goal of identifying promyelinating compounds. Using their hiPSC-derived OLs, the authors tested drugs previously identified to promote OL differentiation or myelination in rodents. They validated that some compounds, including clobetasol and miconazole, worked well in a human system, whereas others, such as clemastine, had little to no effect (Ehrlich et al., 2017). Some of these same drugs were also tested in a neuron-OL co-culture system, confirming Ehrlich’s results. Furthermore, using the co-culture system, additional drugs, like pranlukast, have been identified as promising remyelinating compounds for human use (García-León et al., 2018). The ability to test these candidates in an in vitro human system allows us to study OL development and maturation and the mechanisms underlying OL-mediated neuronal dysfunction.

The role of OLs in the primary pathogenesis of schizophrenia (SCZ) has been long discussed, primarily due to the identification of abnormalities in and differential expression of myelination-related genes in patients with chronic SCZ (Hakak et al., 2001). With recent advancements to differentiation protocols, OLs can now be derived from SCZ patient hiPSC lines (Liu et al., 2019). O4+ SCZ-OLs develop at a significantly lower rate compared to controls (McPhie et al., 2018), suggesting low OPC production as a potential contributing factor to the reduction of white matter in patients with SCZ. A similar study using hiPSCs from SCZ patients with CSPG4 mutations resulted in OLs with abnormal morphology and reduced viability and myelination potential (de Vrij et al., 2019). When cultured on ex vivo brain slices from a Shiverer mouse model of dysmyelination, SCZ-derived OPCs exhibited impaired ability to mature into functional myelin basic protein (MBP)+ OLs. Likewise, SCZ hiPSC-macroglial progenitor cells implanted into Shiverer mice resulted in reduced myelination, delayed astrogenesis, and behavioral abnormalities (Windrem et al., 2017). Altogether, deriving OLs from human stem cells is an efficient method for modeling NDDs and testing therapeutics in a human system. It also allows for the potential of transplanting human stem cell derived OPCs or OLs into patients with myelin disorders like Multiple sclerosis.



Microglia

Generating microglia from human stem cells is more challenging due to their mesodermal developmental origin, which means they do not follow the “default” neuroectodermal differentiation pathway that benefits other CNS lineage glia in traditional NPC cultures. Instead, microglia originate from erythromyeloid progenitor cells of the yolk sac that propagate during hematopoiesis. These progenitors further develop into primitive macrophages that invade the developing neural tube where they transition into microglial progenitors (Kierdorf et al., 2013). In the early 2000s, several methods were established to derive hematopoietic stem cells and myeloid cells from human stem cells, but it was not until 2016 that the first protocol to derive microglia-like cells (MGLs) from hiPSCs or hESCs emerged (Muffat et al., 2016). Muffat and colleagues developed a serum-free neuroglial differentiation (NGD) media that allows for co-culturing of neurons, macroglia, and MGLs. The authors resuspended human stem cells grown on MEFs into 3D “yolk sac” clusters in NGD media containing IL-34 and CSF1, which are vital for microglia differentiation and maintenance in vivo. After about a month, these embryoid bodies (EBs) were immunoreactive for markers of early yolk sac progenitors. Upon selection and monolayer culturing in supplemented NGD media, the progenitors formed microglia-like precursors, which differentiated into MGLs after an additional month in culture. Comparisons of hiPSC-derived MGLs to fetal human microglia demonstrated evidence of similar, yet less extensive, genetic signatures and marker expression. Additionally, MGLs functionally resembled fetal human microglia in their ability to phagocytose, react to cytokines and chemokines, and respond to cell damage.

The following year, numerous additional protocols were published to derive MGLs (reviewed in Speicher et al., 2019), including another method that also relies on intermediate EB stages (Haenseler et al., 2017). Three additional protocols grew hiPSC colonies in feeder-free conditions with low (5%) oxygen, a common technique used to generate myeloid progenitor cells (Abud et al., 2017; Pandya et al., 2017; Takata et al., 2017). Pandya and colleagues differentiated hiPSCs into hematopoietic progenitors and then co-cultured floating progenitors with astrocytes to obtain MGLs within one month (Pandya et al., 2017). They used Stemcell Stemdiff APEL medium supplemented with SCF, Flt3L, IL-3, IL-6, CSF3, and BMP4, followed by FBS, IL-3, and CSF1 for microglial differentiation. They demonstrated the functionality of hiPSC-microglia by injecting them into the brains of malignant glioma-bearing mice, resulting in increased survival and injury response capabilities. Takata and colleagues similarly relied on a co-culture system (Takata et al., 2017). They cultured yolk sac macrophage-like cells with human stem cell-derived neurons to differentiate them into MGLs. The process takes about 45 days total, relying predominantly on the neurons and CSF1 supplementation to differentiate microglial precursors into MGLs. Abud and colleagues relied on FACS to sort for CD43+ hematopoietic progenitors (Abud et al., 2017). They used an MGL media supplemented with CSF1, IL-34, and TGFβ-1, and later, CD200 and CX3CL1 to differentiate MGLs from the CD43+ hematopoietic progenitors. This entire process takes around 40 days but does not rely on co-culture systems, resulting in drastically higher yields and purity. Moreover, they xenotransplanted these stem cell derived MGLs into the cortex of immunocompromised mice and demonstrated their ability to survive long-term (over 2 months) and adapt a quiescent microglial phenotype. Another protocol published by Douvaras and colleagues used a similar approach but instead cultured hiPSCs or hESCs in normoxic conditions (Douvaras et al., 2017). On day 25, after differentiating into MGL precursors, cells were sorted by FACS and further cultured for another 20 days in microglia differentiation media containing CSF2 and IL-34. The resulting MGLs resembled primary human microglia via gene expression, cytokine profiles, and functionality in phagocytosis and calcium release in response to stimulation. In the interim, subsequent studies have been attempted to continue to improve upon these protocols. One updated approach avoids hypoxic incubation, complex media formulation, FACS sorting, and co-culturing, offering a simpler system to generate MGLs (McQuade et al., 2018). Nonetheless, these six protocols to derive MGLs from human stem cells are currently the most widely used within the field and all commonly rely on CSF, IL-34, and/or IL-3.

As the stem cell derived microglial field remains relatively young, it is important to highlight that even these new excellent protocols likely have significant room for improvement. This is largely because we still do not fully understand the intrinsic and extrinsic cues that initiate and maintain bona fide microglial signatures and phenotypes in vivo. Many of these preliminary hiPSC-derived approaches may, in fact, represent primitive macrophage populations of the correct ontogeny but lack the necessary cues to exhibit complete microglial identity. Those studies that include transplantation into mice and subsequent transcriptomic profiling have demonstrated molecular signatures that most closely align with the in vivo profile, potentially because the necessary maintenance signals are present in that environment. Thus, this engraftment approach could currently be considered the gold-standard for determining the fidelity of stem cell-derived MGL.

The recently established differentiation protocols unlock possibilities to study the roles of microglia in NDDs within a human system. Like astrocytes, microglia have been implicated in Rett syndrome pathogenesis. MECP2 mutant microglia are neurotoxic and damage dendrites and synapses due to excess glutamate release (Maezawa and Jin, 2010). Muffat and colleagues used Rett syndrome patient-derived iPSCs to produce MGLs and found that MECP2 mutant MGLs were significantly smaller than wild-type microglia (Muffat et al., 2016). Although no further functional analyses were performed, they demonstrated that their microglia differentiation protocol could be used on hiPSCs derived from disease patients. Human stem cell-derived microglia cultures have also been used to investigate schizophrenia. Using an hiPSC-based model, MGLs derived from schizophrenic patients excessively phagocytosed neuronal synapses (Sellgren et al., 2019), which is consistent with the reduced synapse density phenotype observed in patient postmortem cortical tissue (Glantz and Lewis, 2000). The antibiotic minocycline was also found to reduce schizophrenia-associated microglial synapse uptake, serving as a potential therapeutic for delaying or preventing the onset of synaptic pruning in high-risk patients. Due to the relatively recent establishment of microglial differentiation protocols, there are not yet an abundance of publications using human stem cell-derived microglial cultures to investigate their involvement in NDDs. Many groups have instead used patient hiPSC-microglia to study neurodegenerative diseases and other traumatic injuries to the brain (Haenseler and Rajendran, 2019). Nevertheless, as more groups adapt these protocols, we expect to see a rapid rise in the number of findings of the involvement of microglia in NDDs and therapeutics tests using human stem cell models of MGLs. This is particularly relevant for NDDs in which microglial transplants (depleting resident microglia and replacing them with genetically engineered populations) could offer a new class of therapeutic opportunities.



3D GLIAL STEM CELL MODELS

There are several limitations to 2D monolayer culturing. In particular, they generate limited cell type diversity, cellular maturation, and tissue organization and require frequent passaging. Therefore, to expand their capabilities, hiPSCs can be formed into 3D spheres and differentiated to form structures called organoids. Organoids better mimic tissue cytoarchitecture, create an environment where cell-cell interactions occur endogenously, and can grow for years (Amin and Paşca, 2018), allowing for increased cellular heterogeneity and prolonged maturation of cells compared to 2D cultures. The use of 3D cell models is not altogether new. Aggregates of stem cells, called EBs, were frequently used to establish many of the 2D differentiation protocols described above. However, EBs were traditionally used to derive cells for downstream monolayer stages. Many groups quickly realized that instead of using EBs as intermediate stages, they could use patterning molecules on these 3D cellular aggregates to form organoids of a desired identity. Protocols using organoids have exploded in the last decade, recapitulating many structures and functions of diverse organs.

The use of brain organoids as a model of neurodevelopment (Di Lullo and Kriegstein, 2017) and the most recent methods used to create brain organoids (Sidhaye and Knoblich, 2020) have been extensively reviewed. This includes modeling various brain regions, the use of extracellular matrices, and neurodevelopmental patterning protocols. However, many organoid-related discussions commonly gloss over the presence and abundance of glial populations within the various systems. In the subsections below, we will evaluate organoid protocols that are specifically used to study the development of astrocytes, OLs, and microglia (Table 2) and their roles in NDDs.


Astrocytes

One of the inherent limitations of 2D astrocyte cultures is their inability to mature, but this can be circumvented using long-term organoid platforms. 3D aggregates are thought to better maintain stem cell identity and allow for more cell-to-cell interactions, aiding in improved astrogenesis. Additionally, the ability to maintain cultures for long periods of time means that one can simply wait for the gliogenic switch to occur endogenously in these systems. Paşca, Sloan, and colleagues characterized functional quiescent astrocytes within hiPSC-derived cortical organoids grown in serum-free media (Paşca et al., 2015). Relying on supplementation with FGF and EGF followed by BDNF and NT3, this publication provided an efficient and reproducible method to generate and characterize astrocytes within organoids without the need for CNTF, LIF, or serum, which are known activators of astrocyte reactivity. Building upon this protocol, Sloan and colleagues later outlined the developmental and maturation trajectory of astrocytes within the 3D system (Sloan et al., 2017). They isolated astrocytes from human cortical organoids and compared their transcriptomes to primary human astrocytes purified from fetal brain tissue and adult cortical resections using both single cell and bulk RNA-seq (Zhang Y. et al., 2016). At the transcriptomic level, these endogenously formed astrocytes closely mirrored primary human astrocytes. Furthermore, they cultured organoids for almost 600 days and found that around day 175, astrocytes from human cortical organoids start to transcriptionally transition from a fetal to a mature state, recapitulating a nearly identical timeline to the maturation of astrocytes observed during in vivo development. Importantly, these in vitro astrocyte transcriptomes have largely been compared to in vivo cells from surgical resections of non-diseased cortical tissue, which may mask local heterogeneity due to the use of bulk RNA-seq. Thus far, single cell sequencing of cortical organoids has revealed largely homogeneous populations (Quadrato et al., 2017; Sloan et al., 2017), which may not fully recapitulate the diversity of astrocytes observed in the human brain (Darmanis et al., 2015; Batiuk et al., 2020; Fan et al., 2020). Therefore, additional studies will need to fully compare astrocyte heterogeneity within 3D systems to what is found in patient samples using single cell or single nuclear platforms. Another important feature of the cortical organoid system, along with other regionally patterned approaches, is the fact that regional astrocyte heterogeneity across different brain regions can be investigated (i.e., pallium vs. midbrain vs. subpallium). These studies are likely to reveal whether human astrocyte heterogeneity is largely a consequence of developmental origins or local contributions.

The Lancaster protocol is one of the first methods to create whole brain cerebral (undirected) organoids from human stem cells (Lancaster and Knoblich, 2014). Like nearly all organoid protocols, this approach can be used to produce astrocytes at timepoints extending beyond the gliogenic switch (about 100 days). This method relies on growing EBs, embedding them into Matrigel droplets, then transferring them to a spinning bioreactor. In the absence of early specific patterning molecules, this undirected approach is capable of generating multiple brain regions and cell types. This could also mean the presence of more heterogeneous astrocyte populations within individual cerebral organoids, although this has yet to be demonstrated. Using a modified version of this protocol, Quadrato and colleagues demonstrated the production of astrocytes within their organoids (Quadrato et al., 2017). Prior to embedding into Matrigel, EBs were grown in neural induction media containing KnockOut Serum and FBS for 2 days. After 1 month in a spinning bioreactor, BDNF was added to assist with maturation. Using these whole brain organoids cultured for up to 13 months, they demonstrated a sequential progression of cell identities, beginning with radial glia, followed by glutamatergic, GABAergic, and dopaminergic neurons, and finally astrocytes. 6-month-old organoids analyzed using single-cell RNA-seq demonstrated the presence of astrocytes that exhibited mature expression profiles, including the expression of AQP4 and GFAP. Cells from 3-month-old organoids also expressed astrocytic markers but lacked evidence of maturation, indicating a similar endogenous maturation program as previously observed (Sloan et al., 2017).

An alternative, but less common, method to study astrocytes is to grow both neurons and astrocytes separately in 2D cultures and then combine them into 3D spheres (Krencik et al., 2017). In this approach, 2D differentiated neurons and astrocytes derived from human stem cells are plated together and allowed to self-assemble in stationary culture or are assembled into uniform sizes using an Aggrewell plate. One of the main advantages to this system is the ability to study the interactions of neurons and astrocytes in a 3D culture without the presence of other cell types and heterogeneous progenitor populations. This controlled method of 3D co-culturing opens opportunities to further study the roles of astrocytes in neural circuit formation and interactions between astrocytes and other glia. It also provides user control of when neurons and astrocytes are combined, which enables precision over the timing of initiating neuron-glial interactions.

These reproducible 3D differentiation protocols from human stem cells, combined with validation of astrocyte development and maturation in the organoid system, provide opportunities for studies into aberrant astrocyte development and function in neurological disorders. One example of this includes the use of cerebral organoids to model early onset Aicardi-Goutières syndrome (AGS), a rare genetic encephalopathy that results in severe intellectual disability in infants (Thomas et al., 2017). Organoids were formed from hiPSCs of patients lacking TREX1 or hESCs with patient-specific TREX1 mutations induced using CRISPR/Cas9. AGS-organoids were significantly smaller than controls, recapitulating the microcephaly observed in patients with AGS. AGS-organoids also experienced a high degree of neuronal cell death, which was linked to increased neurotoxic type 1 interferon release by TREX1-deficient astrocytes. Additionally, when healthy control organoids and neurons were cultured in conditioned media from AGS-astrocytes, they experienced increased cell death and organoid size reduction. The authors tested Lamivudine (3TC) and Stavudine (d4T), two FDA-approved HIV antiviral drugs, on TREX1-deficient organoids and observed partial rescue of the neurotoxicity, neuronal death, and size reduction phenotypes. Another recent study utilized cortical organoids with CRISPR/Cas9-induced mutations in hiPSCs to model tuberous sclerosis (TSC) (Blair et al., 2018). TSC is a rare disorder that causes overgrowths (tubers) in the brain and other organs and has high rates of co-morbidities with epilepsy, intellectual disability, and ASD. Organoids null for either TSC1 or TSC2 exhibited disrupted suppression of mTORC1 signaling, resulting in the premature initiation of the gliogenic switch. This deficiency in neuronal differentiation, at the expense of excessive astrocyte production, was rescued upon treatment with rapamycin, an mTOR inhibitor. This study was one of the first of its kind to use the organoid system to implicate alterations to the timing of the gliogenic switch in the pathogenesis of an NDD, paving the path for additional studies on the role of aberrant astrocyte development in disease pathogenesis.



Oligodendrocytes

The ability to study the functions of OLs, particularly axonal wrapping and subsequent myelination, in 2D cultures is limited. This has incentivized the use of 3D cultures as a reproducible system to study OL development and function. Initial protocols to produce brain organoids typically lacked OLs, which was surprising given that OLs are derived from the same radial glia population as astrocytes and neurons. When profiling their organoids using single-cell RNA-seq, several groups observed a small number of endogenous OPCs (Birey et al., 2017; Quadrato et al., 2017), citing the earliest reports of OL-lineage production within organoids. The lack of robust endogenous OPC formation was hypothesized to be a result of the lacking trophic signals, missing differentiations cues, and/or insufficient neuronal activity. The easiest of these hypotheses to test was the supplementation of additional exogenous cues. Thus, a year later, a fully defined protocol for the derivation of functional and mature OLs within brain organoids was published (Madhavan et al., 2018). They utilized a slightly modified version of the Paşca and Sloan protocol (Paşca et al., 2015) to generate cortical spheroids. On day 50, the spheroids were supplemented with media containing PDGF-AA and IGF1 for 10 days to expand the OPC population, followed by T3 for another 10 days to induce OL differentiation. Around day 100 (week 14), these oligocortical spheroids generated robust populations of OLs, while typical cortical spheroids at this age were solely comprised of neurons and astrocytes. By week 20, uncompacted myelin could be detected, with evidence of fully compacting and ensheathing myelination of axons present by week 30. The promyelinating compounds clemastine and ketoconazole were tested in the oligocortical spheroids in lieu of T3. Although all conditions ultimately led to a similar production of OLs, ketoconazole-treated spheroids started myelinating 2 months earlier than T3- or clemastine-treated spheroids. This further corroborated the findings seen in 2D human stem cell cultures that clemastine is not as effective in enhancing myelination in humans as it is in rodents (Ehrlich et al., 2017).

Using modifications to their own organoid differentiation protocol, the Paşca lab also produced human oligodendrocyte spheroids (hOLSs) (Marton et al., 2019). In contrast to the Madhavan and Nevin method, hOLSs were patterned at much earlier timepoints. In addition to patterning via dual SMAD inhibition and EGF/FGF2, the Wnt inhibitor IWP-2 was added to the spheroids from days 4-24 and smoothened agonist (SAG) was added from days 12-24. hOLSs were then cultured with T3, biotin, NT3, BDNF, cAMP, hepatocyte growth factor, IGF1, and PDGF-AA from days 25-36, and from then on in T3, biotin, cAMP, and ascorbic acid. By day 50, NKX2-2+/OLIG2+ double-positive OPCs and PDGFRα+ OPCs could be detected within hOLSs, and these cells continued to mature over the next 100 days into functional myelinating OLs. RNA-seq data revealed similar gene expression between hOLS-derived OL lineage cells and primary human OPCs and OLs isolated via immunopanning, establishing a robust and reproducible protocol that can be used to study OL development in a manner that mimics the in vivo cell environment. TF approaches have also been used to generate OLs in brain region-specific organoids. Kim H. et al. (2019) used knock-in OLIG2-GFP human stem cell lines to generate both dorsal and ventral organoids (Birey et al., 2017). Interestingly, dorsal- and ventral-derived OLs exhibited distinct expression patterns. When fused together, dorsally derived OLs outcompeted ventrally derived OLs in long-term culture. The fusion of these two forebrain organoids also promoted increased maturation of OLs and resulted in enhanced myelination potential (Kim H. et al., 2019). Although there are now a handful of 3D differentiation protocols that incorporate OL formation, there are many areas for improvement. These current approaches tend to generate a relatively small number of OLs as compared to neuronal or astrocyte counterparts. This suggests that there are still additional, yet undefined, extrinsic and/or intrinsic cues required to generate robust OL formation, differentiation, and survival. Additionally, testing how neuronal activity within developing organoids affects oligodendrogenesis and OL maturation remains an important next step.

Despite an abundance of evidence implicating OLs in numerous NDDs, including schizophrenia (Chew et al., 2013), Alexander disease (Li L. et al., 2018), and neonatal hypoxic injury (Sowmithra et al., 2020), their involvement in these disorders has yet to be extensively modeled in organoids. This may be due to the difficulty of culturing OLs, even in a 3D system. However, Madhavan et al. (2018) were able to model monogenic leukodystrophy Pelizaeus–Merzbacher disease (PMD) in their oligocortical spheroids using hiPSCs from affected patients. PMD is a rare genetic disease that results from defects in myelin production and causes motor delay, hypotonia, and early childhood mortality. Mutations to and deletions of the disease-causing PLP1 gene caused significant reductions to the number of OLs present within the oligocortical spheroids. While the mechanistic outcomes behind PLP1 disruptions have yet to be uncovered, this validated approach provides hope toward future disease modeling using OL-containing organoids to explore patient-specific OL pathogenesis.



Microglia

Studying the roles of microglia and their development within the brain using 3D neuroectodermal cultures is challenging due to their distinct mesodermal lineage. Groups have largely pursued two approaches to tackle this obstacle: (1) add primary or human stem cell-derived microglia to brain organoids to form multilineage structures or (2) minimally pattern organoids that contain progenitor cells from multiple germ layers. Using the first approach, Abud et al. (2017) used their 2D differentiation protocol (described in the section “2D Stem Cell Models Microglia”) to generate MGLs and co-cultured them with cerebral brain organoids (Lancaster and Knoblich, 2014). Within one week, MGLs were distributed throughout the organoids. To determine whether the MGLs could response to neuronal injury, they mechanically wounded organoids with a needle and observed MGLs clustering at the injury site with morphologies reminiscent of an activated state. Using a similar approach, Song and colleagues asked how microglia interact with neurons in specific regions of the brain and thus generated separate populations of dorsal and ventral patterned organoids (Song et al., 2019). They generated MGLs from hiPSC-derived hematopoietic progenitors using FBS, GM-CSF, and IL-3, then labeled and co-cultured them with each of the two populations of cortical organoids. The authors found that MGLs incorporated at a higher rate into dorsal than ventral organoids, however, upon pro-inflammatory stimuli, MGLs in ventral organoids expressed higher levels of TNF-α, an inflammatory cytokine. Together, this approach of producing 2D microglia and incorporating them into pre-formed organoids has produced promising results. At this stage, it does not appear that these MGL-transplants need to occur at a specific developmental stage of the organoid culture, although additional work is needed to elucidate the developmental consequences of MGL engraftment at various organoid timepoints.

The second approach for introducing MGLs into organoids has focused on innately growing microglia within the organoid structure itself. One study identified the presence of a population of mesodermal precursors within cerebral organoids using single-cell RNA-seq (Quadrato et al., 2017), which was likely the result of remnant spontaneous differentiation. Ormel et al. (2018) established one of the first methods to derive functional microglia within intact cerebral organoids. Using a modified version of the Lancaster protocol (Lancaster and Knoblich, 2014), they formed hiPSCs into EBs using a minimal media to allow for differentiation flexibility while still encouraging a general neuroectodermal trajectory. By day 17, progenitor cells from all 3 germ layers were present. Within another week, mesodermal stem cells began to differentiate into MGLs, as confirmed by transcriptomic comparisons to adult human microglia. By day 50, the organoids contained neurons, astrocytes, and MGLs and exhibited features of cortical lamination. Organoid-derived MGLs also had similar morphologies cell surface markers, and phagocytic abilities as primary microglia, but exhibited elevated inflammatory responses. Overall, Ormel, Vieira de Sá, and colleagues demonstrated that MGLs can be grown intrinsically within organoids, though further work is needed to eliminate organoid-to-organoid variability. They also showed that factors commonly used for 2D microglial differentiation (CSF1, IL-34, IL-3, and TGFβ1) are innately expressed within cerebral organoids, potentially secreted by neurons and/or astrocytes. This method provides novel opportunities to study the development and interactions of microglia in the human brain, although additional trituration is necessary to determine ideal protocols to reproducibly balance the generation of MGLs within organoids without encouraging other non-CNS cell types from forming.

Due to the young age and burgeoning field of incorporating microglia into 3D cultures, there are few current studies investigating the roles of microglia in NDDs using human organoids. However, several groups have used these new approaches to model neurodegenerative disorders like AD pathology. In one study, hiPSCs from unaffected parental APOE3 patients were induced with homozygous APOE4 alleles using CRISPR/Cas9 and subsequently differentiated into MGLs (Lin et al., 2018). APOE3-MGLs (controls) or APOE4-MGLs (AD-risk) were embedded into 2-month-old APP duplication organoids and cultured for a month. Organoids with APOE4-MGLs exhibited increased accumulation of Aβ aggregates, suggesting that the presence of APOE4 negatively impacts MGL ability to clear extracellular Aβ. This phenotype was reversible when the APOE4 mutation was converted to APOE3. A simultaneously published study also formed brain organoids from hiPSCs derived from familial and sporadic AD patients and used a dual chamber microfluidics device to study their cellular interactions (Park et al., 2018). This device allowed them to visualize the migration of inactivated primary human microglia into AD-organoids that were otherwise devoid of MGLs. Upon entering the AD-organoids, microglia adapted a reactive phenotype and secreted pro-inflammatory signals. This resulted in toxicity to the AD neurons and astrocytes, causing axonal damage and massive cell loss (up to 40% reduction in organoid surface area). Using two disparate methods of organoid tricultures, groups have begun to elucidate the contributions of microglia in AD pathogenesis. Similar approaches must also be performed to study microglia in the context of NDDs and neuropsychiatric disorders.



BIOENGINEERED MODELS

Some of the current major challenges to studying glia using human stem cells include the inability to manipulate the in vitro microenvironment of 2D and 3D cultures, the lack of vascularization, and limited progenitor diversity (Centeno et al., 2018). Tackling these obstacles using engineering approaches has proven promising thus far (Cadena et al., 2020) and may provide the key to better recapitulate human neuron/glial development in the future. Below we discuss various features of bioengineered systems that have been applied to improve modeling of human glia.


Extracellular Matrices

To better mimic the in vivo tissue environment, human stem cells and differentiated glia are frequently grown in extracellular matrices. Optimizing these matrices and hydrogels has provided an important opportunity to better maintain glial health. They better mimic the microenvironment of the brain and alleviate the need for feeder layers and serum culturing conditions that are not present in the in vivo CNS. In one study, primary human fetal astrocyte progenitors grown in a matrix comprised of collagen, hyaluronic acid, and Matrigel formed radial processes and remained in a quiescent state in in vitro culture (Placone et al., 2015). These specific factors were chosen due to the abilities of collagen I to aid in structural support, hyaluronic acid to mimic the extracellular matrix of the brain, and Matrigel to provide endothelial cell compatibility. In another study, hiPSC-derived NPCs were grown in a hydrogel comprised of prepolymer methacrylate-modified hyaluronic acid (Zhang Z.N. et al., 2016). The stiffness of this hydrogel is user-controllable via the intensity and duration of ultraviolet-dependent crosslinking. In addition, small molecules can be added to prepolymer cell suspensions, allowing for precise control over patterning. The authors of this study were able to examine cell migration using two-layered hydrogels, one containing tdTomato-expressing astrocytes and the other containing GFP-expressing NPCs. They discovered that NPCs derived from Rett syndrome patients had an impaired ability to migrate toward neurons and astrocytes, highlighting how bioengineered hydrogel constructs can also be used to study glia in disease states. Additionally, 3D hydrogels have been shown to accelerate the development and differentiation of hiPSC-derived NPCs, serving as a potential tool to obtain glial cells more quickly. Along these lines, Wen and colleagues used a natural hydrogel containing integrin ligand modified alginate to form OL-containing 3D neural spheroids (Wen et al., 2019). They encapsulated hiPSC-derived NPCs in alginate hydrogel, which differentiated into neurons, GFAP+ astrocytes, and O4+ OLs within 90 days. The cells grown within the hydrogel had high rates of cell viability and differentiation potential, offering another methodology to culture and study human glia. This approach could also lead to improved therapeutics testing by embedding drugs into the hydrogels or matrices to test their effects on healthy and diseased glia.



Blood Brain Barrier (BBB)

The formation and function of the BBB is coordinated by complex interactions between endothelial cells, pericytes, and astrocytes (Lécuyer et al., 2016). Developing in vitro BBB models is crucial for investigating the permeability of potential CNS therapeutics and the contribution of BBB/glial dysfunction in the pathology of neurological disorders (Profaci et al., 2020). Recent efforts have primarily focused on reproducing BBB architecture by vascularizing organoids. One method is to implant human brain organoids into adult mouse brains. Implantation results in microglia and blood vessel integration, progressive cellular maturation, and expanded axonal growth within the organoids (Daviaud et al., 2018; Mansour et al., 2018; Pham et al., 2018). Although xenotransplantation of organoids into rodent brains effectively results in vascularization, there is still a need to investigate BBB formation within these engrafted organoids. Thus, studies exclusively comprised of human cells will also be critical to the advancement of in vitro human brain modeling. One study co-differentiated hiPSCs or hESCs into neural and endothelial cells using custom endothelial cell media containing FGF and platelet-poor plasma derived serum for 2-6 days (Lippmann et al., 2012). This resulted in brain microvascular endothelial cells that expressed a subset of canonical BBB markers, formed tight junctions, and restricted cellular and molecular transportation. A similar protocol was later established to form BBB-like structures within organoids from human stem cells differentiated into endothelial cells, astrocytes, and pericytes (Bergmann et al., 2018). 3D BBB models better recapitulate the multicellular interactions within the BBB and can be used to understand the structure and maturation of the BBB over long-term cultures. They also offer a tool for drug discovery and therapeutic testing.

Current vascularization approaches within organoids are generally random in architecture and not yet reproducible. An alternative approach to address this challenge is to utilize microfluidics platforms, also called organs-on-a-chip. Polydimethyl-siloxane (PDMS) has been used to create microchannels on a glass coverslip coated with the cell-adhesive molecule poly-D-lysine (Campisi et al., 2018; Ahn et al., 2020). hiPSC-derived endothelial cells, astrocytes, and pericytes are placed into the main chamber, then additional endothelial cells are seeded into the surrounding microfluidics chambers to traverse the microchannels and create vessel connections within a multicellular environment. This method creates a fluidic 3D BBB microvascular network with tight junctions, low permeability, and the presence of extracellular matrix proteins, consistent with features of the in vivo BBB.



CONCLUSION AND FUTURE DIRECTIONS

Despite great progress in using human stem cells to model the developing brain, there are still several limitations that 2D, 3D, and bio-engineered models have yet to overcome. One primary challenge with these current methods is difficulty in mass scale-up and standardization. There is considerable variability across different hiPSC and hESC lines and many protocols require several months to produce mature, functional glia. Currently, the field lacks consensus on differentiation protocols due to the fact that we still do not fully understand the in vivo cues driving development and maturation of each of these cell types. Additionally, more robust markers to confirm output quality are needed.

Although organoids have aided in advancing cellular complexity and long-term maturation studies, the diversity in cell types and ability to produce fully mature cells still does not match the complexity of the human brain (Bhaduri et al., 2020). At present, in vitro cell cultures are unable to fully recapitulate complex cell-cell interactions and do not thoroughly represent the adult glial cell heterogeneity observed in vivo. Additionally, due to the limited progenitor pool heterogeneity within 2D and 3D cultures and the limited size expansion of organoids, it can be difficult to reproducibly study whole brain interactions. The incomplete and random nature of the intrinsic cytoarchitecture also serves as a restriction to studying neural circuit formation and aberrant circuitry in disease models. Moreover, in vitro studies are limited in their ability to study the influence of systemic changes on CNS physiology. As organoid platforms become more sophisticated, many of these limitations may dissipate. Additionally, there is potential to integrate organoid cultures with other systems to interrogate the influences of external factors, such as the gut microbiome, circulating hormones, and environmental exposures, on gliogenesis and maturation.

In the meantime, one of the biggest unmet needs in the field is reliable glial markers. Many current glial markers are co-expressed by multiple cell types, e.g., S100β is expressed in both astrocytes and OPCs (Deloulme et al., 2004), and/or do not distinguish between developing and terminally differentiated populations, e.g., GFAP is expressed at varying levels in radial glia, immature astrocytes, and mature astrocytes (Middeldorp and Hol, 2011). This oftentimes leads to confounding analyses and results. Therefore, we need new markers with high expression levels and specific antibodies to clearly identify each glial cell of interest at distinct stages of development. This would allow us to answer many of the current open questions in the field, particularly regarding the developmental origins of human glia. Are there glial-restricted precursor cells? What drives the gliogenic switch in humans? What cues initiate and modulate microglial phenotypes in the brain?

We are at an exciting stage where our human glial toolset is expanding faster than our answers to fundamental biological questions about glial development and their contribution to NDDs. As we look to the next decade, we expect that a comprehensive understanding of how glia develop, function, and mature will allow us to better determine the roles of human glia in health and disease.
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Microglia are unique brain-resident, myeloid cells. They have received growing interest for their implication in an increasing number of neurodevelopmental, acute injury, and neurodegenerative disorders of the central nervous system (CNS). Fate-mapping studies establish microglial ontogeny from the periphery during development, while recent transcriptomic studies highlight microglial identity as distinct from other CNS cells and peripheral myeloid cells. This evidence for a unique microglial ontogeny and identity raises questions regarding their identity and functions across species. This review will examine the available evidence for microglia in invertebrate and vertebrate species to clarify similarities and differences in microglial identity, ontogeny, and physiology across species. This discussion highlights conserved and divergent microglial properties through evolution. Finally, we suggest several interesting research directions from an evolutionary perspective to adequately understand the significance of microglia emergence. A proper appreciation of microglia from this perspective could inform the development of specific therapies geared at targeting microglia in various pathologies.

Keywords: microglia, evolution, vertebrates, invertebrates, ontogeny, identity, zebrafish


INTRODUCTION

Microglia were first described as a distinct glial cell type in 1919 by Pío del Río Hortega. They were recognized as very different from the neuroectoderm-derived macroglia, which includes astrocytes and oligodendrocytes (Rio-Hortega, 1920; Penfield, 1932). Studies in mice suggest that microglia originate primarily from the embryonic yolk sac, and this has been confirmed even in humans (Cuadros et al., 1993; Alliot et al., 1999; Rezaie et al., 1999; Chan et al., 2007; Monier et al., 2007; Ginhoux et al., 2010; Schulz et al., 2012; Kierdorf et al., 2013). Yolk sac-derived microglial precursor cells enter the developing mouse brain at around embryonic day (E)8.5 through extravascular routes since the first brain capillaries appear only at E10 (Kurz and Christ, 1998; Navascues et al., 2000; Ginhoux et al., 2010; Swinnen et al., 2013). After taking up residence in the brain, microglia rapidly increase their numbers (Swinnen et al., 2013; Kim et al., 2015; Nikodemova et al., 2015; Eyo et al., 2016). Early entry and subsequent colonization of the brain make microglia well-suited to perform critical roles in regulating crucial events of early brain development, including the phagocytosis-mediated regulation of neural precursor cell numbers, promotion of neuronal cell survival, phagocytosis of dying neurons, synaptic pruning, angiogenesis, axon guidance, synaptogenesis, as well as the refinement and maturation of the developing circuits (Ashwell, 1991; Cuadros et al., 1993; Monier et al., 2007; Wakselman et al., 2008; Fantin et al., 2010; Schafer et al., 2012; Cunningham et al., 2013; Parkhurst et al., 2013; Swinnen et al., 2013; Ueno et al., 2013; Pont-Lezica et al., 2014; Squarzoni et al., 2014).

After a brief period of reduced interest in microglial research following Río Hortega and Penfield, the groundbreaking work of Georg Kreutzberg in 1968 revitalized research interest in microglia by highlighting them as cells responding to facial nerve lesions in mice (Blinzinger and Kreutzberg, 1968). These results were pioneering studies to suggest that microglia can displace synaptic connections following injury. For a long time afterward, microglia in their activated states were identified as neuroinflammatory cells in the context of brain injury, trauma, and disease. Gradually, depending upon the driving stimulus’ context, they were identified with both neuroprotective and neuroinflammatory roles in the brain (Hanisch and Kettenmann, 2007). In maintaining brain homeostasis, microglia constantly survey their external environment continuously sampling neuronal activity through their close physical interactions with neurons, synapses, and other parenchymal brain elements (Davalos et al., 2005; Nimmerjahn et al., 2005; Wake et al., 2009; Tremblay et al., 2010; Schafer et al., 2012; Uweru and Eyo, 2019). They sense their external environment through changes in critical signaling mechanisms that ensure healthy microglia – neuron bidirectional crosstalk that is crucial for maintaining brain homeostasis (Ransohoff and Perry, 2009; Li et al., 2012; Eyo and Dailey, 2013; Eyo and Wu, 2013; Nayak et al., 2014). Subtle changes in this microglia - neuron crosstalk allow microglia to respond to activity-dependent changes, thereby modulating neuronal activity. Microglia remodel synapses in physiology as well as contexts where brain homeostasis is disturbed, such as stress, infection, or injury. Thus, microglia in the mammalian brain serve critical functions in regulating brain homeostasis and immune response to pathology, trauma, or infection (Hong et al.,2016a,b; Fekete et al., 2018; Weinhard et al., 2018). Research over the years has identified microglia to be performing a wide variety of these functions. With the advent of new imaging tools and transgenic models, further insights into the roles of microglia in homeostasis and pathology are being described.

Despite increasing descriptions of microglial roles in physiology and pathology, insight into the evolution of such a specialized cell type is limited primarily because of the lack of comparative microglia studies across different organisms. Among invertebrates, the existence of microglia has been described mainly in the case of phyla Annelida (Rio-Hortega, 1920; Coggeshall and Fawcett, 1964; Morgese et al., 1983; Sonetti et al., 1994), although microglia-like cell types capable of phagocytosis and eliciting an immune response have been described in some other invertebrate such as Drosophila (Leung et al., 2015; Hartenstein and Giangrande, 2018). Therefore, this review highlights some of the important characteristics of microglia that are unique and conserved or divergent across different species with a focus on their molecular identity. We believe that such considerations will facilitate our understanding of the significance of microglia to regulate brain development, facilitate brain homeostatic maintenance, and contribute to brain pathology. In the following pages, we synthesize some of the available evidence for microglia in different species along four lines: their self-renewing capacity, transcriptional identity, developmental ontogeny as well as their roles in physiology and pathology. In doing so, we provide a resource that we hope will generate future research studies in this area.



MICROGLIA ACROSS SPECIES: A SELF-RENEWING BRAIN-RESIDENT MYELOID POPULATION

Microglia have been identified in various invertebrate and all vertebrate species. However, investigations into their ontogeny and maintenance have been especially established in rodents. In the past, there was a serious debate over whether microglia were of neuroectodermal origin as other central nervous system (CNS) cells or of mesodermal origin like other cells of the periphery (Ginhoux and Prinz, 2015). That debate has been largely resolved from studies performed in the mouse. Initial studies revealed that like cells of the myeloid lineage in the periphery, a PU.1 deficiency prevented the development of brain-resident microglia (McKercher et al., 1996; Beers et al., 2006). These findings suggested that microglia and myeloid cells share a similar origin. Although myeloid in origin, the question remained regarding the potential myeloid source(s) of microglia. Resident myeloid cell populations in peripheral organs often consist of circulating bone marrow-derived monocytes that infiltrate into specific tissues and transform into macrophages where they can become tissue-resident. As brain macrophages, it was hypothesized that microglia could originate from ongoing infiltration of circulating monocytes that invade the brain throughout life. Alternatively, a specific source of microglia could exist that seed the brain and maintain microglial populations through cell-autonomous self-renewal.

To begin to address these possibilities, earlier studies used multiple approaches and showed that microglial maintenance does not require infiltration of myeloid cells into the brain in the steady state in mice (Ajami et al., 2007, 2011; Ginhoux et al., 2010). Moreover, more recent studies indicate that when microglia are eliminated from the brain by pharmacological treatment, the subsequent repopulation that ensues does not result from infiltrating myeloid cells but rather from an expansion of the residual brain-resident microglial pool (Huang et al., 2018; Zhan et al., 2019). Moreover, longitudinal visualization of microglia in the adult brain through life repeatedly indicates that individual microglia are long-lived in the mouse (Askew et al., 2017; Fuger et al., 2017; Eyo et al., 2018). Together, these results strongly suggest that microglia are a self-renewing brain-resident population of cells that seed the brain some time in development and are maintained by self-renewal subsequently.

Although the above is true in mice, the extent to which microglial maintenance results from self-renewal rather than peripheral replacement in other species has not been sufficiently explored. It should be noted that at least one study has confirmed that, like mouse microglia, human microglia are long-lived and persist for decades (Reu et al., 2017). Nevertheless, questions of microglial maintenance in the invertebrate leech as well as the vertebrate zebrafish and human need to be further explored.



MICROGLIA ACROSS SPECIES – INSIGHT FROM GENE EXPRESSION STUDIES

The advancement of next-generation sequencing techniques over the last decade has facilitated the study of cellular identity and transcriptional expression, especially in the CNS (Dong et al., 2016; Stark et al., 2019). These studies have provided insights into neural cell states and potential functions that can be subsequently validated by other molecular and functional approaches. For microglial identity, these studies over the last 7 years have provided important information on microglial identity at two levels. First, they have clarified a unique microglial transcriptional signature that distinguishes them from other brain-resident cells on the one hand and peripheral myeloid cells on the other. Second, comparative transcriptomics are highlighting conserved and divergent aspects of microglial transcriptional identity across species. In this section, we consider the available data on these two points in turn.


The Unique Microglial Transcriptional Identity

The question of microglial identity has been clarified in the last decade by the advent of transcriptional profiling. The first microglial transcriptome studies using RNA sequencing compared microglia to other cells of the brain and determined a unique microglial transcriptional signature, including genes such as P2ry12, Tmem119, and Hexb in mice (Hickman et al., 2013; Butovsky et al., 2014; Zhang et al., 2014). Furthermore, when microglia were compared to peripheral macrophages, despite similarities in their myeloid origins and molecular identity, some of the same genes were still uniquely expressed by microglia and lacking in macrophages (Hickman et al., 2013). Further work comparing microglia, monocytes, and perivascular macrophages resident in the brain revealed transcriptional differences between these cells and microglia with the same specific gene set (Goldmann et al., 2016). Therefore, these studies suggest a unique microglial cell signature compared to other brain and immune (including brain-resident immune) cells.

In 2018, to address whether this distinction results from environmental or ontogenic factors, four independent groups arrived at similar conclusions using slightly different approaches. In the first study, using three different approaches to trigger peripheral cells to naturally engraft the adult mouse brain, studies showed that despite long-term residence in the brain, engrafted peripherally derived macrophages fail to adopt the microglial signature including the inability to express microglial specific genes like P2ry12, Tmem119, and Sall1 (Cronk et al., 2018). Similarly, a subsequent study using a forced transplantation approach revealed that transplantation of isolated brain-derived microglia fully recapitulated the microglial transcriptional signature. In contrast, transplantation of peripherally derived hematopoietic stem cells (HSCs) failed to do so (Bennett et al., 2018). Engrafted cells also show functionally and transcriptionally distinct responses to stimuli compared to resident microglia (Lund et al., 2018; Shemer et al., 2018). Therefore, these studies indicate that microglia and peripherally derived macrophages are distinct populations in light of their ontogeny though they often exhibit overlapping molecular markers. Together, these studies clarify microglial molecular identity as comprising especially P2ry12, Tmem119, and Sall1 among several microglial-specific genes and we use this as the predominant microglial description (It should be noted, though, that one study shows monocyte-derived microglial-like cells with the capacity to express lower levels of P2ry12 and Tmem119 but these studies suggest Sall1 as more defining of microglia).

Despite these findings, more recent studies provide novel insights suggesting that mature microglia are at least partly monocyte-derived. E17 labeled peripheral cells were found in the brain at P2 and P24 expressing microglial-specific P2ry12, Tmem119, and Sall1 (Chen et al., 2020). Although the extent to which these monocyte-derived cells contribute to the microglial adult population (i.e., % of total cells and their maintenance into adulthood) is not clear, this finding raises possibilities of converging sources (HSC-dependent and independent sources) of brain microglia in mice (see Section “Microglia across species – insights from microglia in development”). Interestingly, brain transplantation of induced pluripotent stem cells derived from human HSCs into humanized mice showed the ability of these human cells to generate microglia, including the expression of microglial-specific genes (Hasselmann et al., 2019; Svoboda et al., 2019). This suggests that the capacity of HSC-to-microglial transition persists in human cells. Together, these results indicate that endogenous mouse HSCs and exogenous human HSCs retain the capacity to generate microglia during development. Although these results conflict with a previously discussed study during development (Bennett et al., 2018), they may reflect an ancestral capacity for HSC-to-microglial transition that persist in murine and human microglia reminiscent of the situation observed during zebrafish development (Xu et al., 2015; Ferrero et al., 2018). Well-designed studies to ascertain this possibility should, therefore, be conducted.



Conserved and Divergent Transcriptional Identity Across Species

While the microglial transcriptome has been extensively studied in mice, gene expression studies are beginning to be elucidated in other vertebrates as well. An extensive analysis of the microglial transcriptome across several vertebrate species highlighted the relative homogeneity of microglia among vertebrates. While microglia from various mammalian species like the mouse (including wild mice and four laboratory strains), macaque, marmoset, and hamster showed a single dominant cluster, microglia in humans showed multiple clusters indicating greater heterogeneity (Masuda et al., 2019; Geirsdottir et al., 2020). These results suggest accelerated changes in microglia over the course of human evolution when compared to other non-human vertebrates.

Despite greater microglial diversity in humans than other mammals, microglial transcriptional analysis between vertebrates revealed the conservation of a core set of homeostatic genes. For example, adult zebrafish microglia, like mouse microglia, possess toll-like receptors, chemokine receptors, purinergic receptors, MHC class II, and complement receptor genes among core microglial genes (Oosterhof et al., 2017) suggesting that developmental, homeostatic, and physiological microglial functions regulated by these genes were present in early vertebrates. Similarly, developing zebrafish microglia show a highly conserved transcriptional signature to mouse microglia (Mazzolini et al., 2020). Here, in the latter stages of early development (7 days post-fertilization), microglia exhibit a more diverse clustering than in earlier stages (3 and 5 days post-fertilization), indicating rapid changes in the microglial transcriptome during maturation (Mazzolini et al., 2020). Interestingly, this is reminiscent of the condition in mice where developing microglia are more heterogeneous than adult microglia (Hammond et al., 2019; Li et al., 2019).

In addition to general heterogeneity, microglia in mice show some level of regional diversity. For example, while cerebellar microglia show a more robust phagocytic transcriptional profile, striatal microglia show a weak phagocytic profile in the homeostatic state. These transcriptional observations are consistent with corresponding differences in microglial phagocytic clearance (Ayata et al., 2018). Furthermore, mouse microglia show transcriptional differences by sex (Guneykaya et al., 2018; Villa et al., 2018). However, the extent to which these regional and sex differences in the microglial transcriptome are conserved in lower vertebrates and humans remains to be determined.

In conclusion, assessing the available data for microglial gene expression across species indicates a distinct profile between microglia and peripheral myeloid cells in mice. Although these differences have not been sufficiently explored in other species, microglia in zebrafish and humans show a largely conserved transcriptional profile.



MICROGLIA ACROSS SPECIES – INSIGHTS FROM MICROGLIA IN DEVELOPMENT


Microglial Morphology, Surveillance, and Patrolling Capacities

Microglia exhibit a structure consisting of a central soma and branched processes that emanate from this soma. In all species examined so far, microglia display a ramified structure with their process complexity varying across species. In the invertebrate leech, microglia display a very reduced structural complexity compared to vertebrate microglia (Geirsdottir et al., 2020). However, among vertebrates, while microglia exhibit robust ramifications, each species shows varying degrees of morphological complexity, with marmosets exhibiting the greatest complexity. Humans show an intermediate level of morphological complexity amongst various species examined (Geirsdottir et al., 2020). These results suggest that while there has been a trend toward greater morphological complexity between invertebrate and vertebrate species, vertebrate microglia show highly diverse levels of complexity that is not directly correlated with increasing complexity in phylogenetic evolution. This is unlike the situation with astrocytes that are larger and more complex in humans when compared to mice (Oberheim et al., 2012).

In addition to their complex morphology, microglia are the most morphologically dynamic cells of the vertebrate brain (Davalos et al., 2005; Nimmerjahn, 2012). Microglial basal morphological activity have been characterized with regards to their process dynamics (surveillance) and soma dynamics (migration or patrol). These dynamic features seem to have been well conserved in vertebrates since both zebrafish (Peri and Nusslein-Volhard, 2008; Sieger et al., 2012) and rodent microglia (Petersen and Dailey, 2004; Davalos et al., 2005; Eyo et al., 2016, 2018) exhibit surveillance and patrol. Moreover, chimeric mice with transplanted human microglia also show dynamic process surveillance (Hasselmann et al., 2019).

On microglial patrol, specific developmental features also seem to be conserved across species. For example, in the mouse, microglia display immense migratory capacities in early development in the embryonic cortex (Swinnen et al., 2013) and the early postnatal hippocampus (Eyo et al., 2016). Interestingly, with age, these capacities are rapidly downregulated (Swinnen et al., 2013; Eyo et al., 2016). Similarly, while zebrafish microglia exhibit robust patrol in early development (Peri and Nusslein-Volhard, 2008; Sieger et al., 2012), this patrol is significantly reduced with increasing age during development (Svahn et al., 2013).

Although this progressive reduction in tissue patrol has been documented in mice and fish, neither the reason(s) nor the underlying mechanism(s) for this reduction is clear. One possibility is that intrinsic factor(s) in microglial maturation could account for these changes. Evidence from the zebrafish suggests that between 3 and 5 or 7 days post fertilization (dpf), a time window that corresponds with reduced tissue patrol in zebrafish (Svahn et al., 2013), there is a progressive reduction in migration gene expression (Mazzolini et al., 2020). Conversely, there is an upregulation of Plxnb2a in zebrafish (Mazzolini et al., 2020) which in mice negatively regulates macrophage motility (Roney et al., 2011). Therefore, a combination of intrinsic upregulation of migration-inhibition genes and downregulation of migration-promoting genes could be the underlying basis for changes in migration during development. However, this hypothesis remains to be rigorously tested and similar features of the mouse (and human) microglial development need to be carefully explored.

Alternative to intrinsic maturation factor(s) that may regulate microglial patrol in development, extrinsic brain-derived factors could be proposed as instructive cues. One important cue that has been tested is developmental apoptosis. In both mice (Wakselman et al., 2008; Eyo et al., 2016) and zebrafish (Peri and Nusslein-Volhard, 2008; Svahn et al., 2013), microglia aggregate around apoptotic cells in development. Since developmental apoptosis is a transient feature of the developing brain, apoptotic signals could serve as an instructive cue to mobilize microglia. In the fish, independent back-to-back studies showed that apoptosis indeed regulates microglial entry into the brain at a time coincident with high migration (Casano et al., 2016; Xu et al., 2016). However, in mice, while peak microglial patrol occurred with periods of peak apoptosis, elimination of apoptosis did not alter microglial patrol or brain colonization suggesting that apoptosis was not a driving factor in microglial migratory capacity (Peng et al., 2016). Therefore, current evidence indicates that conserved features of microglial dynamic activity during development may be differentially regulated across species.



The Prevailing Model or Microglial Ontogeny in Mice

In addition to understanding microglial morphological dynamics, studies have been conducted to elucidate microglial ontogeny in development. Microglia were detected in primitive mouse brain tissue as early as E9 (Ginhoux et al., 2010). Myeloid cell populations in the body originate from two broad waves of hematopoiesis termed primitive hematopoiesis (from E7 to E9 in mice) and definitive hematopoiesis (after E9 in mice). To determine which of these sources give rise to brain-resident microglia, Ginhoux et al., 2010 fate-mapped Runx+ macrophages at different embryonic ages from E6.5 to E10.5 (Ginhoux et al., 2010). The authors of this study made two notable observations. First, they noted that once labeled as primitive macrophages during these embryonic stages, macrophages persisted into adulthood as microglia at the same ratio as embryonic microglia. Here, E7 labeled macrophages comprised a third of the brain macrophages at both E10 and adulthood, indicating that macrophages that seed the brain in development persist to give rise to adult microglia. Secondly, when primitive macrophages were labeled between E6.5 and E10.5, the percent of adult labeled microglia was low (E6.5 labeling), peaked (E7–E7.5) and then declined (E7.5–E10.5). Together, these results provided powerful evidence that murine microglia seed the brain from embryonically derived yolk sac macrophages that once in the brain give rise to the adult microglial population. Moreover, these studies suggested that later sources of myeloid progenitor cells from the aorto-gonad-mesonephros (AGM) or fetal liver, which are sources of definitive hematopoiesis do not contribute significantly to the adult microglial pool.

Subsequent work has expanded these findings to show that multi-lineage c-kit+ erythromyeloid yolk sac precursor cells first originate in blood islands in the embryonic yolk sac at around E7.25 (Ginhoux et al., 2010; Kierdorf et al., 2013). These early yolk sac precursors undergo maturation from A1 (CD45+ c-kitlo CX3CR1– F4/80–) to A2 (CD45+ c-kit– CX3CR1+ F4/80hi) amoeboid macrophages that enter and colonize the developing mouse brain at around E8.5 through extravascular routes (Kurz and Christ, 1998; Arnold and Betsholtz, 2013). The first microglia enter the mouse brain through the ventricles or from the meninges by crossing the pial surface and rapidly proliferate and reside in the parenchyma throughout life as brain-resident immune cells (Navascues et al., 2000; Ginhoux et al., 2010; Swinnen et al., 2013; Reemst et al., 2016). They rapidly proliferate between E14 and E16, while slowly peaking until E17.5, and then distribute themselves throughout the brain (Santos et al., 2008; Swinnen et al., 2013).



Revising the Model for Microglial Ontogeny in Mice

The prevailing hypothesis of microglial origin described above emphasized that adult microglia are solely derived from early yolk sac primitive macrophages generated through primitive hematopoiesis without contributions from latter definitive hematopoietic lineage cells that go through the fetal liver (Ginhoux and Prinz, 2015). However, one important feature of the initial study was the fact that at its peak, only a third of the microglial population were labeled in adulthood once fate mapped from the yolk sac in development (Ginhoux et al., 2010). Two explanations could be given for this observation. First, it is possible that the labeling approach inefficiently labels only a third of the primitive hematopoietic macrophage population, which then gives rise to the adult microglial pool. This is the possibility suggested by the Ginhoux et al. (2010). However, an alternative possibility is that adult microglia are composites of both primitive macrophages and alternatively sourced progenitors which would account for the incomplete labeling of adult microglia by primitive macrophages. Interestingly, some recent studies are suggesting alternative aspects of microglial invasion patterns consistent with the second possibility above.

Selective interference with definitive hematopoiesis using Vav1-Cre+:dicerfl/fl mice revealed a drastic 40% reduction in microglia at postnatal day (P)1, though not between E16.5-P0 (Fehrenbach et al., 2018) suggesting that a wave of non-yolk sac-derived HSCs contribute to the microglial population through a massive invasion shortly after birth. However, the study also failed to adequately fate map these cells, leaving the possibility that interfering with HSCs may reduce the microglial pool by mechanisms other than direct cell entry. Moreover, whether these “missing” cells are required to constitute the adult microglial pool or whether they are a transient perinatal microglial pool was not addressed. Some of these points were addressed in a different study that labeled liver cells by electroporation at E14 and detected them in the brain at P0 then at P3 when they peaked. However, they were significantly eliminated by P6 (Askew et al., 2017). Therefore, these liver-derived HSCs did not persist as microglia in the mature brain. Whether these are the same cells as those “missing” in the Vav1-Cre+:dicerfl/fl mice remains to be determined.

A more definitive fate-mapping study conducted by generating CCR2-CreER mice has recently been performed (Chen et al., 2020). CCR2 is a monocyte marker that is not expressed by microglia. Chen et al. (2020) labeled CCR2-derivatives at E14 and E17 when definitive hematopoiesis is ongoing. At P2 and also at P24, CCR2-derivatives could be detected in the brain parenchyma, suggesting that these monocytic-derived cells are present in the brain shortly after birth and persist in the brain. Interestingly, these cells take on microglial identity (e.g., expression of P2ry12, Tmem119, and Sall1, see section “Microglia across species – insight from gene expression studies”) once inside the brain and presumably lose their monocytic identity, which may explain why they had not been detected by previous studies.

In agreement with the foregoing, a different study documents that a specific lineage of adult microglia that express Hoxb8 transiently in embryonic development when fate-mapped are generated in the yolk sac, then are present in the AGM, then the fetal liver before subsequently taking up residence in the brain (De et al., 2018). In this study, the authors suggested another wave of microglia progenitors that infiltrates the brain at E12.5 and are positive for Hoxb8, unlike the microglia progenitor cells seeded at E8.5 (De et al., 2018). But before seeding into the brain, the Hoxb8 microglia progenitors originating during the second wave of yolk sac hematopoiesis greatly proliferate in the AGM and fetal liver prior to infiltrating the E12.5 brain. Interestingly, the transcriptional analysis indicated that canonical microglia and Hoxb8+ microglia were highly homogeneous, sharing all but 21 differentially expressed genes. These differences did not affect basal microglial functions in synaptic pruning or chemotaxis (De et al., 2018).

Despite these independent findings, it is still not clear whether the Hoxb8+ microglia (De et al., 2018) and the monocyte-turned-microglial cells (Chen et al., 2020) are identical. Nevertheless, these results suggest a necessary revision to the original model of microglial ontogeny in mice such that while the yolk sac seems to be the initial source for brain-resident microglia, two routes are employed for microglial colonization of the brain, i.e., a direct route from the yolk sac to the brain and an indirect route from the yolk sac through hematopoietic intermediates like the AGM and fetal liver before brain arrival (Figure 1A). However, more research is required to make these findings more definitive since for example, the Hoxb8 line used in these studies is a constitutive line what may alter developmental programming. Moreover, the generation of the CCR2-CreER mice is new and is yet to be widely validated to confirm.
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FIGURE 1. Microglial ontogeny models. (A) Mouse: Primitive hematopoiesis in the embryonic yolk sac blood islands at E7.5–E8.0 results in the formation of not just erythrocytes but also highly proliferative macrophage progenitor cells that migrate to the brain. The primitive macrophages colonizing the early developing brain at E8.5 proliferate and give rise to the brain-resident microglia population. A second wave, the transient definitive hematopoiesis in the yolk sac, gives rise to erythromyeloid progenitor cells by E8.0–E8.5 and to T- and B-lymphoid progenitor cells by E9.0. On reaching the fetal liver by E10.5, these cells undergo definitive hematopoiesis to result in the formation of all hematopoietic lineage cells, including monocytes. Recent studies now indicate that definitive hematopoiesis also partly contribute to the brain resident microglia population through hoxb8+ and CCR2+ monocyte populations taking up residence in the early developing brain parenchyma by E12.5 and E17.0, respectively. (B) Zebrafish: Embryonic microglia originating in the rostral blood islands through primitive hematopoiesis by 4 dpf migrates to and populates the embryonic brain until 15 dpf, they disappear entirely by 45 dpf. In essence, the embryonic microglia are replaced by another wave of incoming microglia that arise as a result of definitive hematopoiesis occurring in the ventral walls of the dorsal aorta beginning at 15 dpf. They are the dominant microglia population by 45 dpf and serve as adult microglia throughout the fish’s life.




An Alternative Model for Microglial Ontogeny in the Zebrafish

Although more work is needed to clarify the picture of microglial ontogeny in the mouse, the evidence provided for microglial ontogeny in the zebrafish is uniform and clearly distinct from that documented in the mouse (Figure 1B). Hematopoiesis in the zebrafish is similar to the mouse in that both primitive and definitive hematopoiesis occur (Davidson and Zon, 2004; Bertrand et al., 2007) (Figure 1B). Primitive hematopoiesis occurs in the rostral blood island (RBI), a region analogous to the mammalian yolk sac, while definitive hematopoiesis occurs in the ventral wall of the dorsal aorta (VDA), a region analogous to the mammalian AGM (Herbomel et al., 1999, 2001; Lieschke et al., 2002; de Jong and Zon, 2005; Bertrand and Traver, 2009; Warga et al., 2009). Microglia are present in the zebrafish brain by 60 h post-fertilization. Using a spatio-temporal light-induced fate-mapping approach, Xu et al. (2015), were first able to show that photolabeling of primitive macrophages in distinct anatomical regions in the zebrafish gave rise to different microglial populations. Early photolabeling of RBI cells gave rise to a high percent of brain-resident microglia at 4 dpf that persisted by 15 dpf but declined by 1.5 months and was virtually eliminated by 3 months. Conversely, photo-labeled VDA cells did not contribute to the microglial population at 4 dpf, began to contribute at 15 dpf, and stably contributed from 1.5 months throughout life (Xu et al., 2015).

Congruent with these observations, another study recently showed that adult microglia from definitive hematopoiesis replace embryonic microglia that originate from primitive hematopoiesis (Ferrero et al., 2018). Interestingly, in the zebrafish, the cMyb transcription factor is required for adult microglial development (Ferrero et al., 2018). However, in the mouse, while cMyb is required for seeding macrophages in other body tissues through the fetal liver, it was not required for seeding microglia in the adult brain (Hoeffel et al., 2015). Nevertheless, given the recent evidence for an indirect colonization route involving transient passage through the liver by a subset of microglia (De et al., 2018), it is possible that at least a subset of mouse microglia indeed require cMyb.



Interrogating the Model of Microglial Ontogeny in Humans

In humans, amoeboid microglia first penetrate the human cerebral cortex at about 4.5 gestation weeks via the meninges, ventricles, and the choroid plexus. They distribute themselves in the brain through tangential and radial migration (Monier et al., 2007; Verney et al., 2010). For obvious reasons, the ontogeny of human microglia has been poorly interrogated. However, using single-cell transcriptional profiling approaches, a recent study on macrophages from aborted fetuses suggests that human microglia are derived largely from yolk sac progenitors (Bian et al., 2020). Although monocyte-derived cells were detected in the head region, these were only detected at later stages and in smaller proportions (consistent with the revised model in mice), leading the authors to suggest that their contribution to the microglial pool is only slight. Nevertheless, since this study was obtained from only fetal tissues and human studies lack the requisite fate-mapping approach, one cannot rule out a possible expansion of this pool during development as it occurs in mice.

In summary, mouse and zebrafish microglia show salient differences in ontogenic colonization. First, while the zebrafish has a model of replacement of (the equivalent of) yolk sac derived microglia during embryonic development by HSC-derived adult microglia, mouse microglia seem to be derived from the yolk sac but go through at least two routes. Second, the two microglial sources in the zebrafish do not co-exist extensively while they do in the mouse. Thirdly, there may be some molecular distinctions between mouse and zebrafish microglia in mechanisms of brain seeding, especially as relates to the requirement of cMyb. Finally, while incomplete, the picture from human microglial ontogeny suggests features congruent with the situation in mice. Taken from the evolutionary perspective, these differences are significant and would require some explanation that could be better helped by microglial ontogenic studies in other (including invertebrate) species.



MICROGLIA ACROSS SPECIES: INSIGHTS FROM DESCRIBED ROLES IN PHYSIOLOGY

All organisms with a CNS have brain cells of increasing complexity and diversity, including glial cell types that have evolved to take up specialized functions in the brain. In some species, specialized glial cell types have evolved to help with the nourishment and survival of neurons, structural support, removal of metabolic by-products and toxic wastes, and phagocytic needs during pathology or injury conditions. During evolution, microglia emerged as specialized immune cells that function to perceive and respond to pathology and perform a number of homeostatic functions that are essential for the proper functioning of the brain. Although some research has been conducted on microglia in invertebrate mollusks (Peruzzi and Sonetti, 2004; Peruzzi et al., 2004; Sonetti and Peruzzi, 2004), these have been less extensive and we focus our discussion mainly on the invertebrate leech.


Evidence From Invertebrates (Annelida)

Microglia have been described in annelids in the CNS preparations of the medicinal leech Hiruda medicinalis by Pio del Rio-Hortega using silver carbonate staining (Rio-Hortega, 1920). The connective tissue joining neurons of the segmented ganglia of the leech is populated with hundreds of microglia that resemble vertebrate microglia both morphologically in terms of their ramified processes, as well as in terms of showing phagocytic capacity (Coggeshall and Fawcett, 1964; Morgese et al., 1983). However, astrocytes, oligodendrocytes, and infiltrating macrophages are virtually absent from the leech CNS (Le Marrec-Croq et al., 2013). In in vivo studies, leech microglia have also been observed to respond to neuronal injury by showing directed migration toward the injury site within minutes, similar to the microglial response seen in vertebrates (Morgese et al., 1983; McGlade-McCulloh et al., 1989). However, unlike microglia in mammals, leech microglia physically translocate their cell bodies in response to injury in minutes while mouse microglia only translocate their processes in the acute response to injury (Davalos et al., 2005; Nimmerjahn et al., 2005).

In the medicinal leech, weak silver carbonate staining can be used to label small amoeboid cells capable of phagocytosis, migration toward the site of injury, expression of nitric oxide synthase (NOS), secretion of antimicrobial peptides in response to infection, as well as in expression of purinergic receptors that induce migration in response to adenosine triphosphate (ATP) (Morgese et al., 1983; Shafer et al., 1998; Schikorski et al., 2008; Duan et al., 2009). In vertebrates, microglia/macrophages during an immunological response upregulate the expression of ionized calcium-binding adapter molecule 1 (Iba1), also known as allograft inflammatory factor 1 (Aif-1), which also serves as a reliable marker to label these cells (Ito et al., 1998; Beschorner et al., 2000; Schwab et al., 2001). Similarly, Drago et al. (2014) first reported the expression of an invertebrate counterpart of Iba1, HmIba1, in leech microglia that were seen migrating and accumulating at the lesion site upon injury or ATP stimulation. However, HmIba1 expression was very low in naïve or unstimulated conditions but rapidly increased following an immunological insult (Drago et al., 2014). Therefore, most of the strong immunoreactivity toward HmIba1 was localized to microglia migrating or accumulating at the injury or stimulation site in the leech CNS preparations.

The migration and clustering phenotype of leech microglia is especially evident in experimentally induced nerve lesion studies in the segmental ganglia, where microglia migrate to and cluster at the injury site to phagocytose and remove dead neurons (Morgese et al., 1983). This not only facilitates clearance of the debris from the injury site but also aids in the initiation or completion of any subsequent repair mechanisms. Microglial chemotaxis to the injury site is mediated by nitric oxide (NO) signaling, as is evident by the increased NOS immunoreactivity at the injury site at 24 h corresponding to the peak in microglia numbers at that time (Chen et al., 2000). This is further supported because prior inhibition of NO synthesis using NOS inhibitor L-NAME effectively prevents microglial chemotaxis response and clustering at the injury site. Similarly, increasing NO levels using spermine NOate (SPNO), a NO donor, also inhibits microglia accumulation, possibly due to reduced chemotaxis resulting from the loss of NO gradient and saturation in the microglial microenvironment (Chen et al., 2000).

The leech microglia resemble vertebrate microglia in their capacity of demonstrating chemotaxis and response to injury and clearing of the dead neurons by phagocytosis to aid in the initiation of neuronal repair mechanisms. Experiments using isolated leech nerve cord preparations of leech have also demonstrated the basal process movement and chemotaxis of leech microglia to ATP gradients, much like that seen in vertebrates. Based on the experimental evidence, basal level movement of leech microglial cells is thought to be regulated by levels of ATP, ADP, and UTP, and several candidate receptors, including P2RY2- or P2RY4-like receptors, are thought to be involved in mediating this response (Duan et al., 2009). Using the nerve crush model in the isolated nerve cord preparations, leech microglia were also demonstrated to show chemotaxis to ATP application at the injury site and is mediated through P2 receptors since its pharmacological inhibition using reactive blue 2, a non-selective antagonist for P2Y, resulted in a decline in microglia accumulation at the injury site (Duan et al., 2009).

Just like the mammalian proinflammatory cytokine IL-16, leech microglia show chemotactic activity toward HmIL-16, a cytokine possibly first released by damaged neurons leading to microglial activation and subsequent release of HmIL-16 molecules to recruit more microglia to the site of injury (Croq et al., 2010). Furthermore, in an in vitro chemotaxis assay, anti-human IL-16 antibody or anti-HmIL-16 antibody preincubation of microglial cells led to a significant decline in microglia migration induced by CNS-conditioned medium collected from injured leech (Le Marrec-Croq et al., 2013).

HmC1q is another key molecule critical for microglial functions in the leech, just as its vertebrate counterpart C1q is important for microglial activity in vertebrates (Tahtouh et al., 2012). Leech neurons and glial cells release HmC1q that serves as a dose-dependent chemoattractant for microglia to aid in further microglia recruitment and is sensitive to treatment with anti-HmC1q antibodies. Also, microglia at the nerve injury site in leech strongly express the receptor HmgC1qR or HmC1qBP for HmC1q, and treatment with anti- HmC1qBP antibodies leads to the inhibition of HmC1q-mediated microglial migration in in vitro preparations (Tahtouh et al., 2012). Leech HmC1q can also interact with calreticulin (HmCalR), expressed by a small population of microglial cells at the injury site. This interaction can result in HmC1q-dependent microglia accumulation (Le Marrec-Croq et al., 2014).

In summary, several features of vertebrate microglia, including Iba1 protein expression, purinergic, cytokine- and NO-dependent responses, seem to be conserved in the invertebrate leech as in vertebrates indicating that core features of microglial identity and function were present early in microglia during evolution and have been preserved through evolution. Because the medicinal leech has not been extensively investigated, future work will be needed to clarify the specifics and extent of divergence in microglial function between invertebrates and vertebrates. Therefore, there is a need to develop of tools to effectively study microglia in invertebrates as has been done for vertebrate species.



Evidence From Vertebrates

Microglia are specialized neuroimmune cells that exhibit neuroprotective traits throughout development and adulthood. Abnormal and dysregulated microglia could play a part in the occurrence and maintenance of neurological and degenerative disorders and psychiatric illnesses due to their closeness to other cellular elements of the brain, including neurons. The neuroprotective invertebrate microglia seem to have evolved amplified neuroprotective capabilities to participate in different roles in vertebrates, including crucial roles in brain development and maintenance of brain homeostasis. Within this context, vertebrate microglia offer model systems to investigate underlying cellular and molecular mechanisms involved in the maintenance of higher-order neuroimmune functions by mammalian microglia. Below we consider a few of these established functions of microglia.


Apoptosis and Brain Development

Microglia actively eliminate excess neurons during early brain development by inducing apoptosis, or they may respond to the ongoing neuronal cell death by phagocytosis. In work done by Lang and Bishop (1993) on the role of macrophages in the mouse developing eye, Diphtheria toxin-mediated ablation of microglia resulted in the persistence of two ocular tissues, namely, the hyaloid vasculature and the pupillary membrane. During normal eye development, these issues are typically removed by macrophage-mediated apoptosis, thus providing evidence for the role of macrophages in actively inducing apoptosis of excessive cells before phagocytosing them. Wakselman et al. (2008) also demonstrated superoxide-induced neuronal apoptosis in the hippocampus by microglia as a result of cluster of differentiation molecule 11b (CD11b) and DNAX-activating protein of 12 kDa (DAP12) activity. They further observed a decline in neuronal apoptosis in the developing hippocampus in both transgenic mice deficient for microglial proteins CD11b or DAP12 or in wild-type mice treated with function-blocking antibodies. Furthermore, in the mouse cerebellum, microglia have also been implicated in the induction of apoptosis of developing purkinje cells via superoxide ion release (Marin-Teva et al., 2004).

As in the mouse, microglia display phagocytic activities in the developing chick retina (Frade and Barde, 1998) and macaque brain (Cunningham et al., 2013). In the zebrafish, microglia are also highly phagocytic in development. Indeed, available evidence suggests that they may be more efficient at phagocytosis than microglia in mice since virtually all apoptotic debris can be found within microglia in the normal zebrafish during development (Peri and Nusslein-Volhard, 2008; Svahn et al., 2013) unlike in mice where some apoptotic debris remains unengulfed by microglia at any given moment (Wakselman et al., 2008; Eyo et al., 2016). These findings may suggest downregulation of phagocytic clearance efficiency across evolution, requiring more careful characterization of phagocytic mechanisms across species. However, the presumed efficiency in phagocytosis between zebrafish and mouse microglia might result from the amount of available debris, i.e., mouse microglia may be “less efficient” at clearance because there is more debris in the mouse brain than in the zebrafish brain during development. Indeed, in the neurogenic niche where apoptosis is not overwhelming, mouse microglia are more efficient at clearance (Sierra et al., 2010; Abiega et al., 2016).

During brain development, microglia have also been observed to promote neuronal cell survival by the secretion of supporting neurotrophic factors. Ueno et al. (2013) found that inhibiting microglial activity resulted in an increase in neuronal apoptosis in layer V of the postnatal day 3 – 5 aged mouse cerebral cortex in minocycline treated mice. Primary cultures prepared from embryonic E12/E13 Pu.1 knockout mice brains show a decreased proliferation of neural precursor cells (Antony et al., 2011). Furthermore, microglia are critical in circuit wiring of the developing mouse brain (Squarzoni et al., 2014; Zhan et al., 2014). The extent to which these features of microglial function are present in zebrafish, chick, macaques, and humans remains to the determined and should be an interesting line of future work.

In addition, microglia are also instrumental in vascular development and maintenance of vascular integrity following injury. In mouse embryonic development, microglia were shown to associate with the vasculature and suggested to promote the connection of blood vessel tips, otherwise known as anastomosis (Fantin et al., 2010). This was deduced in the mouse embryo by analyzing fixed embryonic tissue or imaging in ex vivo slices, leaving the possibility that such actions were an artifact. However, the authors further confirmed these observations in the zebrafish with the power of live imaging of the developing organism (Fantin et al., 2010). Similarly, in both the mouse (Lou et al., 2016) and the zebrafish (Liu et al., 2016), microglia were shown to repair the injured vasculature. In both species, the purinergic P2RY12 receptor was required for microglial process (mouse) or cell body (zebrafish) migration to the injured vessel, suggesting vascular complexity development, vascular targeting mechanisms, and vascular repair functions are conserved between fish and mice.



Synapse Refinement and Formation

In the postnatal brain, microglia also function to refine excessive synaptic connections formed as a result of synaptogenesis via synaptic pruning mechanisms that involve the selective elimination of synapses by phagocytosis of pre- or post-synaptic elements (Chechik et al., 1998; Kano and Hashimoto, 2009; Schafer and Stevens, 2013). Microglia and astrocyte-mediated synaptic pruning was first observed during local neural circuit refinement in the developing cat brain corpus callosum (Berbel and Innocenti, 1988). Similarly, in the P5 retinogeniculate system, C3 receptor-expressing microglia prune out synapses expressing high levels of C3 protein via a complement-dependent phagocytosis mechanism. Disruption of this synaptic pruning of retinal axons (as in mice lacking the C3 complement or its receptor) showed a sustained deficit in eye-specific segregation, thus stressing the crucial synaptic pruning roles of microglia in sculpting neural circuitry and refining the neuronal landscape in the early postnatal brain (Gasque, 2004; Stevens et al., 2007; Schafer et al., 2012). While remodeling and refining neuronal circuitry in the brain, microglia also use their ramified processes to perform synaptic stripping function that involves the physical separation of pre- and post-synaptic elements (Blinzinger and Kreutzberg, 1968; Tremblay and Majewska, 2011). While synaptic pruning by microglia has been extensively investigated in the mouse, this work has not been explored in other species, including the zebrafish.

In addition to their pruning activity, microglia can also induce new filopodia extension that may stabilize to form new synapses. Miyamoto et al. demonstrated microglia-induced new filopodia extension in layer 2/3 pyramidal neurons of the developing mouse somatosensory cortex due to increased Ca2+ transients and actin accumulation at the microglia contact sites on the dendrite (Miyamoto et al., 2016). Furthermore, minocycline-induced microglia inhibition or pharmacogenetic ablation of microglia resulted in a marked decline in dendritic spine density and functional excitatory synapse numbers (Miyamoto et al., 2016). In the adult mouse brain, synapse formation following a motor learning task was also promoted by microglia (Parkhurst et al., 2013). Nevertheless, similar to synaptic pruning, microglial regulation of synapse formation has not been explored in other species. Therefore, the extent to which these notable functional microglial activities are conserved across vertebrates cannot be currently ascertained.



CONCLUSION AND OUTSTANDING QUESTIONS

Microglia play critical roles in the brain, serving as the first responders to trauma or pathogens in invertebrates and vertebrates. Based on the limited invertebrate microglia studies available, microglial functions in invertebrates are largely restricted to responding to pathogenic invasion, neural protection, and repair in injury. However, microglia have been shown to play additional crucial roles in the wiring of the vertebrate CNS and the maintenance of brain homeostasis. With the increasing complexity of the CNS through evolution both in terms of structural organization and functions, glial cells arose in response to the need for specialized supporting cells to assist neurons in their survival in conditions of injury or pathological invasion (Hartline, 2011). Specialized immune cells of mesodermal origin like professional macrophages are known to circulate in the body cavity of the Drosophila, where they are often found closely adjacent to sensory neurons in the body cavity. Based on this observation, Hartenstein and Giangrande (2018) raised the possibility of invading immune system cells taking up residence in the CNS to display microglia-like functions such as phagocytosis. The need for additional mechanisms mediating the entry of macrophage progenitors into the CNS to become microglia suggests an important evolutionary advantage that microglia provide to the vertebrate CNS. With growing interest in microglia during development and neurodegeneration, a better understanding of microglial biology as it has developed through evolution is important.

Examining microglia from an evolutionary perspective is in its infancy but our current summary of salient aspects of comparative microglial biology across species is essential to such an evolutionary understanding. To conclude this review, we discuss some of the outstanding questions that need to be tackled to move the field forward. Much work needs to be done to understand microglial identity, ontogeny and physiology across different species. These questions have only been studied so far in a limited number of model organisms. Although microglia have been identified in both vertebrates and invertebrates (phyla Annelida), it is not clear that these are identical cells since they are not present in all shared phyla (e.g., Arthropoda, which includes Drosophila) that emerged from the common ancestral groups that include both annelids and vertebrates. This suggests that it is likely that these cells emerged independently (Hartenstein and Giangrande, 2018). If so, similarities and differences between invertebrate and vertebrate microglia would be of interest to indicate added, lost or independently converging functions across evolution.

The leech remains the most extensively studied invertebrate species for microglia, making our knowledge of invertebrate microglia severely limited. Explorations into other invertebrate microglia will thus provide a better understanding of invertebrate-evolved microglia. Among vertebrates, our understanding of microglial cell functions is largely derived from studies in mice and growing investigations in the zebrafish. While there were some developmental microglial studies in the chick at the end of the last and the beginning of this century, chick models to interrogate microglia have lost favor with the wealth of tools available for mice and zebrafish as model systems. However, comparative (i) identity, (ii) ontogenic, and (ii) functional studies across vertebrate species are of pressing need. Several questions remain along these three lines (Figure 2).
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FIGURE 2. Suggested future comparative studies on microglia across species. Studies describing microglia in invertebrates are sparse and usually focus on microglia seen in phyla Annelida (in leeches and earthworms) and Mollusca (in mussels). However, the ontogeny and detailed characterization of invertebrate microglia are still lacking. Contrary to this, vertebrate microglia, especially zebrafish and mammalian microglia have been extensively studied and characterized for their origin, identity, and function. Additional study of microglia in the existing invertebrate models in conjunction with expanding the search to other invertebrate species and examining them with respect to their ontogeny, identity, and function in relation to vertebrate microglia could help us gain insight on the significance of microglial emergence in evolution.



Identity

First, the question of microglia identity across species remains to be comprehensively tackled. Since microglial identity has now been clarified at the molecular level (P2ry12, Tmem119, and Sall1 along with several microglial-specific genes), they can be identified across species and adequately compared. Microglial heterogeneity is now well-documented in mice at the molecular level (Chen et al., 2010; Ayata et al., 2018; Kana et al., 2019), between development and adulthood (Hammond et al., 2019; Li et al., 2019) as well as on the basis of sex (Guneykaya et al., 2018; Hanamsagar et al., 2018). However, this heterogeneity pales when compared to the heterogeneity in humans (Geirsdottir et al., 2020). Furthermore, microglial heterogeneity is recognized in zebrafish (Wu et al., 2020). However, the extent to which these heterogenous microglial populations are already present in ancestral species remains to be adequately clarified. Moreover, certain classical molecular identifiers may not be present in all microglial species e.g., Iba1 (which labels brain macrophages and microglia) fails to label fish or chick microglia (Geirsdottir et al., 2020) though it labels leech microglia (Drago et al., 2014). Does this render the microglia from these species differentially functional from others, and is this feature (lack of Iba1 expression) specific to these species (zebrafish and chick) or are they features of other microglia from other species? Moreover, there is growing evidence of sexually dimorphic transcriptional and translational expression in mouse microglia (Guneykaya et al., 2018; Hanamsagar et al., 2018; Villa et al., 2018). To what extent this is conserved across both vertebrate and invertebrate species remains to be determined. With the currently available tools and background knowledge provided above, these questions can now begin to be addressed.



Ontogeny

Thus far, species-specific microglial ontogenic studies have been conducted in the mouse and zebrafish. Results with cell fate-mapping approaches indicate distinct mechanisms employed in these species in brain colonization during development. For example, while mouse microglia are derived from yolk sac macrophages, seed the brain and persist therein through life, zebrafish microglia have distinct waves of embryonic and adult microglia in which the latter replace the former. These are fundamentally distinct ontogenic mechanisms. Whether these mechanisms are uniquely employed by each of these species and how these mechanisms evolved will have to be a focus of future research. Moreover, while it is clear that mouse microglia are a self-renewing population in adulthood, i.e., lacking homeostatic contributions from peripheral cells, it is not clear whether this is the case for microglia from non-mammalian vertebrate (or invertebrate) species. Therefore, clarifying microglial ontogenic and homeostatic maintenance mechanisms across vertebrate (and invertebrate) species should be a subject of future research.



Functional

As a third and final area of research interest, cross-species functional microglial studies need to be conducted. The majority of our understanding of microglial functions in health and pathology comes from rodent systems with additional insights from zebrafish and humans. While certain features of microglial physiology, e.g., phagocytic clearance and chemotactic response to purines have been confirmed in vertebrates and invertebrates, (a) comparative abilities between species remain to be determined, and (b) the extent of salient rodent microglia functions remains to be confirmed in other species including, e.g., synapse elimination/formation (Parkhurst et al., 2013; Miyamoto et al., 2016) or memory/forgetting (Wang et al., 2020). While we now know many of the roles employed by microglia in the mouse such as recent evidence for microglial maintenance of myelin (Olah et al., 2012; Hagemeyer et al., 2017), it remains unclear whether these roles have been employed by microglia since their emergence or whether they are newly added roles. Are microglia in the fish or the leech equally capable of the functions attributed to them in the mouse? This would be an interesting line of research focus for the future.

In summary, we have evaluated microglia from a comparative species perspective highlighting several insights obtained from primarily rodent models on their maintenance, identity, ontogeny, and function, while comparing this knowledge to the little we know on these points from other species. Our assessment suggests there are intriguing unanswered questions from this perspective, which we have highlighted and recommend for future studies. We trust that with this knowledge, we will have a better understanding of the significance of microglial emergence in evolution.
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The central nervous system (CNS) has very limited capacity to regenerate after traumatic injury or disease. In contrast, the peripheral nervous system (PNS) has far greater capacity for regeneration. This difference can be partly attributed to variances in glial-mediated functions, such as axon guidance, structural support, secretion of growth factors and phagocytic activity. Due to their growth-promoting characteristic, transplantation of PNS glia has been trialed for neural repair. After peripheral nerve injuries, Schwann cells (SCs, the main PNS glia) phagocytose myelin debris and attract macrophages to the injury site to aid in debris clearance. One peripheral nerve, the olfactory nerve, is unique in that it continuously regenerates throughout life. The olfactory nerve glia, olfactory ensheathing cells (OECs), are the primary phagocytes within this nerve, continuously clearing axonal debris arising from the normal regeneration of the nerve and after injury. In contrast to SCs, OECs do not appear to attract macrophages. SCs and OECs also respond to and phagocytose bacteria, a function likely critical for tackling microbial invasion of the CNS via peripheral nerves. However, phagocytosis is not always effective; inflammation, aging and/or genetic factors may contribute to compromised phagocytic activity. Here, we highlight the diverse roles of SCs and OECs with the focus on their phagocytic activity under physiological and pathological conditions. We also explore why understanding the contribution of peripheral glia phagocytosis may provide us with translational strategies for achieving axonal regeneration of the injured nervous system and potentially for the treatment of certain neurological diseases.
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INTRODUCTION

Phagocytosis plays a crucial role in the development, growth and maintenance of both the CNS and the PNS. Some of the key phagocytic events include clearance of apoptotic neurons and cells undergoing necrosis or programmed cell death, as well as clearance of debris arising from pruning of axons and dendrites (Ashwell, 1990; Bishop et al., 2004; Sierra et al., 2010; Chung et al., 2013; Squarzoni et al., 2014; Amaya et al., 2015; Nazareth et al., 2015a, 2020; Mosser et al., 2017). Aging impairs efficient phagocytosis, and diminished phagocytosis has been linked to several CNS pathologies, including neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, and amyotrophic lateral sclerosis (reviewed by Jung and Chung, 2018; Galloway et al., 2019; Tremblay et al., 2019; Valles et al., 2019). Impaired phagocytosis is also a problem after CNS injuries, including spinal cord injury (SCI) and traumatic brain injury (Miklossy and Van der Loos, 1991; George and Griffin, 1994; Becerra et al., 1995; Liu et al., 1995; Buss et al., 2004; Kotter et al., 2006). After peripheral nerve injury, however, removal of cellular and myelin debris is efficient and strongly aids regeneration (Stoll et al., 1989; Fernandezvalle et al., 1995; Liu et al., 1995; Perry et al., 1995; Niemi et al., 2013; Soares et al., 2014). Phagocytosis is also vital for protecting the nervous system from infection, with increased CNS infection rate or severity reported in immunocompromised patients (Nau et al., 2014).

The ability of a phagocyte to remove unwanted, dying, or aberrant cells is a complex and highly dynamic process with extremely precise recognition and degradation at the molecular level and involving multiple receptors and co-receptors. Due to the presence of the blood-brain barrier (BBB) and the glia limitans layer, the immune cell composition differs between the CNS and the PNS. In the past, the CNS was thought to be immunoprivileged, but it is now well known that this is not the case and instead the brain exhibits compartmentalized immune responses (Korin et al., 2017, 2018; Van Hove et al., 2019). With the re-discovery of the meningeal lymphatic system, we now know that these vessels serve as a direct conduit between the CNS and the peripheral immune system (Aspelund et al., 2015; Louveau et al., 2015; Absinta et al., 2017). Under normal physiological conditions, the CNS parenchyma is largely devoid of peripheral immune cells and most of the phagocytic activity is mediated by resident glia (microglia and astrocytes). Microglia are considered the macrophages of the brain and are the key CNS phagocytes. Small populations of T-cells, B-cells, NK-cells and dendritic cells also exist in the CNS, with distinct roles in the compartmentalized immune responses (Korin et al., 2017). The meninges surrounding the CNS also contain circulating immune cells which can enter the CNS after disruption of the BBB (Prinz and Priller, 2017; Papadopoulos et al., 2020).

Similar to the BBB, the peripheral nerves are surrounded by a physiological barrier known as Blood Nerve Barrier (BNB) that separates the peripheral nerve axons from the blood stream. This barrier is similar to the BBB with the exception of the astrocytes that form the glia limitans (Kuczynski, 1980; Fraher et al., 1988; Nugent et al., 1991; Nazareth et al., 2019). The outermost layer of this barrier consists of an epineurium that is mainly made up of collagen fibers, blood vessels and adipocytes (Thomas, 1963; Gamble and Eames, 1964; Ushiki and Ide, 1990; Stolinski, 1995). This encloses the perineurium consisting of collagen fibers and concentric layers of cells called perineurial cells (Shanthaveerappa and Bourne, 1963; Burkel, 1967; Akert et al., 1976). The perineurium in turn envelops the endoneurium consisting of Schwann cell-axonal structures, fibroblasts and resident macrophages (Shanthaveerappa and Bourne, 1963; Bonetti et al., 1993; Reina et al., 2015; Wolbert et al., 2020). After the breakdown of the BNB in the case of an injury or infection, peripheral immune cells (particularly macrophages) are recruited to the peripheral nerves (Perry et al., 1987; Taskinen and Roytta, 1997; Tofaris et al., 2002; Mueller et al., 2003; Beirowski et al., 2004). The peripheral nerve resident macrophages known as endoneurial macrophages, along with the glial cells contribute to the initial phagocytic clearance and aid in nerve-regeneration following injury (Mueller et al., 2003; Wang et al., 2020). However, in the unperturbed PNS, the resident glia are the main phagocytes (Bishop et al., 2004; Wu et al., 2009; Su et al., 2013; Nazareth et al., 2015a). The phagocytic activity of these glia is indispensable for development and normal physiological homeostatic maintenance. Glia are also one of the first responders to PNS injury (Chuah et al., 1995; Perry et al., 1995; Niemi et al., 2013; Su et al., 2013; Nazareth et al., 2015a). A list of phagocytic receptors and co-receptors involved in glia phagocytosis is described in Table 1.


TABLE 1. Phagocytic receptors and co-receptors involved in glia phagocytosis.
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Based on the region of the nervous system they are present in, glia are classified as CNS and PNS glia, with specific roles tailored to their anatomical location, including distinct roles in regeneration and repair. While the PNS can regenerate, unless the injury is large in particular large-gap injuries, i.e., greater than 20 mm (Sulaiman and Gordon, 2000; Lopez-Cebral et al., 2017), regeneration after CNS injury is very limited (Miklossy and Van der Loos, 1991; Kotter et al., 2006; Vargas and Barres, 2007; Lutz and Barres, 2014; Stuve and Zettl, 2014; Mietto et al., 2015). In addition to differences in intrinsic properties of PNS vs. CNS neurons (Fawcett and Verhaagen, 2018), the local environment is important for the differences in regeneration between the CNS and the PNS. In particular, the inflammatory environment (Fitch and Silver, 2008) and the extracellular matrix composition (Barros et al., 2011) make the CNS less growth-permissive than the PNS. The functions of peripheral glia are also considered crucial for the capacity for PNS regeneration. These functions include neurotrophic and physical support, the ability to effectively phagocytose and clear debris, as well as modulation of the inflammatory environment (reviewed by Fregnan et al., 2012; Lutz and Barres, 2014; Barton et al., 2017; Yao et al., 2018; Gilmour et al., 2020).

However, phagocytosis does not only involve clearance of dying and damaged cells, i.e., “self,” but also elimination of “non-self” targets, particularly infectious agents (Vincent et al., 2007; Mariani and Kielian, 2009; Esen and Kielian, 2012; Masaki et al., 2014). The nervous system (both the PNS and CNS) is well protected by the physical and immunological barriers of skin and mucosae, and the CNS is further protected by other barriers including the BBB and glia limitans. There are, however, microbes that are capable of crossing these barriers. The nerves that extend between the nasal cavity and the brain, the trigeminal and olfactory nerves, constitute direct paths by which microbes may reach the CNS, however, phagocytic glia of these nerves are thought to eliminate most infectious agents. Some bacteria, viruses and parasites, however, have been shown to enter and infect the CNS via these nerves (reviewed by Dando et al., 2014; Forrester et al., 2018) and CNS invasion by certain infectious agents has been linked to the development of neurodegenerative diseases (reviewed by Itzhaki et al., 2004; De Chiara et al., 2012; Balin et al., 2018; Dehhaghi et al., 2018). Understanding phagocytosis of pathogens by peripheral glia may enable us to explore ways to protect the nervous system from infection via peripheral cranial nerves.

Here, we provide an overview of the established and emerging knowledge of the phagocytic roles of two key peripheral glial cell types, Schwann cells (SCs) and olfactory ensheathing cells (OECs). We focus on these glia as they are being trialed for cell transplantation therapies due to their regenerative potential and because they are important for protecting the CNS against infection via peripheral nerves. We have previously compared various functions of OECs and SCs that aid neve-regeneration including secretion of growth factors, immunomodulatory properties, and phagocytic ability (Barton et al., 2017; Wright et al., 2018). However, there is a lack of in-depth studies focusing on the phagocytic function of these cells particularly the molecular and cellular mechanisms involved in this intricate process. Hence, we provide a comprehensive discussion about SCs and OEC phagocytosis during development, normal physiological conditions and in pathologies including infection. We also briefly introduce the origin and physiological roles of these glia. Finally, we discuss the implications of modulating the phagocytic behavior of SCs and OECs for the development of therapies.


Glia of the Peripheral Nervous System

The glia of the PNS originate from the neural crest and support peripheral nerves by providing physical and trophic support, myelination and maintenance of homeostasis, both under physiological conditions and after injury (Ledouarin and Smith, 1988; Ledouarin et al., 1991; Buchstaller et al., 2004; Barraud et al., 2010; Suzuki and Osumi, 2015; Perera et al., 2020). The key PNS glia are (1) SCs that populate most peripheral nerves, (2) OECs, which are present in the primary olfactory nervous system (olfactory nerve and outer layer of the olfactory bulb), (3) satellite cells in peripheral ganglia, (4) enteric glia in the intestinal tract.

Schwann cells are the most abundant and well-studied glia of the PNS. SCs and neurons are intimately connected, with symbiotic dependence on each other for growth, maturation and survival. While SCs require signals from axons to undergo differentiation, axons in turn require SCs for trophic and metabolic support, as well as for normal conduction velocity (Bhattacharyya et al., 1994; Jessen et al., 1994; Dong et al., 1995; Gavrilovic et al., 1995; Grinspan et al., 1996; Woodhoo et al., 2004; Voas et al., 2009; Viader et al., 2011; Beirowski et al., 2014; Xiao et al., 2015). SCs also have active roles in aiding repair after injury (Stoll et al., 1989; Fernandezvalle et al., 1995; Perry et al., 1995; Hirata and Kawabuchi, 2002; Arthur-Farraj et al., 2012; Napoli et al., 2012; Weiss et al., 2016).

Olfactory ensheathing cells exhibit many similar characteristics to SCs, but also have distinct roles due to the constant regeneration of the olfactory nerve (Graziadei and Graziadei, 1979; Doucette, 1989, 1990; Mackaysim and Kittel, 1991). Both SCs and OECs respond to injury by phagocytosing and clearing debris, which is important for repair (Su et al., 2013; Nazareth et al., 2015a; Lutz et al., 2017). While SCs participate in the initial clearance of cellular and myelin debris, they also recruit professional phagocytes, including macrophages and neutrophils, by upregulating secretion of a range of inflammatory molecules. The recruited cells then conduct the majority of the phagocytosis to clear the injury site (Fregnan et al., 2012; Hartlehnert et al., 2017; Lindborg et al., 2017). However peripheral nerve injuries in model organisms like Drosophila and zebrafish reveal that macrophage recruitment to the injury site may be independent of SCs and that macrophages might arrive to the site of injury earlier than previously thought (Rosenberg et al., 2012; Soares et al., 2014). Live-cell imaging after in vivo injuries in zebrafish has demonstrated that cells like perineurial glia also participate in the initial debris clean up (Lewis and Kucenas, 2014). After olfactory nerve injury, however, OECs appear to be the main phagocytes and do not recruit macrophages (at least not in large numbers) (Chuah et al., 1995; Su et al., 2013; Nazareth et al., 2015a); in fact, OECs repel macrophages in co-culture (Wright et al., 2020).

Due to their capacity to remove cell debris and to promote neuronal regeneration, both SCs and OECs have been explored as candidates to treat CNS injuries, in particular spinal cord injury, via cell transplantation therapies, with variable outcomes (reviewed by Kocsis and Waxman, 2007; Kanno et al., 2015; Yao et al., 2018; Reshamwala et al., 2019). Transplantation of these glia has also been trialed for improving the rate of PNS regeneration which is ∼1 mm/day (Sulaiman and Gordon, 2000) and for repairing large peripheral nerve injuries (Chen et al., 2006; Radtke et al., 2011; Rodrigues et al., 2012; Xia et al., 2019). In addition to developmental origin, SCs and OECs share many morphological and functional properties. However, they also display distinct differences in their interactions with axons and astrocytes, migratory properties, transcriptomic profile and innate immune functions (Lakatos et al., 2000; Li et al., 2005; Vincent et al., 2005, 2007; Nazareth et al., 2020; Perera et al., 2020). These differences between the two cell types are likely to also influence their therapeutic potential. A better understanding of the functional differences between SCs and OECs will help in the design of better therapeutic strategies that can enhance the neural repair-favorable properties of these glia. One function in particular need of further examination is the phagocytic activity of the cells (Barton et al., 2017; Wright et al., 2018).



SCs: Origin and Physiology

After originating in the neural crest, SCs migrate out with the developing nerves from the neural trunk (Rickmann et al., 1985; Loring and Erickson, 1987; Ledouarin and Smith, 1988). These cells go through three key stages of development: (1) SC precursors, present during early embryonic development [embryonic day (E) 14-15 in rats, E13-14 in mice]; (2) immature SCs, existing during late embryonic development (E15-17 in rats, E13-15 in mice) (Jessen et al., 1994; Dong et al., 1995, 1999; Gavrilovic et al., 1995; Woodhoo et al., 2004); and (3) mature SCs that are present postnatally, of which there are several subtypes [the key subtypes being (i) myelinating SCs, (ii) non-myelinating SCs, and (iii) repair SCs (Figure 1)].
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FIGURE 1. Developmental stages and types of SCs. (A) Immature SCs originate during embryogenesis and interact with different sized axons. (B) SCs become either myelinating or non-myelinating type depending on the size of the axons. (C) After injury both myelinating and non-myelinating SCs revert into a repair phenotype to phagocytose cell debris and to recruit macrophages.


In both developing and adult peripheral nerves, myelination and continuous maintenance of myelin architecture around axons is indispensable for conduction of nerve impulses. On interaction with axons, immature SCs undergo numerous phenotypic changes and exit the cell cycle to form myelinating or non-myelinating SCs. Whether SCs that contact axons become myelinating or non-myelinating (the latter also known as Remak cells), depends on the axons they contact (Webster et al., 1973). The process of contacting axons is known as radial sorting, where immature SCs extend their lamellae and contact a bundle of unmyelinated axons. For axons of diameter >1 μm, the SCs establish a 1:1 contact ratio and begin myelination of these large diameter axons (Webster, 1971; Webster et al., 1973; Figure 1), with the myelin consisting of many layers of SC membranes which insulate the axons and increase conduction speed dramatically. Small-diameter axons, such as those of nociceptive neurons, remain unmyelinated and SCs contacting these axons instead become non-myelinating. In some circumstances, the SCs ensheathe multiple small-diameter axons and form an unmyelinated structure called a Remak bundle (Webster et al., 1973). However, in mammals, most non-myelinated axons undergo radial sorting with non-myelinating SCs maintaining a 1:1 contact with the small-caliber axons (Berthold et al., 2005; Sharghi-Namini et al., 2006).

Perisynaptic SCs are non-myelinating SCs present in the distal end of motor nerve terminals in the neuromuscular junctions. Their key roles are similar to those of astrocytes in the CNS, that is, modulation of synaptic activity (Robitaille, 1998; Pinard et al., 2003). After injury, both myelinating and non-myelinating SCs revert into a repair phenotype, which is discussed in the next section.



SC Phagocytosis in Normal Physiological Conditions

Whilst the roles of SCs in neuronal support and myelination have been well studied, their phagocytic roles during development and adulthood are largely unknown. During development, more neurons are born than required, and the neurons also produce more branches than needed for effective connectivity. Excess neurons subsequently undergo apoptosis, which requires rapid clearance to prevent inflammation and antigen presentation (Dekkers et al., 2013). Whilst the contribution of SC-mediated phagocytosis to clearance of these apoptotic bodies is unknown, other peripheral glia phagocytose apoptotic neurons, including satellite glia in the developing peripheral ganglia (Wu et al., 2009) and OECs in the developing olfactory nerve (Nazareth et al., 2015a). Sequencing studies show that SCs possess several phagocytic receptors, including Tyro3-, Mertk-, and Axl- receptors (TAM receptors) and multiple EGF-like-domains-10 (MEGF10) that are upregulated after injury (Napoli et al., 2012; Weiss et al., 2016; Lutz et al., 2017). In the CNS of Drosophila, glia utilize the phagocytic receptor Draper (mammalian orthologue MEGF10), to engulf apoptotic neurons along with pruning of axonal and dendritic debris through various stages of development (Freeman et al., 2003; Awasaki et al., 2006). In rodents, astrocytes and microglia prune synapses and phagocytose apoptotic cells using TAM and MEGF10 receptors, both during development and in adult brains (Chung et al., 2013; Fourgeaud et al., 2016; Iram et al., 2016).Thus, it is likely that SCs can also clear apoptotic corpses and synapses and are not only phagocytic after injury but during normal physiological conditions, in particular during certain developmental stages.

Studies in Drosophila have also provided an insight particularly into somatoseonsory axons in contact with the skin. While glia are the main phagocytes responsible for debris and apoptotic neuron clearance in the developing Drosophila (Freeman et al., 2003; Awasaki and Ito, 2004; Watts et al., 2004), debris generated during dendrite pruning of sensory axons, both during development and after an injury, is phagocytosed by epidermal cells and not peripheral glia or macrophages (Han et al., 2014). Similar findings were also reported in zebrafish where epidermal cells were the primary phagocytes that cleared not only somatosensory axon debris after an injury but also peripheral axons that were misdirected to the skin (Rasmussen et al., 2015). Ablating both macrophages and peripheral glia did not affect debris clearance in this model (Rasmussen et al., 2015). In comparison, studies in the developing mammalian PNS particularly concerning phagocytic clearance are lacking. Identification of the key phagocytes may provide a better understanding of cells involved in maintaining homeostasis in the PNS.

In neuromuscular junctions, perisynaptic SCs are involved in pruning of synapses and remodeling during normal development in mammals (Bishop et al., 2004; Zuo and Bishop, 2008; Monk et al., 2015). The many axons forming connections with muscle cells during prenatal development later retract and remodel their processes (Herrera and Zeng, 2003; Wyatt and Balice-Gordon, 2003) with the retracting axons shedding structures termed axosomes, which contain synaptic organelles (Bishop et al., 2004). Perisynaptic SCs engulf the axosomes, and lysosome-bound axosomes are typically observed within perisynaptic SCs during early postnatal development (Bishop et al., 2004; Song et al., 2008). In addition to engulfing axosomes, perisynaptic SCs (and not macrophages) constitute the main cells responsible for axon pruning at the neuromuscular junction (Bishop et al., 2004; Song et al., 2008; Zuo and Bishop, 2008). Like mammals, synapse remodeling in the neuromuscular junction occurs as a part of Drosophila development. During this process there is generation of “waste” including presynaptic membrane shedding that generates debris and undifferentiated synaptic boutons that fail to mature (Schuster et al., 1996; Ataman et al., 2008; Fuentes-Medel et al., 2009). Unlike mammals, along with peripheral glial present in the neuromuscular junction (Awasaki and Ito, 2004) muscle cells also participate in phagocytosis of debris. Both glia and muscle cells utilize the Drosophila phagocytic receptor, Draper and dCed-6 (mammalian orthologue engulfment adaptor PTB Domain containing-1 (GULP); an adaptor protein) (Fuentes-Medel et al., 2009). These pathways have been previously implicated in the glial cell phagocytosis of apoptotic neurons and debris during CNS development both in insects and mammals (Awasaki and Ito, 2004; Awasaki et al., 2006; Chung et al., 2013; Iram et al., 2016). Interestingly each cell type had a specific target preference, with glia primarily responsible for presynaptic debris engulfment and muscle cells that of synaptic boutons (Fuentes-Medel et al., 2009).

After injury, SCs display both phagocytic and autophagic (“engulfment of self”) behaviors, which are covered in the next section. Whether SCs use both phagocytosis and autophagy to maintain myelin homeostasis during normal development and adulthood is unknown, however, at least autophagy appears to be involved. SCs have been shown to regulate the thickness of myelin sheaths during maturation of peripheral nerves both pre- and postnatally using autophagy (Jang et al., 2015). Transgenic mice, in which the gene encoding a protein required for autophagosome formation (autophagy related protein 7; ATG7), has been selectively knocked out in SCs, display hypermyelination in sciatic nerves resulting in abnormal peripheral nerve function postnatally (Gomez-Sanchez et al., 2015). Thus, SC phagocytosis is crucial during pre- and postnatal development, and potentially also for maintaining certain homeostatic functions in adult life.



SC Phagocytosis in Pathological Conditions and Aging


Peripheral Nerve Injury

Most studies of SC phagocytosis to date have focused on responses to peripheral nerve injury, where they are important for the rapid clearance of cellular and myelin debris (Stoll et al., 1989; Perry et al., 1995; Hirata and Kawabuchi, 2002; Niemi et al., 2013; Gomez-Sanchez et al., 2015; Jang et al., 2016; Lutz et al., 2017). This occurs in a step-by-step process that has been well described, though the intricate mechanisms are still being defined. After peripheral nerve injury, the nerve distal to the site of injury undergoes disintegration, termed Wallerian degeneration, as it was first studied by Augustus Waller in Volney (1851). Destruction of axons occurs due to the initial mechanical trauma and then largely by action of calcium proteases (Touma et al., 2007). The presence of degraded axons, along with the loss of axon-glia contact, causes SCs to re-enter the cell cycle and undergo rapid proliferation (Fernandezvalle et al., 1995; Parkinson et al., 2004; Kobayashi et al., 2012; Yi et al., 2019; Welleford et al., 2020). However, the mechanisms governing this proliferation is different from that observed during development (Kim et al., 2000; Atanasoski et al., 2006). It was earlier thought that after injury, SCs merely undergo de-differentiation and transform from the myelinating/non-myelinating phenotype into an immature phenotype (reviewed by Chen et al., 2007; Jessen and Mirsky, 2008, 2016; Quintes and Brinkmann, 2017). It has, however, been shown that SCs responding to injury undergo reprogramming to down-regulate genes required for myelination and axon support, and instead up-regulate genes involved in repair and regeneration (Nagarajan et al., 2002; Bosse et al., 2006; Arthur-Farraj et al., 2012, 2017; Weiss et al., 2016; Clements et al., 2017).

The transcription factor c-Jun constitutes the main regulator of this process (Arthur-Farraj et al., 2012, 2013; Mirsky et al., 2013; Weiss et al., 2016). These reprogrammed cells constitute a distinct SC subtype – the repair SC (reviewed by Jessen et al., 2015; Jessen and Mirsky, 2016, 2019; Balakrishnan et al., 2021). Repair SCs also undergo morphological changes and are seven to ten-fold longer than immature SCs. The increase in length facilitates the formation of Büngner’s bands, which are “tracks” formed by the repair SCs surrounded by newly formed endoneurial (basement membrane) tubes, along which regenerating axons can extend and reconnect (Gomez-Sanchez et al., 2017).

Importantly, repair SCs also facilitate efficient regeneration by rapidly clearing myelin- and cell debris, by both phagocytosis and autophagy (as the myelin sheets are part of the cells themselves) (Gomez-Sanchez et al., 2015; Jang et al., 2016; Weiss et al., 2016; Lutz et al., 2017). Debris clearance occurs in peripheral nerves around day two post-injury, with around 70-80% debris cleared at 8-10 days after injury (Perry et al., 1987; Stoll et al., 1989; Soares et al., 2014). The role of SCs in debris clearance has been a source of debate over the past century. In the past, some investigators believed that SCs do not help in phagocytosis at all and that infiltrating macrophages play the major role in debris clearance (Liu, 1974; Crang and Blakemore, 1986). Other investigators suggested that this clearance may solely be a SC-mediated event (Nathaniel and Pease, 1963; Satinsky et al., 1964; Fernandezvalle et al., 1995). It is now known that the initial clearance is carried out by SCs, with myelin ovoids detected inside the cells 2 days post-injury (Hirata and Kawabuchi, 2002; Jung et al., 2011). The SCs secrete inflammatory cytokines such as interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor-α (TNF-α), and IL-1α (Fregnan et al., 2012) which results in recruitment of macrophages to the site of injury. As hematogenous macrophages enter the injury site later, it is estimated that the initial 40-50% of the debris clearance is performed by SCs along with help from the resident endoneurial macrophages (Perry et al., 1995; Mueller et al., 2003). The exact time of arrival of hematogenous macrophages is unknown. Previous work in rodents reports macrophage arrival at the lesion site almost 2-3 days after injury, with numbers peaking between day 7 and 14 (Perry et al., 1987; Stoll et al., 1989; Taskinen and Roytta, 1997; Bendszus and Stoll, 2003; Mueller et al., 2003). One study reported the presence of infiltrating macrophages as early as 36 h after mouse sciatic nerve axotomy (Beirowski et al., 2004). However, most of these studies have been in fixed samples. In vivo live cell imaging in zebrafish after spinal motor nerve transection showed that macrophages arrive at the lesion site within 1-2 h post-injury (Rosenberg et al., 2012). This occurred prior to axonal degeneration. Further, the authors also indicated that immune cell recruitment in this model was SC independent. Similar results were also observed in peripheral nerve injury in Drosophila (performed by laser ablation of peripheral nerve of fly wing) (Soares et al., 2014). Using live in vivo imaging up to 2 h following injury the authors reported the migration and accumulation of hemocytes (Drosophila equivalent of macrophages) within 30 min post-injury (Soares et al., 2014). These immune cell numbers increased from day 2 to 7 (Soares et al., 2014). Thus live-cell in vivo imaging may provide a greater insight into the complex cell dynamics and response that occurs after a peripheral nerve injury (Rosenberg et al., 2012).

Further the macrophages present during the early stages of nerve injury are pro-inflammatory resembling the M1 phenotype (Peluffo et al., 2015). However, around 7-14 days post-injury the presence of M2 or anti-inflammatory macrophages are detected (Stratton and Shah, 2016). IL-10 is crucial for the switch towards the M2 phenotype. While some IL-10 is produced by SCs and fibroblasts, the majority of this cytokine is produced by the macrophages themselves (George et al., 2004).

The mechanism behind SC debris clearance is not well understood. In the past, some researchers hypothesized that the SCs take up myelin debris and release it back into the extracellular space, to in turn be phagocytosed by macrophages (Odaly and Imaeda, 1967; Liu et al., 1995). Other studies, however, indicated that SCs themselves phagocytose myelin debris, which is digested within lysosomes (Hirata et al., 1999; Hirata and Kawabuchi, 2002). These phagocytic SCs have been likened to macrophages, moving via chemotaxis towards myelin debris, also displaying myelin-recognizing receptors such as galectin-3 (thought to recognize myelin galactolipids) and macrophage markers such as the A1 antigen marker and possibly cluster of differentiation-68 (CD-68) (Oulton and Mezei, 1976; Hirata and Kawabuchi, 2002).

Again, as myelin originates from SC membranes, after injury degraded myelin has been found in autophagosomes (double-membraned vesicles) inside the cells (Thumm and Simons, 2015). Thus, the role of autophagy in the degradation of myelin by SCs has been a key focus in recent research (Gomez-Sanchez et al., 2015; Suzuki et al., 2015; Thumm and Simons, 2015; Jang et al., 2016; Belgrad et al., 2020). Autophagy has been shown to occur particularly during the active demyelination process (Gomez-Sanchez et al., 2015; Suzuki et al., 2015; Jang et al., 2016). It has also been shown that microtubule associated protein light chain 3 II (LC-3II), an indicator of autophagy, is upregulated in SCs after injury, and that autophagosomes containing myelin debris fuse with lysosomes (Gomez-Sanchez et al., 2015; Jang et al., 2016). The autophagic activity was found to be regulated by c-Jun (Gomez-Sanchez et al., 2015; Jang et al., 2016) and pharmacological inhibition of autophagy resulted in substantial inhibition of myelin degradation (Gomez-Sanchez et al., 2015).

In addition to autophagy, SCs have also been revealed to utilize receptor-mediated phagocytosis for myelin debris clearance. In a crush injury model, SCs phagocytosed myelin using two of the TAM (Tyro3, Axl, and Mer) receptors, MERTK and AXL (Lutz et al., 2017); however crush injuries generate more debris than in the commonly used transection models where only autophagy has been reported (Gomez-Sanchez et al., 2015; Jang et al., 2016). Thus, the pathways that SCs use to clear debris may depend on the type and extent of injury. Along with TAM receptors, SCs in damaged nerves also upregulate multiple EGF-like domains 10 (MEGF-10) (Napoli et al., 2012) and low-density lipoprotein receptor related protein-1 (LRP-1) (Flutsch et al., 2015, 2016). Both these receptors mediate phagocytosis of myelin and debris from apoptotic bodies by CNS glia (astrocytes and microglia) after injury in mice (Loov et al., 2012; Ponath et al., 2017; Damisah et al., 2020). Similarly, glia utilize draper (mammalian orthologue MEGF-10), for phagocytosis of debris during Wallerian Denegation after injury in the Drosophila CNS (Hoopfer et al., 2006). Thus, these receptors may also be involved in SC-mediated phagocytosis post-injury.

Studies in vertebrates have provided further insight that SCs and macrophages may not be the only cells involved in this process of debris phagocytosis and nerve regeneration. In vivo time-lapse imaging of spinal motor root axon transection (performed by laser axotomy) in zebrafish showed that perineurial glia (the cells forming the perineurium or protective casing surrounding the SC-axon complex in mature peripheral nerves reviewed by Kucenas, 2015), are also actively involved in nerve repair (Lewis and Kucenas, 2014). Previous work in rodents and in vitro data have indicated perineurial glia to be the cells that initiate nerve bridge formation and guide SC migration towards this bridge after injury (Schröder et al., 1993; Parrinello et al., 2010). However, the zebrafish study revealed that along with nerve bridge formation, perineurial glia also played an important role in phagocytosis of debris along with SCs and macrophages (Lewis and Kucenas, 2014). The authors also noted that the glia and macrophages tackled different areas of the injured nerve. After nerve transection the sites both proximal and distal to the site of injury undergo degeneration after which the distal stump undergoes Wallerian Degeneration (Kerschensteiner et al., 2005; Lorenzana et al., 2015). Perineurial glia and SCs were involved in phagocytosis of debris generated at the stumps occurring immediately after transection. Macrophages on the other hand were involved in phagocytosis of debris in the injury gap with additional cells recruited to clear debris generated during Wallerian Degeneration (Lewis and Kucenas, 2014). Thus, a peripheral nerve injury is a complex environment. Utilizing live in vivo imaging system will help understand better the cellular dynamics governing debris clearance.

We can however certainly say that SCs are active phagocytes. Along with in vivo studies discussed above there are numerous in vitro studies from as early as 1945 indicating that SCs can internalize different types of targets, including latex beads, myelin, olfactory axon debris, heat-killed Escherichia coli bacteria and mycobacteria (Weiss and Wang, 1945; Band A.H. et al., 1986; Band H. et al., 1986; Velasquez et al., 2018). These vastly different targets, with a wide range of sizes and surface molecules, can be internalized and processed using a variety of mechanisms. Most studies to date have only focused on internalization, without investigating the capacity and efficiency for degradation and break down (or the timeline required for the different phases of phagocytosis). Regarding debris, the mechanism of uptake is to date mostly unknown, other than that the internalization of debris is actin-mediated and involves the Rho/Rac pathways (Band H. et al., 1986; Velasquez et al., 2018). Omics-profiling of repair SCs has identified several phagocytic and endocytic receptors (such as MERTK and Cathepsin D), along with lysosomal and endosomal markers which likely aid in endocytosis, efferocytosis and myelinophagy, that are expressed by repair SCs after injury (Weiss et al., 2016). We have also recently shown that SCs can phagocytose necrotic bodies by recognizing phosphatidylserine displayed on the surface of the dying cells. We also showed that while these targets are rapidly engulfed, their breakdown is much slower in SCs than in macrophages (Nazareth et al., 2020).

Schwann cells also contain a range of other receptors important for recognition of damage-associated molecular patterns (DAMPs) released by necrotic cells, including Toll-Like receptors (TLRs); TLR2 TLR3, TLR4, TLR7, and receptor for advanced glycation end products (RAGE) (Goethals et al., 2010). A study of SCs challenged with high mobility group box 1 (HMGB1), a DAMP passively released by necrotic cells after peripheral nerve injury, resulted in upregulation of TLR2 and RAGE mRNA in SCs (Man et al., 2015). In addition to up-regulating chemoattractants, human SCs have been shown to participate in antigen presentation via MHC-II (Suzuki et al., 2015; Weiss et al., 2016).

Thus, SCs display a number of phagocytic receptors that are potentially important for phagocytosis of cellular and myelin debris (Weiss et al., 2016; Lutz et al., 2017). SCs are capable of efficiently internalizing and degrading various necrotic targets in vitro (Nazareth et al., 2020), however, this remains to be shown in vivo. Similarly, whether SCs show similar efficiency in the phagocytosis and degradation of apoptotic targets remains to be determined. In spite of their phagocytic ability, after peripheral nerve injuries in vivo SCs enlist the help of various cells including perineurial glia and immune cells to phagocytose debris (Perry et al., 1987; Mueller et al., 2003; Beirowski et al., 2004; Rosenberg et al., 2012; Lewis and Kucenas, 2014; Lindborg et al., 2017).



Peripheral Neuropathies

Some peripheral neuropathies involving SCs include Charcot-Marie-Tooth disease (CMT), Guillain-Barré syndrome, diabetic neuropathy, and neuropathic pain. Peripheral neuropathies have also been reported in the aging population (reviewed by Verdu et al., 2000). Similar to Wallerian degeneration, these conditions are characterized by axonal degradation and demyelination. However, unlike Wallerian degeneration, nerve regeneration and remyelination is impaired either due to excessive degradation of myelin or abnormal myelin clearance (Martini et al., 2013). Thus, it is likely that perturbations of SC-mediated phagocytosis may in some way be involved in the onset and progression of peripheral neuropathies, but this remains to be investigated.

Charcot-Marie-Tooth diseases constitute a group of hereditary disorders and the manifestation of the disease is dependent on inherited genetic mutations (reviewed by Juneja et al., 2019). CMT is classified as demyelinating CMT or axonal CMT, with 80% of the cases belonging to the demyelinating form which is due to the inability of SCs to myelinate or maintain axonal myelin (Berger et al., 2006). As mentioned above, after peripheral nerve injury, both myelinating and non-myelinating SCs revert to a repair phenotype accompanied by upregulation of c-Jun (Arthur-Farraj et al., 2012, 2013). This also drives SC-mediated autophagic clearance of myelin (Gomez-Sanchez et al., 2015; Jang et al., 2016). In later stages of injury, c-Jun expression is down-regulated, and SC differentiation occurs, allowing myelination of newly generated axons (Mirsky et al., 2013; Jessen and Mirsky, 2016; Wagstaff et al., 2017). However, in CMT Type 1A (CMT1A), prolonged elevated levels of c-Jun (Hantke et al., 2014) and LC3B-II (which promotes autophagy) (Lee et al., 2018) have been reported in the SCs surrounding nerves that have not been injured. This dysregulation of SCs autophagy is thought to result in extended Wallerian degeneration, preventing remyelination of axons (Hutton et al., 2011; Lee et al., 2018). Macrophage-mediated phagocytosis of myelin has been shown to contribute to demyelination, particularly in Type 1 CMT mice. Studies on CMT1A, CMT1B and CMT1X mutant mice, have observed an increased number of macrophages near demyelinated nerves exhibiting a “foamy” appearance, due to internalization of myelin from nerves (Kobsar et al., 2005; Groh et al., 2012; Klein et al., 2015; Yuan et al., 2018). It is to date unknown if SCs in CMT also have an elevated phagocytic capacity and if this contributes to demyelination.

Neuropathic pain may arise due to peripheral nerve pathologies and injury. SC responses to PNS injury can play an important role in the progression of pain. Early activation of autophagy in SCs by the pharmacological agent rapamycin has been shown to induce rapid and increased clearance of myelin and axonal debris, promoting nerve regeneration, and reducing chronic pain in rodent pain models (Rangaraju and Notterpek, 2011; Marinelli et al., 2014). Perhaps stimulating SC phagocytosis would have similar therapeutic potential in treating neuropathic pain, however, care must be taken to not produce a strongly pro-inflammatory environment.

Similar to peripheral neuropathies, aging affects several morphological features of peripheral nerves, including loss of myelinated and unmyelinated fibers along with myelination abnormalities (Sakita et al., 2016). Impaired recovery after peripheral nerve injury has also been reported in the elderly population (Verdu et al., 2000). Matching these human studies, SCs in older mice express lower levels of c-Jun with a delay in de-differentiation into the repair SC phenotype after injury than in younger mice (Painter et al., 2014). SCs isolated from aged mice (24 months) also exhibit lower myelin clearance capacity than cells from younger mice, with a 35% decrease in myelin phagocytosis compared to cells isolated from younger animals (Painter et al., 2014). A study investigating peripheral nerve injury in aged rats also showed a decrease in phagocytic ability both in SCs and macrophages. The same study also showed that levels of anti-inflammatory factors such as IL-10, arginase-1, and CCL-2, which normally increase after PNS injury, were decreased in aged rats, potentially correlating with the ability for regeneration and debris clearance (Scheib and Hoke, 2016). Interestingly, one study showed that when sciatic nerves were grafted from old rats into younger rats their myelin clearance improved; conversely, grafting of young sciatic nerves into older rats resulted in accumulation of myelin debris. This indicates that the environment after peripheral nerve injury is crucial for debris clearance (Sakita et al., 2016). Hence, SCs play a crucial role in debris clearance after an injury and reduced phagocytic ability correlating with increasing age may be one of the contributing factors to peripheral nerve abnormalities in the older population.

In summary, SC autophagy and phagocytosis may be intimately related and both crucial for the clearance of myelin-, axon- and cell debris after an injury. It is likely that dysregulation of these functions in SCs contribute to various neuropathies. Determining the cellular and molecular mechanisms behind the autophagic and phagocytic functions of SCs and gaining a deeper understanding of these functions in injury repair, may lead to new effective treatments for peripheral neuropathies.



Peripheral Nerve Infections

Understanding peripheral glia phagocytosis of damaged “self” is vital in the context of injuries and neuropathies. However, an equally important arm of glial phagocytosis is that of “non-self.” Infections can lead to damage of peripheral nerves, resulting in neuropathies. Most of these pathologies are due to immune responses, in particular development of autoimmunity, for example production of antibodies targeting axons or myelin in addition to, or rather than, the infectious agent (reviewed by Neal and Gasque, 2016). However, a few pathogenic bacteria, viruses and protozoans can directly infect SCs, which can result in peripheral nerve damage (Neal and Gasque, 2016) or invasion of the CNS via cranial nerves in which SCs are found, in particular the trigeminal nerve (St John et al., 2016; Duarte et al., 2019; Nazareth et al., 2021). The intranasal branches of this nerve can serve as a direct path to CNS infection by several infectious agents, including Streptococcus pneumoniae, Burkholderia pseudomallei, Chlamydia muridarum, Herpes simplex virus, and Listeria monocytogenes (Shimeld et al., 2001; van Ginkel et al., 2003; St John et al., 2014, 2016; Wei et al., 2020; Nazareth et al., 2021). Thus, understanding SC phagocytosis of “non-self” is important and may lead to novel therapies, as mentioned earlier.

Schwann cells are efficient immune cells displaying several pathogen recognition receptors (PRRs) that they utilize to recognize invading pathogens. Some of these receptors include TLR 1-4, TLR 7, Nod-like receptors, RAGE, C-type lectin receptors, such as cluster of differentiation 209 (CD 209) and mannose receptors (reviewed by Ydens et al., 2013). SCs also display Fcγ receptors (FcγRII and FcγRIII) and components of the classical complement activation pathway, including complement receptor 3 (CR3) (Vedeler et al., 1989, 1990). As macrophages are known to utilize both FcγRs and CR3 to phagocytose infectious agents (Fitzer-Attas et al., 2000; Campagne et al., 2007), it is likely that SCs also utilize these receptors to recognize and engulf microbes. SCs have been also reported to produce a range of cytokines, including interleukins such as IL-6, IL-8, IL-10, IL-23, IFN-β1, IFN-γ, IL-1β, and TNF-α, and chemokines, such as CCL-2,CC-17, CC-19, CXC-11, CXCL-1, MCP-1, MIP-1α, MIP-1β in response to pathogens (Ramesh et al., 2013; Masaki et al., 2014; Dhiman et al., 2019; Nazareth et al., 2021). Secretion of these cyto- and chemokines occurs in parallel with activation of NF-κB and inducible nitric oxide (iNOS) production, in response to pathogenic ligands (Lee et al., 2007). SCs also display MHC molecules and can upregulate and display functionally active MHC class I and II structures when challenged by various pathogens (Samuel et al., 1987; Pereira et al., 1994). Thus, SCs can act as non-professional antigen-presenting cells.

Schwann cells can mount an effective anti-pathogenic immune response to combat infections (Neal and Gasque, 2016), but some microbes instead survive in SCs by manipulating components of the phagocytic pathway. Mycobacterium leprae, the obligate intracellular bacterium that causes leprosy, preferentially infects SCs in the peripheral nerves. There are various structures on M. leprae that bind to receptors on SCs allowing their entry. These include 21-kDa molecule (ML-LBP21) that binds to the α2 laminins on SCs, promoting attachment and entry of the bacteria (Shimoji et al., 1999). M. leprae bacteria also contain phenolic glycolipid 1 (PGL 1) that binds to mannose receptors on SCs, promoting endocytic uptake of the bacteria (Acosta et al., 2018). After binding to SCs, M. leprae modulates host tyrosine kinases, in particular phosphoinositide 3-kinase (PI3K), promoting entry into the cell (Alves et al., 2004). After entry, the bacterium resists endosome processing and maturation by recruiting host cell-derived lipid droplets to phagosomes that contain M. leprae bacteria. The genesis of these lipid droplets within the host cells also further increases SC production of prostaglandin E and IL-10, accompanied by decreased IL-12 and iNOS production (Mattos et al., 2011). Thus, M. leprae suppresses SC immune responses and persists within the cells.

Mycobacterium leprae can infect both myelinating and non-myelinating SCs. Whilst it shows a greater affinity for non-myelinating SCs, infection can lead to severe demyelination of peripheral nerves (Kumar and Sengupta, 2003). M. leprae also takes advantage of the plastic nature of SCs, and after infection re-programs adult SCs into progenitor-like cells. This is accompanied by upregulation of sex determining region Y (SRY) box-2 (Sox-2), seen in early developing neural crest SCs, and downregulation of SRY box-10 (Sox-10), required for SCs differentiation into the myelinating phenotype (Le et al., 2005; Finzsch et al., 2010; Masaki et al., 2013b) – consistent with de-differentiation of the cells. These progenitor-like cells are different from repair SCs, with the progenitor cells expressing both Sox-2 and Sox-10 whilst the repair cells only express Sox-2 (Jessen and Mirsky, 2016). The reprogrammed cells then transfer the bacterium to their neighboring fibroblasts, promoting dissemination within the nerves (Masaki et al., 2013a).

Bacteria that invade the CNS through the trigeminal nerve have been shown to infect SCs in vitro. When SCs were inoculated with S. pneumoniae, the bacteria utilized mannose receptors to the enter cells (Macedo-Ramos et al., 2014). B. pseudomallei, the bacterium that causes melioidosis (including neurological infection), is one of the microbes that can invade the brain after intranasal exposure, via both the trigeminal and the olfactory nerves (St John et al., 2014, 2016). We have found that B. pseudomallei infects a subpopulation of SCs, which then become multinucleated, most probably through the bacterial protein Burkholderia intracellular motility A (BimA), that manipulates the host actin cytoskeleton resulting in cell-cell fusion. However, some cells did not form multinucleated giant cells and contained degraded bacteria (Walkden et al., 2020). Neisseria meningitidis can also infect trigeminal SCs, leading to multinucleation via unknown mechanisms (Delbaz et al., 2020).

Chlamydia pneumoniae has been shown to infect the CNS and linked to late-onset dementia (Balin et al., 1998, 2018; Gerard et al., 2006). Since C. pneumoniae-infected mice rapidly develop olfactory bulb infection after intranasal exposure, the olfactory nerve has for some time been considered a likely path to the CNS for this bacterium (Little et al., 2004, 2014; Boelen et al., 2007). C. muridarum, another Chlamydia species that infects mice, is often used to model C. pneumoniae infections. We recently showed that mice inoculated intranasally with C. muridarum develop CNS infection via both the olfactory and the trigeminal nerves (Nazareth et al., 2021). In vitro, trigeminal SCs were readily infected by C. muridarum, but exhibited more resistance to infection than fibroblasts (Nazareth et al., 2021). Chlamydiae are obligate intracellular bacteria that live inside modified intracellular membrane compartments termed inclusions. The bacteria manipulate the host phagocytic pathway, including the actin cytoskeleton, to induce entry and suppress endosomal-lysosomal components and recruit recycling endosomes. Thus, Chlamydiae can live intracellularly and evade degradation by the phagocytic machinery (reviewed by Gitsels et al., 2019). How Chlamydia bacteria specifically modulate SC phagocytosis to survive intracellularly remains to be investigated.

Trypanasoma cruzi, an obligate intracellular protozoan and the causative agent for Chagas disease, can cause both PNS and CNS infections and have particular affinity towards infecting glia (Weinkauf and PereiraPerrin, 2009). T. cruzi contains trans-sialidase parasite-derived neurotrophic factor (PDNF) that is similar to neurotrophin-3 (NT-3). PDNF binds to and activates neurotrophic receptor tyrosine kinase C (TrkC) which allows T. cruzi entry into SCs (Weinkauf and PereiraPerrin, 2009). Phosphorylation of components of the MAPK, Erk1/2 and Akt pathways then occurs, preventing host cell death which allows the parasite to survive within the cells (Chuenkova and PereiraPerrin, 2009).

Thus, SCs can recognize, internalize, and produce an immune response to microbes. However, while SCs are more resistant to infection than many non-professional phagocytes (such as fibroblasts), they appear to be not as efficient phagocytes as macrophages (Nazareth et al., 2021). Intracellular pathogens, in particular, can manipulate SC plasticity and phagocytic pathways to survive within the cells. Understanding the modulation of SCs by pathogens and further manipulation of the intrinsic immune capacity of these cells holds great therapeutic potential to reduce the risk of PNS infections and potentially prevent CNS pathologies.

In summary, SCs display a range of phagocytic receptors that they use to recognize and internalize dying and damaged “self” as well as invading “non-self.” SCs actively participate in the initial debris clearance at a PNS injury site, however, they also recruit macrophages for complete removal of cellular and myelin debris. While studies of SC-mediated phagocytosis of myelin (particularly after injury) is well documented, the role of SC phagocytosis during development and in various peripheral neuropathies has not been investigated in great detail (especially in mammals). Finally, SCs can mount an immune response against infectious agents, but certain microbes can modulate the cells to instead cause infection.




Olfactory Ensheathing Cells (OECs): Origin and Physiology

Olfactory ensheathing cells are the glia of the primary olfactory nervous system, which consists of the olfactory neuroepithelium, olfactory nerve and outer layer (nerve fiber layer, NFL) of the olfactory bulb (Figure 2). OECs are found throughout this system, except within the superficial neuroepithelium. In addition to the main olfactory system, an accessory olfactory system is present in many animals and is located in the dorsal-caudal region of the olfactory bulb. The primary part of the accessory olfactory nervous system is also populated by OECs (reviewed by Mucignat-Caretta et al., 2012). OECs are somewhat similar to non-myelinating SCs in that they ensheathe bundles of non-myelinated axons (Figure 2). However, olfactory nerve bundles are typically larger than the bundles of unmyelinated peripheral axons ensheathed by SCs (Doucette, 1990; Woodhoo and Sommer, 2008).


[image: image]

FIGURE 2. Olfactory ensheathing cells are the primary phagocytes in the olfactory nerve. (A) In the olfactory system, olfactory sensory neurons (OSN, blue) project dendrites into the nasal cavity and extend axons into the olfactory bulb. The bundles of olfactory axons are surrounded by OECs. OSNs are constantly turned over and replaced, with the debris from the degenerating axons (dashed line) phagocytosed by OECs. The OECs also provide a line of defense against bacteria from the nasal cavity which penetrate the olfactory nerve, with OECs engulfing the bacteria. Macrophages (MØ) are largely absent from the olfactory nerve. (B) In contrast to SCs, OECs ensheathe multiple axons and do not myelinate olfactory axons. (C) After injury, OECs phagocytose cell debris but do not recruit macrophages.


In early development, OECs migrate from the neural crest to populate the olfactory placode as early as embryonic day (E9) (in mice) (Katoh et al., 2011; Suzuki and Osumi, 2015), from where they continue to migrate towards the periphery and become part of the olfactory nerve. The olfactory neuroepithelium contains the cell bodies of immature and mature olfactory sensory neurons, basal cells and supporting or sustentacular cells. After differentiation, olfactory sensory neurons start to extend their axons (around E11) into the lamina propria that underlies the olfactory neuroepithelium, where they encounter OECs. As the axons grow towards the emerging olfactory bulb, they are continuously in close contact with OECs (Valverde et al., 1992). Unlike SCs, which accompany developing neurons, OECs migrate ahead of emerging axons (Doucette, 1990; Chuah and Zheng, 1992; Chehrehasa et al., 2010; Ekberg et al., 2012). OECs constitute a structural, tunnel-like support structure for the axons and secrete growth and guidance factors, such as nerve growth factor (NGF), brain derived nerve growth factor (BDNF) and neuregulin (Kafitz and Greer, 1999; Boruch et al., 2001; Woodhall et al., 2001; Lipson et al., 2003; Chung et al., 2004; Feng et al., 2012). Around E12-E13, the developing olfactory nerve bundles fuse with the developing telencephalon and this region then forms the presumptive olfactory bulb (Doucette, 1989) with OECs being limited to the NFL (Valverde et al., 1992). The NFL consists of an outer and an inner layer. OECs located in the outer NFL contribute to the defasciculation of the axons that project into the outer layer of the olfactory bulb, while OECs of the inner NFL mediate sorting and re-fasciculation of these axons into bundles that are projected into specific glomeruli depending on their odorant receptor profile (Mombaerts et al., 1996; Treloar et al., 2002).

These multiple OEC-mediated roles are also important for maintaining normal olfaction both postnatally and during adulthood, as the primary olfactory nervous system is unique in that it regenerates itself during life. When reaching the end of their lifespan, the primary olfactory neurons die, whilst new ones arise from epithelial progenitor cells. In adult animals, olfactory neurons have a lifespan of 1-3 months, with 1-3% of the neurons undergoing apoptosis each day (Graziadei and Graziadei, 1979; Mackaysim and Kittel, 1991). Thus, new olfactory axons are always extending towards the olfactory bulb, with OECs constantly supporting, guiding and sorting these axons (Chuah and Zheng, 1992; Chehrehasa et al., 2010).

Like SCs, OECs are heterogeneous glia, with individual subpopulations exhibiting different properties depending on their anatomical location (reviewed by Ekberg et al., 2012; Ekberg and St John, 2014; Yao et al., 2018). The subtypes of OECs include (i) OECs present in the lamina propria/olfactory nerve, (ii) OECs within the NFL of the olfactory bulb which in turn consists of inner- and outer NFL population and can be even further divided into distinct subpopulations (Windus et al., 2010), and (iii) accessory olfactory bulb OECs. Individual subpopulations of OECs also display differential expression of various molecules in vivo (Ekberg et al., 2012; Ekberg and St John, 2014; Perera et al., 2020) as well as differential behaviors regarding cell-cell/cell-axon interactions and phagocytic activity (Windus et al., 2010; Nazareth et al., 2015b).



OEC Phagocytosis in Normal Physiological Conditions

As in other regions of the nervous system, excess axons and axonal branches that arise during development of the primary olfactory system need to be removed or pruned. In mice, phagocytosis of axon debris by OECs is observed in vivo as early as E14.5, and cultured OECs derived from these mice phagocytose olfactory axon debris in vitro (Nazareth et al., 2015a). The continuous turnover of the olfactory sensory neuron population in adults means that axons of apoptotic neurons are constantly present in the olfactory nerve, leading to large amounts of axon-derived debris. This debris must be removed so newly born neurons can extend their axons into the olfactory nerve and bulb. OECs are the main phagocytes that remove axon debris arising from apoptotic neurons, whilst only very few macrophages are present in olfactory axon bundles (Figure 2; Su et al., 2013; Nazareth et al., 2015a). In addition to debris, OECs can phagocytose bacteria and are likely important for protecting the olfactory nerve against infection by microbes, as part of their normal physiological function as well as in more severe infections (covered in the next section) (Harris et al., 2009; Herbert et al., 2012; Panni et al., 2013; Dando et al., 2014).

Olfactory neurons undergo cell death via apoptosis upon reaching the end of their lifespan, displaying the “eat me” signal phosphatidylserine. In vitro studies have shown that OECs recognize phosphatidylserine on apoptotic neurons via phosphatidylserine receptors prior to engulfment (He et al., 2014; Hao et al., 2017). As discussed earlier, phagocytes usually possess a number of receptors that recognize phosphatidylserine on an apoptotic target; while some receptors directly recognize phosphatidylserine, others require bridging molecules to aid attachment. One such bridging molecule, milk fat globule-EGF factor 8 (MFGE-8), that works with integrin receptors (Hanayama et al., 2002), is expressed by OECs in vitro when apoptotic debris is added to the culture (Li et al., 2017). Normal physiological apoptosis is a “silent” process, in which phagocytic cells engulf apoptotic bodies and secrete anti-inflammatory cytokines (such as IL-10 and TGF-β) (Henson, 2017). Indeed, when phagocytosing apoptotic debris derived from neurons, OECs secrete TGF-β1 which may promote phagocytosis via integrin receptors (Li et al., 2017).

Olfactory ensheathing cells isolated from distinct anatomical locations exhibit different phagocytic capacities both in vivo and in vitro (Nazareth et al., 2015b). One study has shown that acutely isolated OECs from the main olfactory bulb contain more cytoplasmic axon-derived debris than OECs from the accessory bulb. However, after in vitro culture, the opposite occurred (Nazareth et al., 2015b). Perhaps the phagocytic activity of accessory OECs, which are less phagocytic than main OECs in vivo (possibly due to unknown differences in the requirement for phagocytosis in the main versus accessory olfactory nervous system), is more dynamic and susceptible to up-regulation than that of main OECs.

In summary, OECs are efficient and active phagocytes throughout life, including in adulthood. This function differs from that of SCs populating adult peripheral nerves that do not regenerate unless injured. OECs express some key phagocytosis receptors, but may exhibit many more not described to date. Further, different subpopulations of OECs may have different phagocytic abilities. This needs to be further explored especially when determining the best population of OECs to be utilized for transplantation therapies to treat CNS pathologies. Importantly, studies on OEC autophagy are also lacking.



OEC Phagocytosis – Pathological Conditions


Olfactory Nerve Injury

The primary olfactory nervous system is capable of regeneration and repairing itself after most injuries. In animal injury models, both after destruction of the olfactory epithelium (via zinc irrigation or exposure to the drug methimazole) as well as ablation of an olfactory bulb, OECs phagocytose large amounts of debris from degenerated axons (Chuah et al., 1995; Su et al., 2013; Nazareth et al., 2015a). Even in the presence of a small number of invading macrophages after large-scale injury, it is the OECs that contain the vast majority of the internalized debris even after injury (Su et al., 2013; Nazareth et al., 2015a).

Similarly, in the injured Drosophila primary olfactory nervous system, ensheathing glia (Drosophila glia equivalent to OECs), phagocytose debris. This occurs via draper/shark/ced-6 pathway (Doherty et al., 2009). The mammalian orthologues MEGF10/engulfment adaptor PTB Domain containing-1 (GULP-1), have been identified to mediate phagocytosis of apoptotic debris by astrocytes after injury or insult such as ischemia (Hamon et al., 2006; Iram et al., 2016; Morizawa et al., 2017). Whether OECs utilize the MEGF-10/GULP-1 pathway to phagocytose apoptotic debris following injury in mammals is yet to be determined.

In vitro phagocytic assays have also shown that OECs are capable of taking up debris derived from several types of axons (generated by destruction of axons, thus resembling an injury containing both apoptotic and necrotic bodies) as well as myelin debris (He et al., 2014; Nazareth et al., 2015a, 2020; Khankan et al., 2016; Hao et al., 2017). OECs can, like SCs, actively phagocytose and degrade necrotic cells in vitro (also via phosphatidylserine recognition). However, unlike SCs that secrete inflammatory cytokines such as TNF-α and IL-6 post-phagocytosis of these targets, OEC phagocytosis of necrotic bodies does not lead to production of TNF-α, and to only very low levels of IL-6 (Nazareth et al., 2020).

While OECs can effectively engulf and degrade many types of debris in vitro, the mechanisms and receptors involved remain mostly unknown, and the phagocytic activities need to be investigated in vivo. One study has demonstrated that OECs transplanted into the X-irradiated spinal cord are phagocytic. Despite having a different developmental origin than microglia, these OECs were reported to be “microglia-like,” expressing OX42 (CD11), a microglial marker (Lankford et al., 2008). However, in vitro immunolabelling of OECs showed that they do not express this marker under normal physiological conditions, at least not in culture (Hao et al., 2017). In another study, OECs and fibroblasts were transplanted separately into transected mouse spinal cords. Clearance of myelin was significantly more pronounced when OECs were transplanted than after transplantation of fibroblasts (Khankan et al., 2016).



Olfactory Nerves and Infection

The olfactory nerve, like the intranasal branches of the trigeminal nerve, is a direct conduit from the external environment to the CNS, providing a potential entry point for pathogens. Some bacteria, including S. pneumoniae, N. meningitidis, B. pseudomallei, and C. muridarum (van Ginkel et al., 2003; Sjolinder and Jonsson, 2010; St John et al., 2014; Nazareth et al., 2021) and likely also C. pneumoniae (Little et al., 2004, 2014; Boelen et al., 2007), viruses (HSV-1, SARS-CoV2) (Shivkumar et al., 2013; Brann et al., 2020; Meinhardt et al., 2020), and protozoa (N. fowleri) (Jarolim et al., 2000; Moseman, 2020) can enter the CNS via the olfactory nerve. Similar to those that can infect CNS via the trigeminal nerve, most of these infectious agents reached the CNS rapidly (within 24-48 h). With the exception of these microorganisms, OECs are considered to be efficient in defending the CNS against microbes that manage to penetrate the olfactory epithelium (Dando et al., 2014). However, epithelial injury may increase susceptibility to invasion, even with microorganisms that do not typically invade the CNS via this path (Harris et al., 2009; Herbert et al., 2012; Walkden et al., 2020).

Olfactory ensheathing cells cultured in vitro produce an immune response to bacterial lipopolysaccharide (LPS) and various pathogen associated molecular patterns (PAMPs). OECs also contain TLR-2, TLR-4 and mannose receptors that may aid in recognizing and responding to various pathogenic components (Vincent et al., 2007; Carvalho et al., 2013). OECs challenged with E. coli in vitro can endocytose the bacteria, resulting in an inflammatory response, with NF-κB translocation, cytokine growth-regulated oncogene (Gro) and iNOS production (Harris et al., 2009; Panni et al., 2013). OECs display a chemoattraction to heat-killed E. coli, which they recognize via TLR-4, and are capable of degrading them by phagocytosis (Leung et al., 2008). However, it has not been documented that OECs actually degrade live E. coli. OECs also respond to Staphylococcus aureus infection both in vivo and in vitro with an inflammatory response including secretion of IL-6, TNF-α, NF-κB, and iNOS (Harris et al., 2009; Herbert et al., 2012).

In vitro studies have shown that OECs can respond to those bacteria that can invade the olfactory nerve, but that the response is not enough to eliminate the bacteria. Upon challenge with B. pseudomallei, cultured OECs can rapidly kill ∼90% of the bacteria, as well as produce a range of cytokines/chemokines (Dando et al., 2016). B. pseudomallei can, however, also survive inside some OECs, and like B. pseudomallei infection of trigeminal SCs, this can lead to the formation of multinucleated cells (Walkden et al., 2020). S. pneumoniae bacteria can be recognized and internalized by OECs after binding to mannose receptors on the cells (Macedo-Ramos et al., 2011; Carvalho et al., 2013), but cannot be degraded by the cells (Macedo-Ramos et al., 2016). One study showed that S. pneumoniae suppresses the OEC-mediated immune response by downregulating iNOS production and secretion of growth factors such as NT-3, BDNF and GDNF, which can affect general glial health and function, and thus immune functions (Ruiz-Mendoza et al., 2016). The same study also indicated that S. pneumoniae-infected OECs can secrete factors that contribute to microglial apoptosis (Ruiz-Mendoza et al., 2016). Whilst not yet studied in vivo, it is possible that that repression of microglial responses could aid infection of the olfactory bulb (and subsequently the rest of the CNS). A recent study showed that OECs can respond to and restrict, but not eliminate, intracellular growth of C. muridarum. In fact, OECs responded to these bacteria in a similar manner to macrophages with secretion of a plethora of cyto- and chemokines; the immune response was overall stronger than for trigeminal SCs (Nazareth et al., 2021). Chlamydiae bacteria have previously been widely reported to survive and persist for very long periods in professional phagocytes, in particular in macrophages (reviewed by Chen et al., 2019; Wong et al., 2019). Whether C. muridarum can persist in OECs in the long-term and if this this may contribute to infection of the CNS remains to be investigated.

In summary, OECs are the main phagocytes in the olfactory system and play an active role in phagocytic clearance of axon debris throughout life, as well as after an injury. Also, being situated near the external environment in the nasal cavity, OECs are equipped to protect against microbial challenges. Certain infectious agents can manipulate the phagocytic pathway of the cells and survive intracellularly, similarly to those that can resist killing by SCs (Macedo-Ramos et al., 2011, 2016; Mutso et al., 2020). However, much is lacking regarding our knowledge of the molecular mechanisms involved in OEC-mediated phagocytosis; studies in transgenic mice lacking key phagocytic receptors are particularly warranted. Identifying and understanding the differences between physiological phagocytosis and infection-driven phagocytosis will help identify ways to protect the brain from pathogens that may invade the CNS via the olfactory nerve, as previously discussed for trigeminal nerve infection.





DISCUSSION


Key Differences Between SC- and OEC- Mediated Phagocytosis

Over the years there has been a debate about which peripheral glia, SCs or OECs, are more suitable to treat CNS pathologies. An ideal candidate to treat nervous system injury would need to be an efficient phagocyte, capable of clearing cellular and myelin debris without production of adverse inflammatory response. In addition, it would also require modulating the existent inflammatory environment and continue secreting nerve growth factors to help regeneration. Hence it is important to discuss how SCs and OECs may differ in these aspects as it may enable to decide on which cell type may possess the best therapeutic potential.

In the past, OECs and SCs were thought to be relatively similar (Wewetzer et al., 2002; Ulrich et al., 2014); OECs were even called “olfactory SCs.” However, studies over the last two decades have revealed that the two cell types are unique and have clearly distinct genetic profiles (Franssen et al., 2008; Perera et al., 2020). Gene ontology studies comparing transcriptomes of the two cell types showed that cultured OECs display a higher level of expression of genes related to tissue repair and regeneration in particular those required for phagocytosis and degradation of targets (Vincent et al., 2005; Franssen et al., 2008). Similarly, OECs have been shown to be more efficient phagocytes than SCs of necrotic/myelin debris in vitro (Nazareth et al., 2020). When challenged with various infectious agents and pathogen-derived ligands in vitro OECs have been found less prone to infection, and produce a stronger immune response compared to SCs (Vincent et al., 2007; Walkden et al., 2020; Nazareth et al., 2021).

Schwann cell phagocytosis in peripheral nerves appears to occur on a significant scale only in pathological conditions. While SCs participate in the initial debris removal of the injured nerve, other cells like perineurial glia and resident macrophages may also be involved in this process (Mueller et al., 2003; Lewis and Kucenas, 2014; Wang et al., 2020). Further they produce a range of pro-inflammatory mediators that recruit immune cells, particularly macrophages, to aid in debris clearing (Dubovy et al., 2014; Hartlehnert et al., 2017). Unlike SCs, OECs are a part of a constantly regenerating nerve, requiring rapid and efficient phagocytosis of axons from apoptotic neurons to prevent inflammation. OECs are the key cells performing this function without recruiting macrophages (Chehrehasa et al., 2014; Nazareth et al., 2015a; Murtaza et al., 2019). Whilst the mechanisms behind this key difference between OECs and SCs is mostly unknown, macrophage migration inhibitory factor (MIF), which is secreted by both OECs and macrophages, mediates segregation between the two cell types at least in vitro (Wright et al., 2020).

Inflammation is in general considered to hamper neural regeneration. OECs can produce a range of pro-inflammatory cytokines and chemokines both after injury and infection, but simultaneously promote rather than inhibit nervous system regeneration (Pastrana et al., 2006; Vincent et al., 2007; Franssen et al., 2008; Roet et al., 2011). One reason for this may be that OECs challenged with various inflammatory stimuli continue proliferating while promoting neurite outgrowth, with an increased phagocytic activity (Lankford et al., 2008; He et al., 2014; Roet and Verhaagen, 2014; Hao et al., 2017). Another reason may be that SCs can lose their plasticity when present in a chronically inflamed environment (Joshi et al., 2016) and this may affect their ability to perform phagocytosis and aid regeneration post-transplantation. However, the specific milieu at a CNS injury site, especially in the chronic stages, is a very complex inflamed environment, with reactive astrocytes, invading immune cells, growth-inhibitory factors, necrotic cells and large amounts of debris. It is unknown if both OECs and SCs continue to be efficient phagocytes in this complex environment, whilst also promoting regeneration. While phagocytosis of apoptotic targets is a silent event, phagocytosis of necrotic and myelin debris is usually followed by production of pro-inflammatory cytokines (Nazareth et al., 2020). For therapeutic purposes, however, it is critical that a strong pro-inflammatory response does not occur (in particular after transplantation into CNS injury sites, which are already hostile and pro-inflammatory). OECs been suggested to be immunomodulatory and/or in fact decrease inflammation in the host tissue (Lopez-Vales et al., 2004; Huo et al., 2012; Khankan et al., 2016; Xie et al., 2019; Zhang et al., 2021). One study showed that whilst SCs may have had some beneficial effects on the number of invading macrophages, they were unable to modulate the overall inflammatory environment at the CNS injury site (Pearse et al., 2018), but more studies on SCs are required. Thus, we need to increase our understanding of the mechanisms involved in both OEC and SC-mediated phagocytosis.

As OECs and SCs may have different but still complementary phagocytic abilities, co-transplantation of both cells may be an interesting option. Few studies have to date investigated co-transplantation of OECs and SCs to treat nervous system injuries (Ramón-Cueto et al., 1998; Takami et al., 2002; Pearse et al., 2004; Fouad et al., 2005; Au et al., 2007; You et al., 2011; Sun et al., 2013; Chen et al., 2014; Zhang et al., 2017), however the outcomes have been variable. One study looking at transplantation of either SCs, OECs or combination treatment into rat thoracic spinal cord after a moderate contusion injury reported that all three treatment groups presented a decrease in cavitation at the injury site and increase in number of myelinated axons (Takami et al., 2002). However, the number of myelinated axons were higher in SC or combination group than OECs alone. There was also a significant recovery in locomotor function in the SC alone treatment than the other two groups, thus indicating that the SC alone treatment produced best outcomes post-transplantation (Takami et al., 2002). However, interestingly there was an increase in accumulation of reactive astrocytes in the SC containing groups (Takami et al., 2002). In contrast, two other groups reported no difference between SCs only, OEC only and combination treatment (Pearse et al., 2004; Chen et al., 2014). A clinical study in patients with chronic complete SCI reported functional recovery in all groups receiving cell treatments (SCs, OECs, or co-transplantation) compared to no treatment group (Chen et al., 2014). However, no differences in recovery were observed between the three groups receiving glia transplantation. Similarly, in a rat model of thoracic contusive injury, while nerve growth was observed after transplantation of the two peripheral glia and in the co-transplantation group, no differences were reported amongst the three groups (Pearse et al., 2004). However, the authors also reported that locomotor recovery was greatly enhanced when methylprednisolone (a corticosteroid) and IL-10 were administered prior transplantation of glia (Pearse et al., 2004). Similar outcomes were also reported in complete spinal transection studies in adult rats. While cell grafts consisting of OEC and SC bridges improved forelimb and hindlimb movement along with an increase in number of myelinated axons and serotonergic fibers than non-treated controls, supplementing cell grafts with chondroitinase improved overall outcomes (Fouad et al., 2005). On the other hand, some studies have reported improved outcomes in nervous system injury models with combination treatment with SCs and OECs than either cell alone. One PNS study showed that co-transplantation promoted both axonal regeneration and functional repair after sciatic nerve injury in rats compared to transplantation of either cell type alone (You et al., 2011). Similarly, a CNS study showed that co-transplantation of OEC and SCs into the contused rat spinal cord resulted in better modulation of the inflammatory response (lower numbers of reactive astrocytes, reduced infiltration by immune cells and shift in microglia/macrophages to more anti-inflammatory phenotypes), along with improved motor function (Zhang et al., 2017). The authors also report greater distribution of glia at the site of injury when combined. This is not surprising as previous studies have reported than introducing OECs into an injured spinal cord increased migration of SCs along with improved axonal regeneration (Ramón-Cueto et al., 1998; Au et al., 2007). However, none of these co-transplantation studies have investigated the phagocytic clearance of cellular and myelin debris in this combination therapy. As we know that rapid clearance of debris is crucial for repair following nervous system injuries, an understanding of this crucial function will help us achieve the best outcomes from a potential co-transplantation therapy.



Stimulating Phagocytosis of Peripheral Glia to Treat Neural Injuries

Stimulating phagocytosis of endogenous or transplanted peripheral glia in nerve injuries may aid the overall process of regeneration and recovery (Wright et al., 2018). Several animal studies have shown that stimulating SC clearance of myelin debris can improve outcomes after injury. For example, supplying NGF after sciatic nerve crush injury in mice enhanced SC uptake and degradation of myelin both via autophagy and phagocytosis, leading to improved nerve regeneration (Li et al., 2020). Application of pharmacological agents such as rapamycin (a lipophilic macrolide drug which promotes SC autophagy) (Huang et al., 2016), antineoplastic drug Epothilone B (Zhou et al., 2020), as well natural compounds such as curcumin (Liu et al., 2016; Zhao et al., 2017), and resveratrol (Zhang J.Y. et al., 2020) have altered SC autophagic flux to enhance clearance of myelin and improve myelination. Specific enhancement of SC autophagy has also been explored to treat various peripheral neuropathies. Administration of rapamycin in mice during early stages of Wallerian degeneration increased SC autophagic flux which promoted myelin compaction, which occurred along with reduced inflammatory responses. This aided long-lasting analgesic effects and prevented development of chronic pain (Marinelli et al., 2014). Peripheral neuropathies are also characterized by either abnormal protein expression or mis-folding of proteins which aggregate within SCs. One such protein is peripheral myelin promoter 22 (PMP 22) that has been reported to be mis-expressed and aggregated within SCs especially in type 1 CMT (van Paassen et al., 2019). Treatment of SCs with rapamycin (Rangaraju and Notterpek, 2011), suberoylanilide hydroxamic acid (SAHA), 17-allylamino-17-demethoxy-geldanamycin (17-AAG) or clonazepam (Watanabe et al., 2010) facilitated autophagy, resulting in breakdown and disposal of these aggregated unfolded proteins in vitro. However, in vivo studies in a mouse model of CMT1A linked with PMP22 aggregation showed that although rapamycin promoted peripheral nerve myelination it did not improve the overall neuromuscular function in these animals (Nicks et al., 2014). The field would, however, strongly benefit from more studies directed towards stimulating SC phagocytosis rather than just autophagy for therapeutic purposes.

Several studies have to date identified compounds that can stimulate OEC phagocytosis (as well as autophagy – a topic which remains to be studied in itself). We, along with laboratories around the world, have identified various agents that can increase OEC phagocytosis, including the natural products 2-methoxy-1,4-naphthoquinone (Chen et al., 2020), the serrulatane diterpenoids 3-acetoxy-7,8-dihydroxyserrulat-14-en-19-oic acid and 3,7,8-trihydroxyserrulat-14-en-19-oic acid (Chen et al., 2018), curcumin (Velasquez et al., 2014); curcumin in combination with E. coli-derived LPS (Hao et al., 2017), and anti-inflammatory cytokine TGF-β (Li et al., 2017). In vitro injury assays (neurons co-cultured with OECs accompanied by neuronal debris addition), showed that increased OEC clearance of debris due to application of stimuli (LPS + curcumin Hao et al., 2017 or TGF-βLi et al., 2017) promoted neuronal survival. A recent study in a rat spinal cord injury model reported that transplanted OECs that had been pre-treated with curcumin led to better functional recovery and axonal regrowth than transplantation with control OECs (Guo et al., 2020). The stimulated cells secreted larger amounts of growth factors in vivo along with improved immunomodulation of the injury site. The same study also reported that the OECs stimulated with curcumin exhibited increased phosphatidylserine receptor expression (Guo et al., 2020), suggesting that increased phagocytic activity may have aided the overall therapeutic outcomes. Thus, stimulating glial phagocytosis may improve neural repair therapies.



Stimulating Peripheral Glia to Clear Pathogens

Peripheral nerves can allow microbes to enter the CNS, bypassing the BBB and the blood- cerebrospinal fluid barrier. The ability to infect and survive within glia are suggested to be a key strategy by which certain infectious agents can gain access to these nerves (Dando et al., 2014), but further mechanistic and in vivo studies are needed, which can reveal drug targets. In particular, the phagocytic phase in which glia degrade microorganisms needs attention. We also need to understand specific risk factors of CNS infections via cranial nerves, such as epithelial injury and long-term use of antibiotics, which may promote persistent infection. Another important research topic is to determine how infections can re-activate after being latent or dormant in the nervous system. It is well known that bacteria can persist within phagocytic cells to later escape and cause infection under favorable conditions (Bastidas et al., 2013), but very little is known regarding this phenomenon in glia. We also need to understand the long-term consequences of nervous system infection, in which glia have important roles. These may include neurodegeneration; for example, the connection between late-onset dementia and (1) infectious agents (including both C. pneumoniae and HSV-1) and (2) genetic factors such as the apolipoprotein ε4 (ApoEε4) allele, which is associated with impaired glial phagocytosis, is becoming increasingly evident (Itzhaki et al., 2016; Balin et al., 2018; Woods et al., 2020).




CONCLUDING REMARKS

Glia of the peripheral nervous system are strongly phagocytic cells during development, in the adult and after injury or infection. Yet, depending on their location the glia have different functions and engulf both “self” and “non-self” targets. In the developing and adult CNS, glia play an important role in the phagocytic clearance of various targets. However, in the PNS under physiological conditions not much is known about the role of SC phagocytosis in the maintenance of homoeostasis, particularly in mammals. In the healthy adult, damage to most peripheral nerves is limited and the need for phagocytosis by SCs is low. In contrast, the olfactory nerve is constantly being replenished and is also subjected to microbe invasion; thus, OECs are required to constantly phagocytose cell debris and be ready to respond to infectious agents. After injury, SCs clear cellular and myelin debris, however they enlist the help of other cells including perineurial glia and recruit macrophages to aid clearance and repair. On the other hand, OECs are largely responsible for phagocytosis and do not appear to recruit macrophages. While both SCs and OECs have a capacity for phagocytosis, the mechanisms that govern this process are largely unknown. Identifying the molecular and cellular mechanisms that drive phagocytosis of various targets by peripheral glial will then allow us to exploit this function. Stimulating SCs and OECs to clear cellular and myelin debris will help improve repair after injury or will aid better infection prevention/treatments. Understanding the differences in the phagocytic characteristics between SCs and OECs is also important for development of transplantation therapies to repair neural injuries as it may be possible to exploit key benefits of each cell type. Overall, increasing our understanding of glial phagocytosis may lead to the design of therapies to treat injuries and diseases of the nervous system.
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The velocity of nerve conduction along vertebrate axons depends on their ensheathment with myelin. Myelin membranes comprise specialized proteins well characterized in mice. Much less is known about the protein composition of myelin in non-mammalian species. Here, we assess the proteome of myelin biochemically purified from the brains of adult zebrafish (Danio rerio), considering its increasing popularity as model organism for myelin biology. Combining gel-based and gel-free proteomic approaches, we identified > 1,000 proteins in purified zebrafish myelin, including all known constituents. By mass spectrometric quantification, the predominant Ig-CAM myelin protein zero (MPZ/P0), myelin basic protein (MBP), and the short-chain dehydrogenase 36K constitute 12%, 8%, and 6% of the total myelin protein, respectively. Comparison with previously established mRNA-abundance profiles shows that expression of many myelin-related transcripts coincides with the maturation of zebrafish oligodendrocytes. Zebrafish myelin comprises several proteins that are not present in mice, including 36K, CLDNK, and ZWI. However, a surprisingly large number of ortholog proteins is present in myelin of both species, indicating partial evolutionary preservation of its constituents. Yet, the relative abundance of CNS myelin proteins can differ markedly as exemplified by the complement inhibitor CD59 that constitutes 5% of the total zebrafish myelin protein but is a low-abundant myelin component in mice. Using novel transgenic reporter constructs and cryo-immuno electron microscopy, we confirm the incorporation of CD59 into myelin sheaths. These data provide the first proteome resource of zebrafish CNS myelin and demonstrate both similarities and heterogeneity of myelin composition between teleost fish and rodents.
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INTRODUCTION

Myelination of vertebrate axons accelerates nerve conduction by facilitating saltatory impulse propagation (Tasaki, 1939; Hartline and Colman, 2007). Indeed, myelin has evolved to enable the normal motor, sensory, and cognitive capabilities of vertebrates, as illustrated by their decline and the severe clinical presentations of human patients with myelin-related disorders (Stadelmann et al., 2019; Wolf et al., 2020). The typical multimembrane structure of compact myelin necessitates specialized proteins that mediate the apposition and adhesion of adjacent membrane layers (Nave and Werner, 2014; Snaidero and Simons, 2017). It has long been thought that the complexity of myelin protein composition is very low. This view was founded on studies in the 1970s, in which myelin was biochemically purified from nervous tissue and separated by polyacrylamide gel electrophoresis (PAGE). Upon protein staining using Coomassie Blue or other staining dyes, myelin purified from the brains of mammalian, avian, or reptilian species displayed only four to five bands (Zanetta et al., 1977; Quarles et al., 1978; Franz et al., 1981; Jeserich, 1983), which we now know represent one or several splice isoforms each of the transmembrane-tetraspan proteolipid protein (PLP), the cytosolic adhesion protein myelin basic protein (MBP), and the enzyme cyclic nucleotide phosphodiesterase (CNP, previously termed Wolfgram protein). Notably, the band pattern of central nervous system (CNS) myelin of several species of bony fish differed markedly from that of tetrapod myelin with respect to the number of bands and their molecular weight (Franz et al., 1981; Jeserich, 1983; Waehneldt et al., 1986; Kirschner et al., 1989). Indeed, the major bands of fish myelin were constituted by one or several splice isoforms of MBP, one or two variants of the Ig-CAM myelin protein zero (MPZ, previously termed intermediate proteins IP1 and IP2) and a protein migrating at the molecular weight of 36 kDa (termed 36K). Together, these results have indicated an evolutionary shift of myelin protein composition at the transition from fish to tetrapods (Waehneldt, 1990; Yoshida and Colman, 1996; Schweigreiter et al., 2006; Yin et al., 2006).

The method to enrich myelin as a lightweight membrane fraction from nervous tissue by an established protocol involving sucrose density gradient centrifugation and osmotic shocks has been adapted only slightly since the 1970s (Norton and Poduslo, 1973; Erwig et al., 2019a), reflecting that the protocol is suited to purify myelin membranes to a degree of about 95% (De Monasterio-Schrader et al., 2012). However, the techniques of gel staining and protein identification have markedly improved since. Indeed, protein staining using Coomassie Brilliant Blue (CBB250) upon separation of myelin on contemporary gradient gels yields numerous distinct bands (Morris et al., 2004; Avila et al., 2007; De Monasterio-Schrader et al., 2012), the major constituents of which can be identified by mass spectrometric methods. For example, this strategy allowed identification of several constituents of zebrafish myelin, i.e., of the 36K protein as a short-chain dehydrogenase/reductase [36K, also termed DHRS12 (Morris et al., 2004)], Zwilling proteins (ZWIa and ZWIb) (Schaefer and Brösamle, 2009), and two MBP paralogs [MBPa, MBPb (Nawaz et al., 2013)].

More recently, the advent of label-free shotgun proteomic approaches (reviewed in Neilson et al., 2011) has allowed circumvention of any possible bias introduced by gel separation or staining of proteins. Importantly, these techniques facilitate simultaneous identification and quantification of proteins without the need of introducing costly stable isotope labels. With the aim of routinely exploring the relative abundance of hundreds of proteins in myelin, we chose a peptide intensity-based quantification approach with a data-independent acquisition (DIA) strategy that relies on collecting data in an alternating low and elevated energy mode (referred to as MSE) and on ion mobility spectrometry to deconvolute spectral complexity (referred to as UDMSE; reviewed in Distler et al., 2014b). As recently described in detail (Siems et al., 2020), these approaches have allowed us to establish the proteome profiles of myelin in both the CNS and the peripheral nervous system (PNS) of mice (Jahn et al., 2020; Siems et al., 2020). Together, myelin proteome analysis has contributed to the insight that the protein composition of myelin is considerably more complex than initially thought. Considering that the relative abundance of known myelin proteins displays a dynamic range of more than four orders of magnitude, we now know that exceptionally abundant myelin proteins have overshadowed low-abundant constituents in early gel-based approaches.

The zebrafish has become a frequently used model organism to study cellular and molecular mechanisms in the central nervous system, including myelination (Pogoda et al., 2006; Lyons and Talbot, 2015; Ackerman and Monk, 2016; Czopka, 2016) and oligodendrocyte differentiation (Ravanelli et al., 2018; Marisca et al., 2020). Notwithstanding the increasing relevance of zebrafish in assessing the pathomechanisms of human myelin-related diseases (Pérez-Rius et al., 2019; Keefe et al., 2020; Tsata et al., 2020), proteomic approaches to zebrafish myelin have fallen behind evolving technical standards. For example, no study is available thus far that systematically approaches the entire zebrafish CNS myelin proteome.

Together with trout, goldfish, salmon, tilapia, eel, and about 30,000 other species, zebrafish belong to the largest vertebrate clade, a group of bony fish termed teleosts (Ravi and Venkatesh, 2018). Much of the considerable morphological and physiological diversity among teleost fish has been attributed to a comparatively fast rate of protein evolution after an event of whole-genome duplication at the root of teleosts, upon which many duplicated genes were retained as paralogs (also termed ohnologs). We note that other teleost species besides zebrafish may also emerge as valuable models in myelin research, including medaka (Dodo et al., 2020). Yet, compared to other fish species, most systematic molecular data are presently available for zebrafish, including genome, transcriptome, and reference proteome datasets. The phenotypic diversity of teleosts and the large number of paralog genes notwithstanding, zebrafish are thus not only suited as model systems in myelin biology with medical relevance, but also to represent fish in evolutionary cross-species comparisons.

Here, we considered that systematically approaching the protein composition of CNS myelin in zebrafish is beneficial for both using zebrafish as a model for myelin-related disorders as well as systematically approaching the evolution of myelin protein composition. We thus assessed CNS myelin purified from adult zebrafish by proteome analysis using a combination of gel-based and gel-free proteomic approaches.



MATERIALS AND METHODS


Animals


Zebrafish

The following zebrafish lines and strains were used: AB wild type, Tg(olig1:nls-mApple) (Marisca et al., 2020) and Tg(mbp:nls-GFP) (Karttunen et al., 2017). Zebrafish were kept at 28.5°C with a 14-h/10-h light–dark cycle, in accordance with United Kingdom Home Office regulations (project license PP5258250). Dissection of adult zebrafish for myelin purification was previously reported (Nawaz et al., 2013).



Mice

For myelin purification, we used male c57Bl/6N mice at the ages of postnatal day 18 (P18), P75, and 6 months. For cryo-immuno electron microscopy, we used male c57BL/6N mice at P75. Mice were bred and maintained in the animal facility of the Max Planck Institute for Experimental Medicine; they were sacrificed by cervical dislocation. For sacrificing mice to subsequently dissect tissue, all regulations given in the German Animal Protection Law (TierSchG §4) were followed. Sacrificing of vertebrates is not an experiment on animals according to §7 Abs. 2 Satz 3 TierSchG; therefore, no specific authorization or notification was required for the current work.




Myelin Purification and Gel Staining

Purification of a lightweight membrane fraction enriched for myelin from the brains and optic nerves of three pools of adult zebrafish (length 2–3 cm; age 4–12 months; 50 fish/pool) by sucrose density centrifugation and osmotic shocks was previously reported (Nawaz et al., 2013). Electron microscopy of the zebrafish myelin-enriched fraction was performed as previously reported for myelin purified from mouse brains (Werner et al., 2007). Purification of myelin from the brains of mice at the indicated ages for immunoblot analysis (in Figure 5) was performed as previously described (Patzig et al., 2016a; Erwig et al., 2019a). Protein concentrations were determined using the DC Protein Assay Kit (Bio-Rad). Gel electrophoresis was performed as detailed below and proteins were visualized using Coomassie Brilliant Blue G-250 or by silver staining as previously described (Schardt et al., 2009; Erwig et al., 2019a).



Immunoblot

For immunoblot analysis, samples were diluted in 1 × SDS sample buffer and dithiothreitol. To deglycosylate proteins, samples were incubated with Endoglycosidase H (BioLabs, Cat# P0703S), 10× Glycoprotein Denaturing Buffer (BioLabs, Cat# B1720S), and ddH2O for 50 min at 38°C. After adding loading buffer, the samples were heated for 10 min at 40°C before loading onto gels. In total, 15 μg per sample was loaded onto 15% acrylamide gels and proteins were separated by SDS-PAGE (180V) using Mini-PROTEAN Handcast system (Bio-Rad, Munich, Germany). Protein transfer was performed as previously described (Patzig et al., 2016b; Siems et al., 2020). Primary antibodies were specific for CD59 (Invitrogen, Cat# PA5-97565; 1:500) and cyclic nucleotide phosphodiesterase (CNP; Sigma, Cat# C5922; 1:1000). HRP-coupled secondary anti-mouse or -rabbit antibodies were from dianova (1:10,000). Immunoblots were developed using the enhanced chemiluminescent detection kit (ECL; Western Lightning® Plus-ECL); signals were detected using the Intas ChemoCam system (Intas Science Imaging, Göttingen, Germany).



Gel-Based Proteome Analysis of Myelin

Separation of myelin proteins by gel electrophoresis was performed on pre-cast 8–16% Tris-glycine gradient gels (TG PRiME, Serva) as described in detail (Erwig et al., 2019a; Jahn et al., 2020). For systematic proteome analysis from entire gel lanes, 5 μg of protein was loaded before (pre-wash) or after (post-wash) subjecting myelin to sequential washing/centrifugation cycles of high salt and high pH as previously described (Werner et al., 2007; Jahn et al., 2013). Complete lanes were sliced into uniform pieces (the exact number of pieces depending on the swelling status of the gel) and subjected to automated tryptic in-gel digest of proteins (Schmidt et al., 2013) followed by identification of proteins by LC-MS as previously described (Ott et al., 2015).



Gel-Free, Label-Free Identification and Quantification of Myelin Proteins

In-solution digestion of myelin proteins was performed according to a protocol of automated filter-aided sample preparation (FASP) (Erwig et al., 2019a) originally described by Manza et al. (2005). LC-MS analysis was performed by two MSE-type DIA mass spectrometry approaches as recently described for mouse CNS (Jahn et al., 2020) and PNS myelin (Siems et al., 2020). In brief, protein fractions equivalent to 10 μg of myelin protein from three biological replicate pools were dissolved in lysis buffer (1% ASB-14, 7 M urea, 2 M thiourea, 10 mM DTT, and 0.1 M Tris, pH 8.5) and subjected to CHAPS-based FASP in centrifugal filter units (30 kDa MWCO, Merck Millipore). After removing the detergents, protein alkylation with iodoacetamide, and buffer exchange to digestion buffer [50 mM ammonium bicarbonate (ABC), 10% acetonitrile], proteins were digested with 400 ng trypsin at 37°C overnight. Tryptic peptides were recovered by centrifugation and extracted with 40 μl of 50 mM ABC and 40 μl of 1% trifluoroacetic acid (TFA). Combined flow-throughs were subjected to LC-MS analysis. For quantification using the TOP3 approach (Silva et al., 2006; Ahrné et al., 2013), aliquots were spiked with 10 fmol/μl of a tryptic digest of yeast enolase-1 (Waters Corporation).

Peptide separation by nanoscale reversed-phase UPLC was performed on a nanoAcquity system (Waters Corporation) as previously described (Jahn et al., 2020; Siems et al., 2020). Mass spectrometric analysis on a quadrupole time-of-flight mass spectrometer with ion mobility option (Synapt G2-S, Waters Corporation) was performed in the ion mobility-enhanced DIA mode with drift time-specific collision energies referred to as UDMSE (Distler et al., 2014a). As established previously for proteome analysis of purified mouse myelin (Jahn et al., 2020; Siems et al., 2020), samples were re-run in a data acquisition mode without ion mobility separation of peptides (referred to as MSE) to ensure the correct quantification of exceptionally abundant myelin proteins.

Processing of LC-MS data and database searching for protein identification was performed using Waters ProteinLynx Global Server (PLGS) version 3.0.3 with published settings (Jahn et al., 2020; Siems et al., 2020). Aiming at a reasonably sized search space with preferably complete, but non-redundant protein annotations, we used a downloadable version of the UniProtKB Danio rerio reference proteome containing a single representative protein sequence per gene with reviewed (Swiss-Prot) entries where possible (release 2020_01, proteome ID UP000000437, 25701 entries). Based on prior knowledge, this database was curated by replacing the MBPb entry (accession F8W4C1 instead of E7EYA2) and by adding the entries for NFASCb (A0A4P8NJ80), ZWIa (B9UZF4), and ZWIb (B9UZF5). This FASTA file was used to compile a custom database by further adding the sequence information for yeast enolase-1 (P00924) and porcine trypsin (P00761) and by appending the reversed sequence of each entry to enable the determination of false discovery rate (FDR). This curated database is part of the proteomics data deposited in a publicly available repository (see below).

For post-identification analysis including TOP3 quantification of proteins, the software ISOQuant (Distler et al., 2014a; Kuharev et al., 2015) was used (freely available at www.isoquant.net) and proteins were quantified as parts per million (ppm) as previously described (Jahn et al., 2020; Siems et al., 2020), i.e., the relative amount (w/w) of each protein in respect to the sum over all detected proteins. FDR for both peptides and proteins was set to 1% threshold. Only proteins represented by at least two peptides (one of which unique) and quantified in at least two out of three replicates were reported. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with dataset identifier PXD023037.



Generation of Transgenesis Constructs

The constructs pME_sigpep-EYFP-nostop, pME_mScarlet-CAAX, p3E_CD59-pA, pTol2_mbp:EYFP-CD59, and pTol2_mbp:mScarletCAAX were newly generated for this study. All primer sequences are given in Table 1. The entry clone p5E_mbp was previously reported (Almeida et al., 2011).


TABLE 1. Primers used for cloning.

[image: Table 1]
The middle entry clone pME_sigpep-EYFP-nostop was generated in a two-step PCR. First, the CD59 signal peptide coding for import to the secretory pathway (bases 1–64) was attached to EYFP by PCR on a EYFP-containing plasmid as template using the sigpep YFP_F primer and the attB2R_YFP_nostop_R. The second PCR was performed using the product of the first PCR as template with primers attB1_sigpep_F and attB2R_YFP_nostop_R. The resulting was recombination-cloned into pDONR221 using BP Clonase (Invitrogen).

The middle entry clone pME_mScarlet-CAAX was generated in a similar two-step PCR strategy to attach the CAAX membrane targeting motif with attB1 and attB2R recombination sites to mScarlet, which was amplified from an mScarlet -containing template plasmid (see Table 1). The PCR product was then recombination cloned into pDONR221 using BP clonase (Invitrogen).

To generate the 3′ entry clone p3E_CD59-pA, CD59 (bases 64–357 of ENSDART00000126737.4), lacking the signal peptide, was amplified using the primers ClaI_CD59_F and XbaI_CD59_R from cDNA from 5 days post fertilization (dpf) wild-type zebrafish and cloned into pCS2 + using ClaI/Xbal restriction sites. Then, CD59pA was PCR amplified from this plasmid using the primers attB2_CD59_F and attB3R_pA_R and cloned into pDONR_P2R-P3 using BP Clonase.

The transgenic expression constructs pTol2_mbp:mScarlet-CAAX and pTol2_mbp:EYFP-CD59 were generated by multisite LR recombination reactions using the abovementioned and additional entry clones from the Tol2 kit (Kwan et al., 2007).



DNA Microinjection and Mounting of Embryos for Live Cell Microscopy

Fertilized wild-type zebrafish eggs were pressure-injected with 1 nl of an injection solution containing 10 ng/μl of mbp:mScarlet-CAAX DNA, 10 ng/μl of mbp:EYFP-CD59 DNA, and 50 ng/μl of Tol2 transposase mRNA and 10% phenol red. Zebrafish embryos were anesthetized using 0.2 mg/ml of tricaine mesylate (Sigma Aldrich). For confocal imaging, embryos were mounted laterally in 1% ultrapure low melting point agarose (Invitrogen) on a glass coverslip as previously described (Vagionitis and Czopka, 2018).



Tissue Preparation and Cryosectioning

Zebrafish embryos were euthanized 5 or 6 dpf with 4 mg/ml tricaine mesylate, fixed overnight at 4°C in 4% paraformaldehyde. Fixed animals were cryoprotected for 3 days in serially increasing sucrose concentrations (10, 20, and 30%) and then embedded in Tissue Tek. Transverse sections of 14–16 μm thickness were cut using a Leica CM1850 UV cryostat.



In situ Hybridization and Immunohistochemistry

RNA probes were used to detect zebrafish cd59 (ENSDARG00000090615, ACD probe catalog code: 561561-C2). We used the RNAScope Multiplex Fluorescent V2 kit (ACD) on cryosections according to the manufacturer’s protocol for fixed-frozen samples. Signals were detected with TSA-conjugated Opal Dyes (Perkin Elmer), as detailed in Table 2. Following RNA hybridization, immunohistochemistry was performed to detect transgenically expressed fluorescent proteins. Sections were blocked for 1.5 h at room temperature in PBS containing 0.1% Tween 20, 10% FCS, 0.1% BSA, and 3% normal goat serum. Primary antibodies were incubated at 4°C overnight in blocking solution. Sections were washed three times in PBS (with 0.1% Tween 20) and incubated with Alexa Fluor (AF)-conjugated secondary antibodies. Antibodies used are listed in Table 2. Stained sections were washed twice in PBS with 0.1% Tween 20, once in PBS, and mounted with ProLong Diamond Antifade mountant with DAPI (Thermo Fisher Scientific).


TABLE 2. Immunohistochemistry.

[image: Table 2]


Microscopy

Twelve-bit confocal images were acquired on a Leica TCS SP8 laser scanning microscope. A 488-nm wavelength was used to excite Alexa Fluor 488, a 514-nm wavelength was used to excite EYFP, a 561-nm wavelength was used to excite mScarlet or Alexa Fluor 555, and a 633-nm wavelength was used to excite Opal 650 dye. Live imaging of cells was performed using a 25×/0.95 NA H20 objective with 75.7-nm pixel size and 1-μm z-spacing. Images of cryosections were taken with a 63x/1.2 NA H20 objective with 72-nm pixel size and 1-μm z-spacing, using a Zeiss Apotome 2 microscope and Zen Pro software.



Immunogold Labeling

Immunogold labeling on cryosections of cross-sectioned optic nerves from c57Bl/6N mice at P75 and electron microscopy (in Figure 5) was performed as previously described (Werner et al., 2007; Lüders et al., 2017; Eichel et al., 2020). Primary antibodies were specific for CD59 (Invitrogen Cat# PA5-97565; 1:100).



Analysis of Single-Cell RNA Sequencing Data

Single-cell RNA sequencing data of zebrafish oligodendrocyte lineage cells have been previously published (Marisca et al., 2020). Transcript per million (TPM) values in the publicly available dataset of gene expression in oligodendrocyte lineage cells (Accession number GSE132166; available at https://ki.se/en/mbb/oligointernode) were log-normalized with a scale factor of 10,000 as previously described (Marisca et al., 2020) to probe for expression of transcripts encoding known myelin proteins. The normalized abundance of myelin-related transcripts in the cells designated as oligodendrocyte precursor cells (OPC; clusters 1–4 in Marisca et al., 2020; n = 189 cells) and mature oligodendrocytes (mOL; cluster 5 in Marisca et al., 2020; n = 19 cells) was plotted. Precise p-values for comparing mRNA abundance in OPCs and mOLs by Welch’s t-test were 36k p = 0.0004; Cadm4 p = 0.1324; Cd59 p = 0.0001; Cd81 p = 0.2202; Cd82a p = 0.1548; Cfl p = 0.0032; Epb41l3a p = 0.0299; Lgi3 p = 0.0017; Mbpa p = 0.0002; Mpz p = 0.0005; Padi2 p = 0.024, Rhoab p = 0.9608; Sept7b p = 0.0432; Sept8b p = 0.2665; Sirt2 p = 0.0003; Slc12a2 p = 0.0012; Sox10 p = 0.7829; Cd9b, Cdc42, Cldn19, Cldnk, Mag, Mbpb, Ninj2, Nfasca, Plp1a, Plp1b, Tspan2a, Zwi, Olig2, and Myrf p < 0.0001. Statistical test was performed in GraphPad Prism 8.



Phylogenetic Analysis

Tblastn homology search of mRNA/EST databases was performed at blast.ncbi.nlm.nih.gov using CD59 or MPZ protein sequences from various species as queries. mRNA/EST sequences encoding CD59 or MPZ in selected species were retrieved. The longest available ORFs were translated using EditSeq for protein alignment using MegAlign with the algorithm ClustalW and protein weight matrix PAM250. Phylogenetic trees were constructed using Drawtree of the Phylip software package (Felsenstein, 1997) version 3.69 (Department of Genetics, University of Washington, Seattle) freely accessible at evolution.genetics.washington.edu/phylip/doc/drawtree.html.



Deposition, Visualization, and Analysis of Data

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with dataset identifier PXD023037. Images were analyzed using Fiji (Schindelin et al., 2012), and figures and graphs were prepared in Microsoft Excel 2020, GraphPad Prism 8, and Adobe Illustrator CS6. Protein structure comparison was performed using Clustal Omega (EMBL EBI). Area-proportional Venn diagrams were prepared using BioVenn (Hulsen et al., 2008) at www.bio-venn.nl.




RESULTS


Proteome Analysis of Myelin Purified From Zebrafish Brains

Aiming to systematically approach the protein composition of CNS myelin in a non-mammalian species, we reassessed a myelin-enriched lightweight membrane fraction purified from the brains and optic nerves of adult zebrafish. Purification of this fraction was previously reported (Nawaz et al., 2013); three pools of zebrafish brains and optic tracts were subjected to an established protocol of discontinuous sucrose density gradient centrifugation and osmotic shocks, resulting in biological triplicates (n = 3) used in the present analysis. By electron microscopy, the fraction virtually entirely contained multilamellar myelin sheaths (Supplementary Figure 1A). As a pilot experiment, we separated the myelin-enriched fraction on 1D SDS-PAGE gels followed by silver or colloidal Coomassie staining, thereby visualizing a considerable number of distinct bands (Figure 1A). When we excised Coomassie-stained bands and subjected them to tryptic in gel-digest and mass spectrometric protein identification, we found that the major bands comprised known myelin proteins (denoted in Figure 1A). Yet, several bands contained proteins not previously associated with myelin (arrowheads in Figure 1A). This pilot experiment thus supported our notion that the complexity of the protein composition of zebrafish myelin has not been fully uncovered yet.


[image: image]

FIGURE 1. Proteome analysis of zebrafish myelin. (A) One-dimensional separation of myelin biochemically purified from brains and optic nerves of adult zebrafish. Myelin was separated by 1D SDS-PAGE on Tris-glycine gradient gels, and proteins were visualized by silver staining (0.5 μg load) or colloidal Coomassie (CBB250; 5 μg load). Bands are annotated that mainly comprise known myelin proteins according to mass spectrometric identification. Arrowheads indicate bands in which no known myelin proteins were identified. (B) Myelin separated on Tris-glycine gradient gels (5 μg load) before (pre-wash) or after (post-wash) an additional step of high-pH and high-salt conditions. The indicated grid divides each CBB250-stained lane into equally sized slices, which were excised for automated tryptic digest and LC-MS analysis, thereby, respectively, identifying 890 (pre-wash) and 1274 (post-wash) proteins (Supplementary Table 1). (C) Number and relative abundance of proteins identified and quantified in purified myelin by in-solution digestion and two data independent acquisition MS modes, MSE and UDMSE. Note that MSE (orange) identifies fewer proteins but provides a higher dynamic range for quantification of proteins in purified myelin compared to UDMSE. MSE thus facilitates quantification of highly abundant myelin proteins. ppm, parts per million. (D) Venn diagram comparing the number of proteins identified in myelin by MSE, UDMSE, and gel-based approaches.


To fill this gap, we performed systematic proteome analysis using both gel-based and gel-free methods. For simplicity, in the following, we use the terms “myelin” for the myelin-enriched biochemical fraction and “myelin-associated” for proteins identified in the fraction, irrespective if the localization was validated by independent approaches. Upon pre-fractionation of 5 μg of myelin on 8–16% Tris-glycine gradient gels (Figure 1B), slicing of the complete lanes into uniform pieces, and tryptic in gel-digest and peptide separation by liquid chromatography (LC) coupled to detection by mass spectrometry (LC-MS), we identified 890 proteins (labeled “pre-wash” in Figure 1B and Supplementary Table 1). Upon subjecting myelin to consecutive high-salt and high-pH washing/centrifugation cycles for enriching membrane proteins, the same procedure yielded 1,274 proteins (labeled “post-wash” in Figure 1B and Supplementary Table 1). When comparing the proteins identified in pre-wash versus post-wash myelin, we found considerable overlap. The two approaches combined yielded 1509 proteins, thus representing a comprehensive compendium of the zebrafish myelin proteome (Supplementary Table 1).

Considering that gel-based approaches often provide limited capabilities for mass spectrometric protein quantification, we also subjected myelin to an established gel-free workflow of solubilization, automated in-solution tryptic digest, peptide fractionation, and data-independent acquisition on a quadrupole time of flight mass spectrometer with ion mobility spectrometry option (Q-IMS-TOF type) (Jahn et al., 2020; Siems et al., 2020). These label-free methods termed MSE and—when ion mobility-enhanced—UDMSE allow simultaneous identification and quantification of myelin proteins. When subjecting zebrafish myelin to MSE analysis, we identified and quantified 562 proteins (labeled in orange in Figure 1C and Supplementary Table 1) with a FDR of <1% at both the peptide and protein level and an average sequence coverage of 36.2%. Given that MSE provides a high dynamic range of more than four orders of magnitude for quantification at the cost of proteome coverage, we consider the MSE dataset a valid quantitative representation of the myelin proteome as the relative abundance even of the dominant proteins is determined correctly. When analyzing the myelin samples using the UDMSE mode, in which ion mobility is utilized to further separate the peptides after chromatographic separation and before mass measurement, we identified and quantified 1440 proteins with an average sequence coverage of 32.6% (labeled in blue in Figure 1C and Supplementary Table 1). Thus, UDMSE provides a deeper proteome coverage at the cost of dynamic range, which is limited to about three orders of magnitude. We consider the UDMSE dataset a semi-quantitative inventory of the myelin proteome as it likely covers the vast majority of myelin-associated proteins—while underestimating the relative proportion of high-abundant but not of medium to low-abundant proteins. In the present label-free quantification approaches, this is indeed reflected by the identification of over twofold as many proteins by UDMSE and the superior dynamic range of MSE (Figure 1C), in line with previous observations on myelin preparations from mice (Jahn et al., 2020; Siems et al., 2020). When comparing the proteins identified by MSE, UDMSE, and gel-based approaches, we identified a total number of 1992 proteins in zebrafish myelin, among those 480 proteins by all approaches (Figure 1D).



Relative Abundance of Myelin Proteins in the Zebrafish CNS

Considering that quantification of the most abundant myelin proteins requires a high dynamic range (Jahn et al., 2020; Siems et al., 2020), we calculated the relative abundance of the 562 proteins identified in zebrafish myelin by MSE. According to this dataset, the most abundant zebrafish myelin proteins are myelin basic protein (MBPa), the Ig-CAM myelin protein zero (MPZa), the short-chain dehydrogenase 36K (also termed DHRS12), MPZb, and the complement inhibitor CD59, which respectively, constitute 7.6%, 7.3%, 6.3%, 4.7%, and 4.6% of the total myelin protein (Figure 2). When the abundance of protein paralogs is added together, MPZa/MPZb (Supplementary Figure 2) and MBPa/MBPb (Nawaz et al., 2013; Torvund-Jensen et al., 2018) are the most abundant constituents, comprising 12.0% and 7.8% of the total myelin protein, respectively. Besides the known zebrafish CNS myelin proteins MPZ (Brösamle and Halpern, 2002; Schweitzer et al., 2003; Bai et al., 2011), MBP (Li et al., 2007; Nawaz et al., 2013), and 36K (Morris et al., 2004; Nagarajan et al., 2020), CD59 was thus also identified as highly abundant. In addition, we identified and quantified multiple known myelin proteins at lower abundance, including proteolipids (PLP1a and PLP1b), claudins (CLDNK and CLDN19), Ig-CAMs (CADM4, CNTN1b, MAG, NFASCa, NFASCb, and NINJ2), tetraspanins (CD9b, CD81a, CD82a, and TSPAN2a), scaffolding proteins (EPB41L3a, SPTAN1, and SPTBN1), cytoskeletal proteins SEPT4b, SEPT7b, SEPT8b, CFL1, and PADI2), the ion transporter SLC12A2, and the teleost-specific zwilling proteins (ZWIa and ZWIb). The relative abundance of these proteins in myelin is shown in Figure 2. Together, by MSE, known myelin proteins constitute about 37% of the total zebrafish CNS myelin protein (Figure 2) while proteins not yet associated with myelin account for the remaining 63%. Categorization of proteins identified in the myelin-enriched fraction indicates only minor levels of contaminants from other cellular compartments (Supplementary Figure 1B), in accordance with the virtually exclusive multi-lamellar appearance of the fraction’s constituents by electron microscopy (Supplementary Figure 1A).


[image: image]

FIGURE 2. Relative abundance of CNS myelin proteins in zebrafish. Pie chart visualizing the MSE dataset (Figure 1C and Supplementary Table 1). The relative protein abundance is given in percent with relative standard deviation (RSD). Note that known myelin proteins constitute about 37% of the total myelin protein, whereas proteins so far not associated with myelin constitute the remaining 63%.




Comparison to Related Datasets

Several recent studies have systematically assessed the abundance of proteins in myelin or of transcripts in cells of the oligodendrocyte lineage. To compare the zebrafish myelin proteome with such profiles, we correlated our quantitative proteome datasets (Supplementary Table 1) via gene name entries with available datasets.

First, we plotted the myelin protein abundance profiles in the current MSE and UDMSE datasets (Supplementary Table 1) against each other (Figure 3A). As these datasets were established using the same samples and a similar workflow only differing in the MS measurement mode, it is not surprising that the datasets correlate well with a high correlation coefficient of 0.89. In line with the higher dynamic range of MSE for quantification (Figure 1C), it was expected that the most abundant proteins MPZ, MBPa, CD59, and 36K were found to deviate most visibly from the linear regression line, confirming that they were under-quantified in UDMSE due to ceiling effects occurring during mass spectrometric detection of ion mobility-separated peptides of exceptional abundance. We thus selected the MSE dataset (Figures 1C, 2) as the myelin proteome reference for comparison with related datasets.
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FIGURE 3. Comparison of the zebrafish myelin proteome with other datasets. (A) Scatter plot of the log2-transformed relative abundance of proteins identified in this study by MSE in zebrafish CNS myelin against those identified by UDMSE. Data points representing known myelin proteins are labeled in green; other data points are in gray. The correlation coefficient was calculated for known myelin proteins (green) and for all proteins (gray) identified using both MS modes. The linear regression line is plotted for all proteins. ppm, parts per million. (B) Same as (A) but plotted against the scRNA-seq-based transcriptome of mature zebrafish oligodendrocytes (mOL) according to the normalized mean of all 19 cells in the mOL cluster according to prior assessment of oligodendrocyte lineage cells (Marisca et al., 2020). (C) Venn diagram comparing known myelin proteins identified in zebrafish CNS myelin in this study with those previously identified in CNS mouse myelin (Jahn et al., 2020). If a paralog has been reported in zebrafish, the protein name of the paralog is given. (D) Same as (A) but only known myelin proteins identified by MSE in zebrafish myelin are plotted against the CNS myelin proteome of c57Bl/6N mice as previously assessed by the same mode (Jahn et al., 2020). Only proteins present in both datasets are plotted. (E) Same as (D) but known myelin proteins identified by MSE in zebrafish CNS myelin are plotted against the mouse PNS myelin proteome as previously assessed by the same mode (Siems et al., 2020). (F) Same as (D) but known myelin proteins identified by MSE in mouse CNS myelin mode (Jahn et al., 2020) are plotted against those identified by MSE in mouse PNS myelin (Siems et al., 2020).


Next, we compared our MSE dataset with previously established single-cell RNA sequencing (scRNAseq) data (Marisca et al., 2020) of oligodendrocyte lineage cells isolated from the zebrafish CNS at 5 dpf. For this comparison, we calculated the mean of the normalized mRNA abundance of all 19 cells in the cluster composed of mature oligodendrocytes (mOL). Comparing the myelin proteome with the oligodendrocyte transcriptome in zebrafish, we calculated a correlation coefficient of 0.22 (Figure 3B). Notwithstanding that differences in the age of animals, sample preparation and data analysis probably affect the degree of correlation, it is noteworthy that an approximately similar correlation coefficient was previously found when comparing the myelin proteome with the oligodendrocyte transcriptome in mice (Jahn et al., 2020).

We then compared CNS myelin proteins between zebrafish and mice, using the present data and a previously established mouse myelin proteome dataset (Jahn et al., 2020). We focused on known myelin proteins (Figure 2), as for several proteins readily identified in zebrafish myelin no orthologs were found in mouse myelin, including 36K, CLDN19, CLDNK, ZWIa, and ZWIb (Figure 3C). Vice versa, for numerous myelin proteins previously established in mice, no ortholog was identified in zebrafish myelin, including claudin 11 (CLDN11), myelin oligodendrocyte basic protein (MOBP), myelin oligodendrocyte protein (MOG), oligodendrocytic myelin paranodal and inner loop protein (OPALIN), plasmolipin (PLLP), and anillin (ANLN) (Figure 3C). Together, this indicates heterogeneity of the myelin proteome. Yet, a surprisingly large number of proteins displayed orthologs in myelin of both species. Importantly, this was not limited to classical structural myelin proteins PLP1/PLP1a/PLP1b and MBP/MBPa/MBPb. Orthologs in myelin of both species were also identified for Ig-CAMs (MAG, CADM4, and NFASC/NFASCa/NFASCb), tetraspanins (CD9/CD9b, CD81/CD81a, CD81/CD82a, and TSPAN2/TSPAN2a), myelin septins (SEPT4/SEPT4b, SEPT7/SEPT7b, and SEPT8/SEPT8b), signaling proteins (CDC42 and RHOA/RHOAb), the ion transporter SLC12A2, as well as the enzymes sirtuin 2 (SIRT2), carbonic anhydrase 2 (CA2), and peptidyl arginine deiminase PADI2 (Figure 3C). Comparing all proteins with orthologs in myelin of both species resulted in a comparatively high correlation coefficient of 0.59 (Figure 3D), implying that myelin protein composition is partially conserved between zebrafish and mice. Yet, we note that the correlation coefficient is roughly similar when comparing known myelin proteins in the zebrafish CNS myelin proteome with those in the PNS of mice (Figure 3E). A similar comparison between known myelin proteins in the PNS and CNS of mice yielded a somewhat higher correlation coefficient of 0.66 (Figure 3F), implying that the abundance profile of myelin proteins in the CNS of mice is closer related to that in the mouse PNS than to that in the zebrafish CNS.



Expression of Myelin Proteins in the Oligodendrocyte Lineage

To assess the abundance profiles of myelin-related transcripts during maturation of zebrafish oligodendrocytes, we filtered a previously published scRNAseq dataset for selected mRNAs corresponding to our proteome dataset and plotted their normalized abundance levels in oligodendrocyte precursor cells (clusters OPC 1–4 in Marisca et al., 2020) and mature oligodendrocytes (cluster mOL in Marisca et al., 2020). Notwithstanding that the different numbers of OPCs and mOL for which transcript abundance profiles are available may affect the biological inference, most myelin-related transcripts displayed a markedly increased abundance in mature oligodendrocytes compared to OPCs. Notably, this includes Mpza, Mbpa, Mbpb, 36k, Plp1a, Plp1b, Mag, Cldnk, Cldn19, Sirt2, and Tspan2a (Figure 4), implying that their expression coincides with myelination. Yet, not all cells in the mature oligodendrocyte cluster displayed high abundance of all myelin-related transcripts, implying heterogeneity of oligodendroglial mRNA expression profiles. We also note that the abundance of transcripts encoding myelin septins (Sept7b and Sept8b), as well as Cd81a and Cd82a, were approximately similar in OPCs and mature oligodendrocytes, suggesting that their expression does not depend on the oligodendroglial maturation stage.
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FIGURE 4. Expression of myelin-related mRNAs in OPCs and mature oligodendrocytes. Violin plots comparing the relative abundance of selected myelin-related transcripts in OPCs and mature oligodendrocytes according to a previously established scRNAseq dataset (Marisca et al., 2020). Data are given as normalized log-transformed mRNA abundance in transcripts per million (TPM) in OPCs (gray) versus mature oligodendrocytes (mOL) (green). Median with interquartile ranges; n = 189 OPCs (combined clusters 1–4 in Marisca et al., 2020) versus n = 19 mOL (cluster 5 in Marisca et al., 2020); ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 by Welch’s t-test. For precise p-values, see section “Materials and Methods.” The mRNAs for oligodendrocyte transcription factor 2 (olig2), myelin regulatory factor (myrf), and SRY-box transcription factor 10 (sox10) serve as markers. ns, not significant.




Expression and Subcellular Localization of CD59 in Myelinating Cells

Considering that MPZ, MBP, and 36K were already previously recognized as abundant myelin proteins in the zebrafish CNS, we focused on CD59, the fourth-most abundant protein in our MSE dataset (Figure 2). According to scRNAseq (Marisca et al., 2020), expression of the cd59 gene (Figure 5A) was largely confined to the cluster comprising mature oligodendrocytes and absent from OPCs (Figures 4 and 5B). Indeed, an RNAscope in situ hybridization probe for cd59 labeled discrete cells in the spinal cord of zebrafish (purple in Figure 5C), the large majority of which were identified as mature oligodendrocytes (Figure 5D) by transgenic expression of nuclear-targeted EGFP under control of the mbp gene regulatory elements (blue in Figure 5C). Notably, the majority of transgenically labeled mature oligodendrocytes were positive for the cd59 RNAscope probe (Figure 5E). OPCs identified by transgenic expression of nuclear-targeted mApple under control of the olig1 promoter (green in Figure 5C) were not labeled by the cd59 RNAscope probe. Together, these data show that cd59 expression is largely restricted to mature oligodendrocytes in the zebrafish CNS.
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FIGURE 5. Expression and subcellular localization of CD59 in the zebrafish spinal cord. (A) Gene structure of zebrafish cd59. Filled boxes indicate the open reading frame. (B) tSNE plot showing cells displaying high cd59 transcript abundance (labeled in red) by scRNAseq (Marisca et al., 2020). Cells with low or absent cd59 expression are labeled in gray. (B′) Oligodendrocyte lineage cluster layout for the tSNE plot in (B) with the 19 cells in the mature oligodendrocyte cluster (mOL; green) and the combined OPC clusters (gray). Note the overlap between high cd59 expression and the mature oligodendrocyte cluster. (C) Example micrographs of RNAscope in situ hybridization detecting cd59 transcripts in transverse spinal cord sections of Tg(olig1:nls-mApple × mbp:nlsGFP) zebrafish larvae at 5 dpf (scale bar, 10 μm). Magnified images to the right show a Cd59 + (purple) mbp:nls-EGFP (blue) mature oligodendrocyte (individual channels and merge). Seventy-two transverse sections of four animals were taken and imaged for quantification in (D,E). No Cd59 + cells were found positive for olig1:nls-mApple (green) representing OPCs. (D) Quantification of the percentage of cd59 RNAscope-positive cells that were mature oligodendrocytes (mOL) according to expression of the mbp:nlsEGFP transgene. n = 27 oligodendrocytes from 72 transverse sections taken along the entire spinal cord (anterior, mid-trunk, posterior) of four individual animals were quantified. (E) Quantification of the percentage of mbp:nlsGFP transgene positive mature oligodendrocytes (mOL) expressing cd59 transcripts to an abundance identified by RNAscope in situ hybridization. n = 28 cells from four individual animals were quantified. (F) Schematic of plasmid design for expression of a CD59 reporter construct in mature oligodendrocytes. The eyfp open reading frame was inserted after the sequence encoding the CD59 signal peptide (SP, labeled with an asterisk). (G) Example image of an individual mature oligodendrocyte at 4 dpf co-expressing membrane targeted mScarlet-CAAX and EYFP-CD59. Scale bar, 20 μm. (H) Examples of individual myelin sheaths in micrographs as in (G). Arrows point at discrete CD59 puncta, and arrowheads point to broader patches of CD59 localization. Scale bar, 10 μm. (I) Phylogeny of CD59 in an unrooted phylogenetic tree. All phylogenetic relationships are in agreement with the hypothesis that CD59 emerged at the root of vertebrates and was retained in all vertebrate groups. Two CD59 paralogs (CD59a and CD59b) exist in mice. There is no evidence of CD59 paralogs in teleost fish. (J) Immunodetection of CD59 (10-nm gold particles; black arrowheads) on cross-sectioned optic nerves of mice at postnatal day 75 (P75). Micrograph representative of 50 axon/myelin units in n = 2 biological replicates. Note that CD59 is mainly detected in compact and abaxonal myelin. Scale bar, 200 nm. (K) Immunoblot analysis of myelin biochemically purified from c57Bl/6N mouse brains at ages P18, P75, and 6 months using antibodies specific for CD59. Blot shows n = 2 biological replicates per age. CNP was detected as control.


To assess the localization of CD59 in zebrafish oligodendrocytes, we microinjected mbp:EYFP-CD59 and mbp:mScarlet-CAAX reporter constructs into wild-type zebrafish, thereby obtaining sparse labeling of the myelin membrane and CD59 in individual oligodendrocytes (Figure 5F). Confocal imaging of labeled cells showed transgenically expressed EYFP-CD59 fusion protein localizing to both oligodendrocyte cell bodies and myelin sheaths (Figures 5G,H). Within individual internodes, the CD59 reporter was not diffusely localized throughout the myelin sheath but was restricted to discrete patches and punctae along the sheath (Figure 5H). This implies that CD59 expressed in oligodendrocytes is indeed incorporated into myelin sheaths.

Phylogenetic analysis of CD59 sequences in 29 species yielded a phylogenetic tree that largely reflects the known relationships among vertebrate groups (Figure 5I). Yet, we did not find evidence of CD59 paralogs in zebrafish or other teleost species, implying that only one cd59 paralog was retained after genome duplication at the root of teleost fish. On the other hand, two closely related CD59 paralogs exist in mice, suggesting clade-specific duplication of the Cd59 gene. Considering that CD59 is sufficiently well conserved across vertebrate evolution to allow assessment of its expression in mammals, we applied commercially available antibodies against CD59 coupled to gold particles to cross-sectioned optic nerves of mice. Indeed, by cryo-immuno electron microscopy, CD59 labeling was detected in compact and abaxonal myelin (Figure 5J). By immunoblotting, CD59 was readily detected in myelin purified from the brains of c57Bl/6N mice both at the age of postnatal day 75 (P75) and at 6 months (Figure 5K). It was interesting to note that CD59 was virtually undetectable in myelin purified from mouse brains at P18, implying a maturation-dependent increase of its abundance in mouse myelin. Together, these results establish CD59 as a constituent of CNS myelin in both zebrafish and mice, notwithstanding its comparatively low abundance in the latter (Jahn et al., 2020).




DISCUSSION

We have used gel-based and gel-free proteomic approaches to investigate the protein composition of myelin purified from the brains and optic nerves of adult zebrafish. Deep proteome coverage including the identification of many low-abundant constituents has yielded the largest compendium of zebrafish CNS myelin proteins thus far. Importantly, the combination of tryptic digest of proteins in solution and acquisition of mass spectrometric data in the MSE mode provides a high dynamic range of four orders of magnitude and thus allows correct quantification of the exceptionally abundant proteins that dominate the myelin sheath. Comparing the MSE dataset with previously established scRNAseq-based mRNA abundance profiles of zebrafish oligodendrocytes (Marisca et al., 2020), we found that most myelin-related transcripts display a considerable increase of their abundance at the transition from the OPC to the mature oligodendrocyte stage, implying co-regulated expression.

Our mass spectrometric quantification confirms that the most abundant constituent of zebrafish CNS myelin is MPZ, a cell adhesion protein comprising one immunoglobulin-like domain. Indeed, this domain mediates adhesion and compaction of the extracellular surfaces of adjacent myelin membranes in both mammals (D’Urso et al., 1990; Filbin et al., 1990; Giese et al., 1992) and fish (Lanwert and Jeserich, 2001). It has long been known that MPZ is an abundant myelin protein in both the PNS and the CNS of fish, while at the fish-to-tetrapod transition, MPZ was replaced by PLP as the major CNS myelin protein (Franz et al., 1981; Waehneldt et al., 1986; Kirschner et al., 1989; Yoshida and Colman, 1996; Lüders et al., 2019). Two highly abundant MPZ paralogs exist in zebrafish myelin according to mass spectrometric identification. Indeed, their identification by two to three unique peptides each allows a very high level of confidence. Moreover, both paralogs are supported by entries in the ENSEMBL database and several mRNA/EST entries, notwithstanding that only one mpz gene has been annotated in the ZFIN database by the time of writing. While the amino acid sequences of the paralogs differ only in a few distinct amino acids, they are identical in the transmembrane domain, extracellular glycosylation site, and two extracellular cysteines that form the disulfide bridge that structures the extracellular domain (Zhang and Filbin, 1994; Raasakka et al., 2019). It is thus presently speculative if the MPZ paralogs differ with respect to function or spatiotemporal expression. It is of note that the existence of two MPZ variants in several teleost species was already reported in the 1970s. Termed IP1 and IP2 at that time, they were often thought to represent splice isoforms (Franz et al., 1981; Jeserich, 1983; Waehneldt et al., 1986). Yet, our phylogenetic analysis of sequences available in public databases supports the existence of MPZ paralogs in (at least) three families of teleost fish, namely, Danionidae, Cyprinidae, and Salmonidae. On the other hand, we found no evidence for MPZ paralogs in the Neoteleostei clade. Together, this implies that two mpz paralogs emerged coinciding with the whole genome duplication at the root of teleosts and that one paralog was subsequently lost in a subgroup of teleostei, probably at the root of the Neoteleostei clade.

The second-most abundant zebrafish myelin protein is MBP, a cytoplasmic protein that displays high affinity to the negatively charged headgroups of membrane phospholipids (Musse et al., 2008; Nawaz et al., 2009, 2013), thereby allowing the close proximity of the intracellular membrane surfaces (Aggarwal et al., 2013). Indeed, MBP is rate-limiting for CNS myelination in mice (Roach et al., 1985; Popko et al., 1987; Readhead et al., 1987). Similar to MPZ, two MBP paralogs were identified in zebrafish myelin (MBPa and MBPb). MBPa is considerably more abundant in zebrafish myelin than MBPb, their spatiotemporal expression differs, and one distinct small MBPb splice isoform does not associate with the plasma membrane (Nawaz et al., 2013; Torvund-Jensen et al., 2018). Together, the maintenance of two MBP paralogs in teleost fish may reflect functional specialization.

36K, the third-most abundant zebrafish myelin protein, was also recognized early in several teleost fish species (Franz et al., 1981; Jeserich, 1983; Waehneldt et al., 1986; Kirschner et al., 1989; Moll et al., 2003) and subsequently identified by mass spectrometric methods as a short-chain dehydrogenase/reductase (DHRS12; Morris et al., 2004). More recently, 36K was found to regulate oligodendroglial Notch signaling and myelin lipid composition in zebrafish (Nagarajan et al., 2020). While an ortholog exists in mammals, we are not aware of evidence for its incorporation into mammalian myelin (Jahn et al., 2020; Siems et al., 2020).

Constituting over 4% of the total zebrafish myelin protein, we identified CD59 as the fourth-most abundant zebrafish myelin protein. Phylogenetic analysis did not yield evidence for cd59 paralogs in teleosts but, remarkably, in mice. Similar to most other myelin-related transcripts, cd59 mRNA abundance increases strongly at the transition from OPCs to mature oligodendrocytes, probably in a subpopulation. We note that CD59 has not yet been reported as an abundant fish myelin constituent. Considering that independent validation is required for a protein identified in the myelin-enriched fraction to be considered a genuine myelin protein, we imaged zebrafish expressing an EYFP-CD59 fusion protein in mature oligodendrocytes. Indeed, the fusion protein localized to myelin sheaths. Together, expression of cd59 in mature oligodendrocytes according to scRNAseq and in situ hybridization, as well as the incorporation of CD59 into CNS myelin in transgenic zebrafish, circumstantially support the finding of CD59 as a major myelin protein in zebrafish. CD59 is also a myelin constituent in both the peripheral (Erne et al., 2002) and central nervous system (this paper) of mice, though of comparatively low abundance (Jahn et al., 2020; Siems et al., 2020).

The level of CD59 expression has been associated with immunomodulatory functions of mammalian oligodendrocytes as well as their susceptibility to complement-mediated lysis (Koski et al., 1996; Scolding et al., 1998; Ramaglia et al., 2009; Zeis et al., 2016). Indeed, experimental rodents lacking CD59 display enhanced demyelination in both experimental autoimmune encephalomyelitis (Mead et al., 2004) and the Aquaporin 4-IgG injection model of neuromyelitis optica (Zhang and Verkman, 2014; Yao and Verkman, 2017), in agreement with the view that CD59-expression protects against complement-mediated degeneration (Piddlesden and Morgan, 1993; Kolev et al., 2010). We thus speculate that the comparatively high abundance of CD59 in zebrafish myelin reflects relevance in inhibiting complement-dependent demyelination. However, further studies will be required to resolve the precise role of CD59 for myelin sheaths in the healthy and diseased nervous system. Interestingly, recent studies using both zebrafish and mice have revealed that individual myelin sheaths can be pruned by microglia, which may represent a form of myelin plasticity (Hughes and Appel, 2020; Djannatian et al., 2021). It is tempting to speculate that individual myelin sheaths may be susceptible to elimination if displaying a comparatively low abundance of CD59 or, vice versa, may be prevented from pruning by accumulating a high level of CD59. In this respect, it is interesting to note that the abundance of CD59 in myelin purified from mouse brains is low at an early developmental stage representing myelin biogenesis and increases coinciding with myelin maturation. Indeed, the observed heterogeneity of zebrafish mOL with respect to cd59 mRNA expression may reflect the existence of newly formed and advanced mOL subpopulations. It will be interesting to address the functional relevance of this phenomenon and possible age-dependent changes in future studies.

As exemplified by CD59, the relative abundance of a myelin protein can differ markedly between zebrafish and mice, and some proteins such as MPZ and 36K are even CNS myelin constituents in zebrafish but not in mice. Vice versa, no ortholog was identified in zebrafish myelin for several classical mammalian myelin proteins including MOBP, MOG, CLDN11, and PLLP. Together, this indicates evolutionary heterogeneity of the CNS myelin proteome. On the other hand, the zebrafish myelin proteome comprised orthologs of a surprisingly large number of myelin proteins originally identified in rodents. Not unexpectedly, this includes structural myelin proteins such as PLP (PLP1a and PLP1b) (Schweitzer et al., 2006; Möbius et al., 2008), MBP (MBPa and MBPb) (Nawaz et al., 2013), and septins (SEPT4b, SEPT7b, and SEPT8b), which form a stabilizing filament in CNS myelin that prevents pathological myelin outfoldings at least in mice (Patzig et al., 2016a; Erwig et al., 2019b). Myelin-associated cell adhesion molecules with Ig-like domains (CNTN1b, MAG, NFASCb, and CADM4) (Haenisch et al., 2005; Djannatian et al., 2019; Elazar et al., 2019a, b; Klingseisen et al., 2019) were also identified as myelin constituents in both zebrafish and mice, indicating that major molecules that mediate axo-myelinic interactions are conserved between teleost fish and mammals, at least in part. Intriguingly, several enzymes enriched in mouse myelin (CNP, SIRT2, and PADI2) (Werner et al., 2007; Edgar et al., 2009; Falcão et al., 2019) were also identified (as orthologs) in zebrafish myelin, implying functional relevance beyond mammals. Finally, the zebrafish myelin proteome comprises multiple tetraspanins (CD9b, CD81a, CD82a, and TSPAN2a), of which orthologs were previously reported in rodent myelin (Terada et al., 2002; Ishibashi et al., 2004; Mela and Goldman, 2009; De Monasterio-Schrader et al., 2013). Considering their immunomodulatory functions (Zeis et al., 2016), the presence of these proteins in myelin of species as distinct as zebrafish and mice may reflect the existence of a functional core myelin proteome in maintaining a healthy nervous system. We thus believe that further exploitation of the present myelin proteome resource is promising toward better understanding molecular and functional heterogeneity and similarities of myelin across the vertebrate clade.
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Supplementary Figure 1 | Assessment of the myelin-enriched fraction. (A) Representative electron micrograph (EM) of the light-weight myelin-enriched membrane fraction purified from the brains and optic nerves of adult zebrafish. Myelin sheaths are identified by their typical multimembrane structure; cellular compartments other than myelin were virtually undetectable. (B) Pie chart visualizing the MSE dataset (Figure 1C and Supplementary Table 1). The relative protein abundance is given in percent. Note that known myelin proteins constitute about 37% of the total myelin protein as specified in Figure 2. Mitochondria as represented by OXPHOS (oxidative phosphorylation) proteins appear as the most common contaminants of the myelin fraction from zebrafish brains, comprising about 0.7% of the total protein. Nuclear proteins represented by histones comprised < 0.1%. Proteins of the extracellular matrix (ECM) were not identified, as judged by the absence of its constituents including laminins, collagens, fibronectin, elastin, perlecan, dystroglycan, and fibrillin in the MSE dataset (Supplementary Table 1).

Supplementary Figure 2 | Phylogeny of myelin protein zero (MPZ). (A) Sequence alignment of MPZ paralogs (MPZa and MPZb) identified in zebrafish myelin. Predicted signal peptide is in italics, extracellular cysteine residues likely forming disulfide bridge are in magenta, N-glycosylation site (motif NGT) is in orange and transmembrane domain is in blue. Mass spectrometrically identified peptides are underlined (dotted line, MSE only; single line, UDMSE only; double line, both MSE and UDMSE) and shaded in gray when also confirmed by gel-based proteomic data. Note that 2–3 unique peptides per paralog (green and red) were identified that discriminate the paralogs. Three individual amino acid differences in otherwise homologous peptide sequences are highlighted in yellow to improve visibility. (B) Unrooted phylogenetic tree. All phylogenetic relationships are in agreement with the hypothesis that two MPZ paralogs (MPZa, MPZb) emerged coinciding with the whole genome duplication at the root of teleosts which were both retained in the Danionidae, Cyprinidae and Salmonidae families while one paralog was lost at the root of the Neoteleostei clade.

Supplementary Table 1 | Compendium of the zebrafish myelin proteome. Sheet 1: 1D gel separation of proteins followed by in-gel digestion and LC-MS analysis (890 proteins). Sheet 2: 1D gel separation of proteins after membrane wash followed by in-gel digestion and LC-MS analysis (1,274 proteins). Sheet 3: In-solution digestion of proteins and label-free quantification by MSE (562 proteins). Sheet 4: In-solution digestion of proteins and label-free quantification by UDMSE (1,440 proteins). Sheet 5: Compendium providing information on the approach by which a myelin-associated protein was identified (1,992 proteins).
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Postnatal neurodevelopment is profoundly influenced by environmental experiences. Environmental enrichment is a commonly used experimental paradigm that has uncovered numerous examples of experience-dependent plasticity in health and disease. However, the role of environmental enrichment in normal development, especially glial development, is largely unexplored. Oligodendrocytes, the myelin-forming glia in the central nervous system, provide metabolic support to axons and establish efficient saltatory conduction by producing myelin. Indeed, alterations in myelin are strongly correlated with sensory, cognitive, and motor function. The timing of developmental myelination is uniquely positioned to be influenced by environmental stimuli, as peak myelination occurs postnatally and continues into adulthood. To determine if developmental myelination is impacted by environmental experience, mice were housed in an enriched environment during peak myelination through early adulthood. Using translating ribosome affinity purification, oligodendrocyte-specific RNAs were isolated from subcortical white matter at various postnatal ages. RNA-sequencing revealed that differences in the oligodendrocyte translatome were predominantly evident after prolonged and continuous environmental enrichment. These translational changes corresponded with altered oligodendrocyte lineage cell dynamics and enhanced myelination. Furthermore, consistent with increased developmental myelination, enriched mice displayed enhanced motor coordination on a beam walking task. These findings indicate that protracted environmental stimulation is sufficient to modulate developmental myelination and to promote behavioral function.
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INTRODUCTION

Environmental experiences exert significant influence onto the complex genetic programs that drive neurodevelopment. Seminal work using monocular deprivation highlights the impact of experiential stimuli on postnatal neurodevelopment (Wiesel and Hubel, 1963). For over 50 years, environmental enrichment (EE) —an experimental paradigm that exposes animals to increased social interactions, novel stimuli, and voluntary exercise—has been used to study the role of experiential stimuli in brain health and disease (Diamond et al., 1964; van Praag et al., 2000). EE promotes cellular, anatomical, and functional improvements under non-pathological conditions—such as learning and memory (Nilsson et al., 1999; Kobayashi et al., 2002) —and in numerous models of neurological disorders, including spinal cord injury, stroke, and Alzheimer’s disease (Johansson, 1996; Lazarov et al., 2005; Hutson et al., 2019). While neurological effects of EE are well-characterized in the adult brain, the impact of EE on the developing brain has not been widely explored outside of the visual system (Cancedda et al., 2004). Furthermore, EE research has primarily focused on neuronal and synaptic changes, despite critical roles of glial cells in neuroplasticity.

To begin to address this gap in understanding, we recently showed that continuous EE during a critical period of intervention was sufficient to ameliorate subcortical white matter (WM) dysmyelination and recover motor deficits caused by perinatal hypoxic brain injury (Forbes et al., 2020). This recovery was associated with complex cellular and molecular changes in oligodendrocytes (OLs) —the myelinating glia of the central nervous system (CNS). While this work demonstrated the utility of EE for recovery from neurodevelopmental injury, it is still unknown if EE can impact normal developmental myelination. Indeed, myelination is uniquely positioned for significant experience-dependent influence during development, as it peaks early postnatally and continues throughout adulthood (Semple et al., 2013). Furthermore, growing evidence indicates that myelination is modulated by activity, learning, memory, and social interactions (Liu et al., 2012; Makinodan et al., 2012; Gibson et al., 2014; McKenzie et al., 2014; Mitew et al., 2018; Pan et al., 2020).

Therefore, we investigated whether EE was sufficient to influence subcortical WM development. Beginning at postnatal day (P) 15, mice were continuously housed with 8–12 cage mates with free access to a running wheel and toys that were changed and rearranged regularly. Utilizing OL-specific RNA-sequencing, we show—for the first time—that protracted periods of EE are required for substantial molecular changes to normally developing OLs. After additional time spent in EE, these molecular changes translated into altered OL lineage cell dynamics, enhanced myelination, and improvement in subcortical WM-dependent locomotor coordination. Overall, these findings indicate that normal developmental myelination is susceptible to experience-dependent adaptation, thereby providing further evidence of myelin plasticity in the CNS.



METHODS


Animals

All animal procedures were conducted in compliance with the Institutional Animal Care and Use Committee (IACUC) of the Children’s National Hospital (protocol #30473) and the Guide for the Care and Use of Laboratory Animals (National Institutes of Health). Male and female mice were used in all experiments. All mouse cages were individually ventilated and pups were weaned at P21. CNP-bacTRAP (The Jackson Laboratory #009159) mice were used for OL-specific RNA-seq experiments and C57BL/6J (The Jackson Laboratory #000664) mice were used for all other experiments.



Enriched Environment

At P15, litters were randomly selected to either be housed in an enriched environment or serve as controls housed in standard environment cages. The enriched environment protocol consisted of cages assembled from clear Plexiglass (24 cm W x 20 cm H x 46 cm L) with continuous access to a running wheel, allowing for voluntary physical activity. Additionally, the cages were outfitted with various objects with a wide range of textures (wooden blocks, plastic “habit-trails” metal lofts, and balls). These objects were changed and repositioned every 3–4 days throughout the environmental enrichment period in order to establish novelty. The standard environment protocol consisted of smaller cages (16 cm W × 13 cm H × 37 cm L) assembled from clear Plexiglass that did not have any additional objects. Mice housed in an enriched environment were reared in larger groups (n = 8–12 animals per cage) during periods of enrichment, while control mice were reared in smaller groups (n = 2–5 animals per cage). Both groups of mice were provided nesting materials.



Translating Ribosome Affinity Purification and RNA-Seq

At the indicated time points, OL RNAs were isolated from CNP-bacTRAP using a previously described protocol (Heiman et al., 2014; Forbes et al., 2020). Subcortical WM was rapidly dissected in cold dissection buffer (2.5 mM HEPES, 35 mM glucose and 4 mM NaHCO3, and 100 μg/ml cycloheximide in HBSS) and homogenized in lysis buffer over ice (20 mM HEPES, 150 mM KCl and 10 mM MgCl2, 0.5 mM DTT, 100 μg/ml cycloheximide, 10 μl/ml rRNasin, 10 μl/ml Superasin, and EDTA-free protease inhibitors in RNase-free water). Following centrifugation at 1,000 × g for 10 min, 1% NP-40 and 1% DHPC were added to supernatants, incubated on ice for 5 min, and centrifuged at 10,000 × g for 10 min. Supernatants were mixed with GFP antibodies (HtzGFP-19F7 and HtzGFP-19C8, Memorial Sloan Kettering Center) bound to Streptavidin MyOne T1 Dynabeads (Invitrogen) overnight at 4°C. A high salt buffer (20 mM HEPES, 350 mM KCl, 10 mM MgCl2, 1% NP-40, 0.5 mM DTT, and 100 μg/ml cycloheximide in RNase-free water) was used to wash beads 4 times, and RNA was isolated using the Absolutely RNA Nanoprep Kit (Agilent).

Libraries were prepared from RNA (RIN > 7, Agilent) using the Trio RNA-Seq Library Preparation Kit (NuGen), according to the manufacturer’s protocol. 50 base pair (bp), paired-end reads were obtained from the NovaSeq 6000 System (Illumina). The first 5 bp were trimmed from the 5′ end of the reads using Trimmomatic (Bolger et al., 2014), as recommended by the library preparation kit. Reads were mapped to the mouse reference genome (Genome Reference Consortium Mouse Build 38—mm10) using STAR (Dobin et al., 2013), and read counts were generated using HTseq (Anders et al., 2015). Differential gene expression and normalized read counts were generated using DESeq2 package for R (Love et al., 2014). Reported DEGs had normalized read counts above 5 in all samples, and an adjusted p-value < 0.05 (Wald test with Benjamini-Hochberg post hoc). Gene ontological analysis was performed using g:Profiler software (Raudvere et al., 2019). Ingenuity Pathway Analysis (Qiagen) was used to identify cellular and molecular functions, pathways and upstream regulators implicated from differentially expressed genes between EE and Standard groups.



Tissue Processing and Immunohistochemistry

For the immunohistochemical analysis, mice were anesthetized with isoflurane and transcardially perfused with 0.1 M phosphate buffered saline (PBS), followed by 4% paraformaldehyde (PFA). Brains were post-fixed in 4% PFA overnight, coronally sectioned on a freezing microtome at 40 μm, and stored at 4°C in 0.1M PBS with 0.01% sodium azide.

Immunohistochemistry was performed on free-floating sections that were blocked in solution containing PBST (0.1% TritonX-100) and 20% normal donkey serum (NDS) for 1h and incubated overnight at 4°C in primary antibodies diluted in PBST and 5% NDS. Primary antibodies include: mouse anti-CC1 (Millipore; 1:250), rabbit anti-NG2 (Millipore; 1:250), rabbit anti-Olig2 (Millipore; 1:500), mouse anti-Olig2 (Millipore; 1:250), rat anti-Ki67 (eBioscience; 1:500), rabbit anti-myelin basic protein (Abcam; 1:250), and rabbit anti-IBA1 (Wako; 1:250). Sections were incubated in species-appropriate secondary antibodies (Jackson Immunoresearch; 1:500) for 2h at room temperature. Sections were placed on slides and mounted with DAPI Fluoromount-G (Southern Biotech).



Image Acquisition and Analysis

A Leica TCS SP8 confocal microscope was used to image tissue. Z-stack images of 1 μm thick planes were collected using LAS X (Leica). Images were viewed using ImageJ (NIH). All histological quantifications were performed in a blinded manner. Using the ImageJ “Cell Counter” plug-in, immunolabeled cells were manually counted in each image. OPCs were only counted when 75+ % of an OLIG2+ nucleus was surrounded by NG2+ staining. Six bilateral images were taken from each section of the subcortical WM, including two from the corpus callosum, two from the cingulum, and two from the external capsule. For each image, the total number of cells was counted and normalized to volume. The percentage of IBA1-expressing area was calculated using ImageJ. Each value presented represents the average IBA1 expression from six bilateral images taken in the subcortical WM. To quantify the subcortical WM area, myelin basic protein (MBP) expression in the MW was outlined and measured using ImageJ.



Electron Microscopy

Deeply anesthetized mice were transcardially perfused with a 4% paraformaldehyde and 5% glutaraldehyde in 0.1 M Millonig’s phosphate buffer. After 2 weeks of post-fixation, brains were cut into 1 mm sagittal sections using a brain matrix, thoroughly rinsed in 0.1 M cacodylate buffer, post-fixed in 2% osmium tetroxide, rinsed in 0.1M cacodylate buffer, dehydrated in serial dilutions of ethanol, and embedded in Polybed 812 resin (PolySciences, Warrington, PA). Sections (1 μm) were stained with toluidine blue and used to identify the body of the corpus callosum at the level of the fornix. 90 nm sections of this area were stained with uranyl acetate and lead citrate. Sagittal sections of corpus callosum were inspected with a JEM 1400 plus transmission electron microscope (JEOL) and imaged with a One View 4K CCD camera (Gatan Inc.) housed in the Department of Anatomy and Neurobiology Microscopy and Imaging Facility at Virginia Commonwealth University. For each sample, 12–13 electron micrographs were collected from the corpus callosum and used to quantify myelinated axons. Micrographs were viewed and analyzed with ImageJ (NIH). Myelin thickness was reported as a g-ratio. This value represents the axonal diameter divided by the diameter of the axon plus the myelin. Thus, a lower g-ratio value is indicative of an axon with thicker myelin. For each myelinated axon, two axon diameters and two myelin widths were measured. Myelin thickness was computed from the average of the four radial measurements per sheath, avoiding regions of fixation artifact or tongue processes. Axons that had diameters less than 0.3 μm (characteristic of unmyelinated fibers) were not included in the analysis. Measurements were collected blinded to experimental groups, and at least 100 axons were measured per mouse.



Inclined Beam Task

The examiner was blinded to groups for each behavioral experiment that was performed. All of the behavioral studies were conducted using naïve mice that had not previously been exposed to experimental testing. The inclined beam-walking task involved two elevated 80-cm long wooden beams at a 30° angle. One of the beams was 1-cm wide and the other was 2-cm wide. At the top of each inclined beam, a dark box with animal bedding was placed as a target for the mice to reach. The beams were cleaned between each mouse with 30% ethanol. As the mice traversed the inclined beam, the number of foot slips was recorded and averaged from four trials. Behavioral experiments were performed at P60 or P90.



Statistics

The number of animals used for each experiment is indicated in each figure or figure legend. Statistical significance was calculated with GraphPad Prism 8.4.3 software. All data is depicted as averages ± SEM. All cellular, anatomical, and behavioral data were statistically compared using unpaired t-tests to examine whether differences are present between experimental groups. To determine statistical significance, a two-tailed type 1 error (p value < 0.05) was used. Exact p values are provided for comparisons reaching statistical significance in the figures.



RESULTS


Prolonged EE Alters the OL Translatome in the Subcortical WM

We previously established that EE induced significant cellular and molecular changes in subcortical WM OLs during a critical period after neonatal hypoxia (Forbes et al., 2020). To determine if EE impacts normal developmental myelination at a molecular level, we combined translating ribosome affinity purification (TRAP) with RNA sequencing on CNP-bacTRAP mice. Following polysome stabilization, actively translating RNAs were immunoprecipitated from post-mitotic OLs based on enhanced green fluorescent protein (GFP) expression in the R10a ribosomal subunit (Heiman et al., 2014). At various postnatal timepoints—P22, P30, and P45—OL RNAs isolated from the subcortical WM were sequenced from mice housed in either a Standard (SD) or Enriched Environment (EE) (Figures 1A,B). To confirm the validity of this technique, the 50 most abundant RNAs were compared at each time point (Figure 1C and Supplementary Tables 1–3). Gene ontological analysis of the 37 RNAs highly expressed at every time point confirmed that the TRAP technique isolated RNAs from OLs (Figure 1D). We next compared the translatomes of EE and SD OLs by quantifying the number of differentially expressed genes (DEGs) (Figure 1E). After 7 days in EE (P15-P22), 104 genes were differentially expressed (51 up-regulated and 53 down-regulated) in subcortical WM OLs (Figure 1E and Supplementary Table 4). Similarly, 99 DEGs were identified (20 up and 79 down) after 15 days of EE (P15-P30) (Figure 1E and Supplementary Table 5). Interestingly, after continuous EE from P15 to P45, there was more than a sixfold increase in the number of DEGs in subcortical WM OLs (626 DEGs; 294 up and 330 down), suggestive of substantial molecular changes in subcortical OLs following 30 days of EE (Figure 1E and Supplementary Table 6).
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FIGURE 1. RNA-seq reveals changes in the OL translatome following prolonged EE. (A,B) Schematic representation of the experimental timeline (A) and GFP-expressing oligodendrocytes in the subcortical WM of CNP-bacTRAP mice (B). (C) Venn Diagram of the 50 highest-expressed RNAs in subcortical WM OLs at P22 (red), P30 (green), and P45 (blue). (D) Gene ontological analysis of 37 OL RNAs highly expressed at all timepoints. This list was generated using g:profiler, and is comprised of the top ten molecular functions, biological processes, or cellular components ranked by −log(p-value). (E) Number of differentially expressed genes between EE and SD mice at P22, P30, and P45 (Wald test with Benjamini-Hochberg post hoc, adjusted p < 0.05, normalized counts > 5) (P22: SD, n = 4, EE, n = 6; P30: SD, n = 5, EE, n = 4; P45: SD, n = 4, EE, n = 6). (F–H) Predicted increases (blue) and decreases (blue/gray stripes) in cell and molecular functions (F), pathways (G), and upstream regulators (H), in EE compared to SD OLs at P45 (determined by directional z-scores). Cell and molecular functions, pathways, and upstream regulators are ranked based on p-value as determined using Fisher’s Exact Test.


To better define the relevance of the changes observed in the OL translatome after continuous EE from P15 to P45, we used Ingenuity Pathway Analysis (IPA; Qiagen)—software that provides biological context to lists of DEGs. At P45, IPA analysis predicted an increase of various cell and molecular processes related to synapse potentiation and cellular outgrowth (Figure 1F). Similarly, synaptogenesis and calcium signaling pathways were predicted to be increased after EE from P15-P45 (Figure 1G). In the context of OLs, these predicted changes in function and signaling align with cells that are extending more myelin sheaths. Indeed, synaptic proteins are expressed in OLs, and disruption of their expression results in abnormal myelination (Hughes and Appel, 2019). Additionally, the calcium/calmodulin-dependent kinase type IIβ (CaMKIIβ) is an actin cytoskeleton protein that regulates myelin thickness (Waggener et al., 2013). Further supporting these predicted functional changes in OLs, calmodulin was identified as an upstream regulator of many of the DEGs at P45, along with other regulators known to effect OLs and their maturation (TCF7L2, BDNF, JAK1/2) (Figure 1H). Altogether, these data indicate that continuous EE for 30 days causes molecular changes in subcortical WM suggestive of enhanced myelination.



Prolonged EE Increases Corpus Callosum Myelination

Environmental experiences, such as social isolation, can alter myelination in developing and adult mice (Liu et al., 2012; Makinodan et al., 2012). Previously, we found that normally developing mice housed in EE from P15 to P45 did not display significant anatomical alterations in subcortical WM myelination (Forbes et al., 2020). However, our OL-specific sequencing indicates that dramatic molecular changes related to myelin outgrowth occur after protracted periods of EE. To determine if additional time in EE translated to ultrastructural changes in myelination, we performed electron microscopic analysis of the corpus callosum (CC; Figure 2A) on mice continuously housed in EE from P15 until either P60 or P90 (Figure 2B). At P60, there was no difference in the number of myelinated axons in the CC (Figures 2C,F). However, myelin thickness was significantly increased (lower g-ratio), indicative of faster conduction velocity (Figures 2D–F). These data indicate that after 45 days of continuous EE, subcortical WM OLs produce additional myelin sheath for existing internodes, without increasing the number or length of internodes. Interestingly, by P90, EE increased both the number of myelinated axons as well as myelin thickness (Figures 2G–J). These data are indicative of a gradual OL response that begins with the thickening of myelin sheaths, followed by either a lengthening of existing internodes or an increase in the number of internodes.
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FIGURE 2. Prolonged EE increases corpus callosum myelination. (A) Schematic depiction of corpus callosum (green box) used for EM analysis. (B) Experimental timeline. (C,G) Number of myelinated axons in the corpus callosum of SD (black) and EE (blue) mice at P60 (C) and P90 (G). (D,H) Average g-ratio of myelinated axons in the corpus callosum of SD (black) and EE (blue) mice at P60 (D) and P90 (H). (E,I) Scatter plots depicting the g-ratios of individual corpus callosum axons relative to axon diameters in SD (black) vs. EE (blue) at P60 (E) and P90 (I). (F,J) Representative electron micrographs from P60 (F) and P90 (J). Scale bar = 1 μm.




Prolonged EE Alters OL Lineage Cell Dynamics in the Subcortical WM

Based on the ultrastructural changes in myelination observed after prolonged EE, we next sought to characterize OL lineage cell dynamics in the subcortical WM (Figures 3A,B). Because our previous work did not find significant differences in OL lineage cells after EE from P15 to P45 (Forbes et al., 2020), we again chose to examine the P60 and P90 timepoints. First, we quantified OLIG2+ OL lineage cells, and OLIG2+CC1+ post-mitotic OLs in the subcortical WM. At P60, prolonged EE did not alter the density of OL lineage cells or differentiated OLs (Figures 3C–E). Interestingly, at P90, the density of OL lineage cells and OLs was significantly decreased in mice housed in EE (Figures 3C,F–G). However, this decrease in OL density was concomitant with an increase in subcortical WM area, as determined by myelin basic protein (MBP) expression (Figures 3H–I). These data indicate that after prolonged periods of EE, increased oligodendrogenesis is not responsible for increases in myelination.
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FIGURE 3. Prolonged EE alters OL lineage cell dynamics in the subcortical WM. (A) Schematic depiction of the subcortical WM (gray) in a coronal slice, with green boxes representing the quantified regions (corpus callosum, cingulum, external capsule). (B) Experimental timeline. (C) Representative confocal images of CC1 (magenta) and OLIG2 (green)-expressing OLs in the subcortical WM at P60 (top) and P90 (bottom). (D,F) Quantification of OLIG+ OL lineage cells in the subcortical WM of SD (black) and EE (blue) mice at P60 (D) and P90 (F). (E,G) Quantification of OLIG2+/CC1+ OLs at P60 (E) and P90 (G). (H) Representative images of coronal slices immunohistochemically labeled with MBP (green) at P90. (I) Quantification of MBP+ area in the subcortical WM at P90. (J) Representative confocal images of NG2 (magenta) and Ki67 (green)-expressing OPCs in the subcortical WM at P60 (top) and P90 (bottom). Arrowheads demarcate proliferating OPCs. (K,N) Quantification of NG2+/OLIG2+ OPCs at P60 (K) and P90 (N). (L,O) Quantification of Ki67+ proliferating cells at P60 (L) and P90 (O). (M,P) Quantification of NG2+/OLIG2+/Ki67+ proliferating OPCs at P60 (M) and P90 (P). Scale bar = 1mm for panel (H) and 25 μm for all other images.


We next asked whether OL progenitor cell (OPC) proliferation was impacted by prolonged EE. Indeed, OPCs respond to a variety of environmental stimuli—such as neuronal activity or injury—by proliferating (Gibson et al., 2014; Hesp et al., 2015; Mitew et al., 2018; Adams et al., 2020). At P60, we found no significant changes in Ki67+ proliferating cells, or NG2+OLIG2+Ki67+ proliferating OPCs (Figures 3J–M), indicating that OL lineage cell numbers are not altered after 45 days of EE, despite myelin thickening. Alternatively, at P90 EE caused a significant increase in proliferating cells and OPCs in the subcortical WM (Figures 3J, N–P). This increase in new OPCs is likely either in response to elevated neural stimulation, or to the reduction in OLs observed at this timepoint. Importantly, EE does not alter expression of IBA1, indicating that the EE-induced changes in OL lineage cell dynamics occur independently of influence from microglia (Supplementary Figure 1).



Prolonged EE Improves Subcortical WM-Dependent Locomotor Coordination

Previous studies determined that deficits in subcortical WM-dependent locomotor coordination following hypoxic brain injury are partially recovered with improved myelination (Scafidi et al., 2014; Forbes et al., 2020). To determine if the prolonged EE-induced changes in subcortical WM myelination translated into functional improvements in locomotor coordination, we utilized the inclined beam-walking task at P60 and P90 (Figures 4A,B). This behavioral assessment challenges mice to traverse a wooden beam at a 30o incline, while the number of foot slips is counted. Previously, we showed that normally developing mice housed in EE from P15 to P45 did not show significant improvement in locomotor coordination, despite a moderate decrease in foot slips (Forbes et al., 2020). Here, we found that EE mice had significantly fewer foot slips than SD mice on both the 2 cm-wide beam and the increasingly difficult 1 cm-wide beam at P60 (Figures 4C,D). These data indicate that thicker subcortical WM myelin is sufficient to improve locomotor coordination. Expectedly, mice housed in EE until P90 also had significantly fewer foot slips on both beams (Figures 4E,F). Consistent with previous findings, sexually dimorphic changes in locomotor coordination were not observed in these mice (Forbes et al., 2020; Supplementary Figure 2). Together, these data show that protracted periods of environmental experiences are capable of improving motor performance by altering subcortical WM myelination.
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FIGURE 4. Prolonged EE improves locomotor coordination. (A) Schematic depiction of the inclined beam-walking task. (B) Experimental timeline. (C) Quantification of foot slips for the 2-cm beam at P60. (D) Quantification of foot slips for the 1-cm beam at P60. (E) Quantification of foot slips for the 2-cm beam at P90. (F) Quantification of foot slips for the 1-cm beam at P90.




DISCUSSION

Myelin provides structural and metabolic support to axons, while also increasing saltatory conduction (Nave and Werner, 2014). The ability to provide fast and accurate axonal conduction is essential to motor, sensory, and cognitive abilities. Thus, disturbances in myelin damages neurological circuit function and causes devastating behavioral impairments. Interestingly, environmental stimuli have profound effects on myelination that improve circuit and behavioral function. For example, piano playing, juggling, and learning a second language are all associated with structural alterations in WM (Bengtsson et al., 2005; Scholz et al., 2009; Hosoda et al., 2013). Therefore, a better understanding of how experiential stimuli can modulate myelination has great potential for promoting myelin repair.

Environmental enrichment has been widely used to study experiential-dependent effects on the brain. Anatomically, EE increases cortical thickness, dendritic arborization, and spine density (reviewed in Sale et al., 2009). Additionally, EE increases hippocampal neurogenesis, which we previously confirmed using our paradigm (Kempermann et al., 1997; Forbes et al., 2020). These EE-induced alterations promote learning and memory, and ameliorate age-, disease-, and injury-related functional loss (reviewed in van Praag et al., 2000). However, in the context of OL lineage cells and myelination, EE has been disproportionately studied in adult animals. For example, EE increases OPC proliferation after demyelination and in uninjured adult mice, while also reducing age-related myelin loss in the corpus callosum (Magalon et al., 2007; Ehninger et al., 2011; Zhao et al., 2012; Yang et al., 2013). Our previous work addressed this gap in knowledge by asking whether EE could promote recovery from developmental brain injury (Forbes et al., 2020). We demonstrated that, after neonatal hypoxia, continuous EE from P15-P45 promoted oligodendrogenesis, increased myelination, and restored subcortical WM-dependent locomotor coordination. These exciting findings revealed that EE could be harnessed to impact myelination during a critical period of intervention.

Presently, in a non-pathological setting, we show that 30 days of EE (from P15-P45) positively influence molecular processes related to synapse potentiation, cellular outgrowth, and calcium signaling. In OLs, all of these processes are attributable to myelin extension and wrapping (Waggener et al., 2013; Hughes and Appel, 2019). To an extent, these alterations mimic the previously observed EE-induced changes after perinatal hypoxia, including increased expression of genes related to cell morphology and outgrowth (Forbes et al., 2020). However, we previously found that EE also reverses the hypoxia-induced decrease in OL lipid metabolism, whereas in the non-pathological setting, EE doesn’t significantly impact lipid metabolism. Thus, EE-dependent mechanisms of developmental myelination diverge from mechanisms promoting myelin repair after developmental injury.

Despite substantial changes to the OL translatome, we knew from previous analyses that 30 days of EE had no significant effects on subcortical WM myelination (Forbes et al., 2020). However, a trend toward improved locomotor coordination suggested that modest changes could be occurring after 30 days of EE exposure, and we hypothesized that additional time in EE would lead to significant anatomical and behavioral changes. Indeed, this hypothesis proved correct as mice housed continuously from P15 until either P60 or P90 displayed significant alterations in myelin ultrastructure. At both timepoints examined, the myelin sheaths were thicker, indicative of faster conduction velocity. Similar increases in myelination have been reported previously, either by genetic manipulation of OLs or after neuronal activation (Flores et al., 2008; Gibson et al., 2014; Jeffries et al., 2016; Mitew et al., 2018). Interestingly, direct manipulation of OLs through constitutive activation of Akt1 or ERK1/2, produces thicker myelin, despite no significant changes in oligodendrogenesis (Flores et al., 2008; Jeffries et al., 2016). In line with these findings, EE-induced myelination did not increase OL density or oligodendrogenesis, suggesting that existing OLs extend additional myelin sheaths resulting in reduced g-ratio, and increased WM area. This is supported by recent discoveries that pre-existing OLs extend myelin sheaths in response to sensory manipulation or during recovery from a demyelinating insult (Duncan et al., 2018; Bacmeister et al., 2020; Yang et al., 2020). However, another possibility is that OLs generated after mice were housed in EE are capable of generating thicker and more sheaths.

Regardless of whether increased myelination stems from new or existing oligodendrocytes, an important question to answer is whether behavioral functions are improved. Following optogenetic stimulation of premotor cortical neurons and thickened myelin in the corpus callosum, gait analysis of mice revealed increased limb swing speed (Gibson et al., 2014). Furthermore, hypermyelination due to constitutively-expressed ERK1/2 in OLs enhanced hippocampal-dependent associative emotional memory formation, as measured by a fear conditioning test (Jeffries et al., 2016). In the present study, we found that prolonged EE-induced increase in corpus callosum myelin thickness translated into improved performance during a subcortical WM-dependent locomotor coordination task. Further mechanistic understanding of each of these unique model systems and experimental paradigms that promote myelination and functional improvements will be essential to develop targeted treatments for myelin repair.

A further important aspect of our work is that EE consists of multiple components—physical activity, novel objects, and socialization—that synergize to induce significant changes in developmental myelination under pathological conditions (Forbes et al., 2020). However, in the present study, we did not investigate whether individual components of EE are sufficient to induce similar effects under normal physiological conditions. Previous research suggests that these individual components may have significant effects on myelination. For example, adult or juvenile mice kept in social isolation have decreased myelination in the prefrontal cortex and impaired social behavior (Liu et al., 2012; Makinodan et al., 2012). In the case of physical activity, people with higher aerobic fitness levels tend to have higher fractional anisotropy in WM regions, a neuroimaging readout of myelin ultrastructure (Oberlin et al., 2016). Additionally, mice with access to voluntary exercise have increased rates of oligodendrogenesis in the brain and spinal cord (Krityakiarana et al., 2010; Simon et al., 2011). Conversely, we recently found that EE-induced recovery from perinatal brain injury was only effective if all components of EE were included. This evidence, combined with the requirement of prolonged exposure, suggests that all components of EE may be necessary to induce significant changes in developmental myelination. Nevertheless, future work should determine the individual contributions of each EE component during normal developmental myelination.

Overall, the effects of EE on neuroplasticity and neurological recovery are well described. Here, we show that prolonged exposure to subtle environmental experiences causes molecular changes in OLs, and has a profound impact on developmental myelination and behavioral function. Because of the protracted timeline of myelination in the CNS, exogenous stimuli have great potential for functional impact. Therefore, leveraging mechanistic insight into experience-dependent myelination will inform future treatments and/or prevention of neurological disease.
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Disruptions to developmental cell signaling pathways and transcriptional cascades have been implicated in tumor initiation, maintenance and progression. Resurgence of aberrant neurodevelopmental programs in the context of brain tumors highlights the numerous parallels that exist between developmental and oncologic mechanisms. A deeper understanding of how dysregulated developmental factors contribute to brain tumor oncogenesis and disease progression will help to identify potential therapeutic targets for these malignancies. In this review, we summarize the current literature concerning developmental signaling cascades and neurodevelopmentally-regulated transcriptional programs. We also examine their respective contributions towards tumor initiation, maintenance, and progression in both pediatric and adult brain tumors and highlight relevant differentiation therapies and putative candidates for prospective treatments.
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INTRODUCTION

Despite extraordinary technological, pharmacological and immunotherapeutic advances in other cancer fields, overall survival for malignant central nervous system (CNS) tumors remains at a dismal 36% with the most aggressive subtypes conferring a survival rate of merely 5% (Ostrom et al., 2016). CNS tumors encompass a broad group of brain and spinal neoplasms, which include astrocytic oligodendroglial, ependymal, choroid plexus, neuronal, and mixed neuronal-glial subtypes as well as tumors of the pineal region and tumors of the spinal and paraspinal nerves (Figure 1). Within these groups, glioblastoma (GBM) stands out as the most lethal variant affecting the adult population and represents 52% of all primary brain tumors (Ostrom et al., 2016). Malignant gliomas also represent 53% of tumors occurring in children less than 14 years of age, with the most common variant (17.6%) presenting as pilocytic astrocytoma. Embryonal tumors account for an additional 15% of all primary brain tumors in children of this age group, 61.7% of which are medulloblastomas. Collectively, brain and other CNS tumors are the most common cancer in children and account for the 10th leading cause of death for adult men and women in the United States (Ostrom et al., 2016).
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FIGURE 1. Reactivation of embryonic and developmental signaling pathways in cancer. Examples of embryonic signaling pathways, transcription factor families, and their respective roles in embryonic development (left) and tumor progression and metastasis (right) are shown. Signaling pathways and transcriptional cascades that are essential for proper in utero development are often reactivated in the context of cancer.


Devastating survival rates for the more lethal brain tumor variants are in large part due to poorly defined tumor margins caused by rampant proliferation and unchecked promigratory pathways. These diffuse tumor boundaries have proven impossible to eradicate using current therapeutic techniques (Jermyn et al., 2016) and thus, give rise to disease recurrence as well as the widespread and ultimately fatal dissemination of tumor cells throughout the brain. Surgical treatment protocols rely on complete neurosurgical resection as well as radiation therapy and chemotherapy but fail to eliminate the highly-disseminated infiltrates associated with the diffuse nature of these tumors (Juratli et al., 2013). Alternative, non-invasive treatments using systemic chemotherapeutics have been limited by the existence of the blood-brain barrier; despite efforts to circumvent this barrier using convection-enhanced delivery, drug-impregnated intratumoral wafers or intrathecal injections, effective drug delivery that targets individual tumor cells and spares the surrounding neuropil has yet to be achieved (Peiris et al., 2015). Notwithstanding these efforts to produce novel therapeutic strategies for malignant brain tumors, standard treatment regimens have remained unchanged for over 30 years.

The robust body of scientific literature confirming roles for developmental genes in oncogenesis, tumor invasiveness and tumor metastasis has resulted in a novel subclass of oncogenes termed fetal oncogenes, which demonstrate high expression in both embryonic development and cancer but minimal expression following the postnatal period. The existence of fetal oncogenes emphasizes the myriad parallels that exist between human in utero development and tumorigenesis (Slamon and Cline, 1984; Baker et al., 2016). Marginal expression of fetal oncogenes in non-tumor tissue can allow for efficacious targeting of cancer cells with minimal unwanted and potentially lethal off-target effects, thus rendering these tumor-specific antigens exploitable tumor attributes that can be used for immunotherapeutic gain. The resurgence of embryonic pathways in cancer has thus highlighted the relevance of developmental paradigms in oncologic diseases and emphasizes the importance of developmental biology in achieving novel therapeutic strategies for malignant glioma. In this review, we will explore cancers of the brain from the perspective of developmental biology. We will focus on defining critical roles for neurodevelopmental signaling events and lineage-specific transcription factors (TFs) and their respective contributions toward the hallmark features of oncogenesis, tumor maintenance and tumor evolutions. Specifically, we will discuss how these developmental mechanisms regulate stem cell identity, cellular proliferation, and cell differentiation. We will conclude our discussion with an examination of how these developmental mechanisms might be further leveraged to uncover new therapeutic approaches.



MOLECULAR PROFILES OF BRAIN TUMORS

The litany of genetic abnormalities attributed to neurological cancers is extensive and includes a list of molecular and signaling cascades that partake in the development and sustenance of organ systems outside of the CNS. Altered expression profiles of epidermal growth factor (EGF; Di Carlo et al., 1992), platelet-derived growth factor (PDGF; Smits and Funa, 1998), and vascular endothelial growth factor (VEGF; Machein and Plate, 2000) and their respective receptors have each been implicated in the development and progression of primary brain tumors. Gross chromosomal anomalies in 1p19q have also been reported in glioma subsets (Reitman and Yan, 2010; Wu et al., 2010). Hypermethylation of O6-methylguanine-DNA methyltransferase (MGMT) has been implicated as a prognostic marker for a number of neurological tumor subsets and is believed to play an important role in the resistance of neurological tumors to therapeutic alkylating agents such as temozolomide (TMZ) and nitrosourea derivatives (Mellai et al., 2012). Mutations in isocitrate dehydrogenase (IDH) 1/2 enzymes have been identified as major genetic drivers of diffuse gliomas (Balss et al., 2008; Parsons et al., 2008; Ichimura et al., 2009; Watanabe et al., 2009). The most common mutations occurring in GBM remain tumor protein 53 (p53), phosphatase and tensin homolog (PTEN) and neurofibromin 1 (NF1), which account for ∼70% percent of the mutational burden in malignant glioma (Cerami et al., 2012; Gao et al., 2013; Zhang M. et al., 2019). In addition, recent research has identified a number of other irregularly expressed or genetically altered molecular targets in these cancers, including a variety of neurodevelopmental factors which will be reviewed here (Table 1).


TABLE 1. Genetic alterations occurring in pediatric and adult brain tumors.

[image: Table 1]The discovery of IDH1/2 mutations in glioma has fueled the classification of malignant gliomas at the phenotypic, molecular, and genetic levels, ultimately leading to the definition of three major glioma subtypes – mesenchymal, classical, and proneural (Phillips et al., 2006; Verhaak et al., 2010; Louis et al., 2016). Subsequent studies have defined several molecularly distinct groups and determined a high level of intratumoral and intertumoral heterogeneity. This variability has confounded treatment and is a contributing factor to the high incidence of recurrence for many of these tumors. The development of single cell RNA sequencing (scRNAseq) methodologies has opened the door to uncovering the multitude of cellular profiles present within these tumors and has to helped define discrete cell populations and their associated molecular programs. Using single cell genomics in parallel with other transcriptomic techniques has allowed scientists a more detailed look into tumor genetic heterogeneity, tumor epigenetics and spatial contributions to tumorigenesis. Most recently, these approaches have revealed categorically distinct cell types and cellular states, which can be used to describe lineage hierarchy within tumors.

The similarities between developmental cell types, tumor expression profiles, and cancer cellular hierarchies have reshaped the way in which oncological research views cellular differentiation within tumors and have begun to shed light on tumor cells of origin. Cellular differentiation and cells of origin have perhaps been best studied in malignant gliomas and represent some of the most well-characterized cells in CNS tumor biology. Based on multimodal analyses, intratumoral heterogeneity in malignant glioma has been predominantly characterized by cell cycle disturbances and further correlated with similarity to distinct neural cell populations (Tirosh et al., 2016; Venteicher et al., 2017; Filbin et al., 2018; Neftel et al., 2019). In glioma, these neurodevelopmental cell types are reminiscent of neural progenitors and differentiated glial cell lineages, including astrocytes and oligodendrocytes. In pediatric and adult GBMs, cellular heterogeneity is driven by four distinct cellular states that are linked to genetic alterations: neural-progenitor like [cyclin dependent kinase 4 (CDK4) amplification], oligodendrocyte-progenitor like (PDGFR amplification), astrocyte-progenitor like (EGFR amplification), and mesenchymal-progenitor like (NF1 amplification). While GBMs tend to show enrichment for a particular state, cells from each group can be identified intratumorally (Neftel et al., 2019). Similar cancer cell hierarchies have been described for high-grade pediatric gliomas, as well as for IDH mutant and IDH wildtype adult gliomas (Tirosh et al., 2016; Venteicher et al., 2017; Filbin et al., 2018; Neftel et al., 2019; Couturier et al., 2020). With respect to the latter, scRNAseq strategies have revealed a tri-lineage cancer hierarchy uniformly deriving from a glial progenitor-like cell with notable similarities in stemness to what has been termed a glioma stem cell (GSC). In these tumors, progenitor cells are the most rapidly dividing cells and demonstrate the most potent tumorigenic properties, lending support to the notion that malignant gliomas develop along a neurodevelopmental trajectory (Couturier et al., 2020).

Other scRNAseq studies have examined developmental cellular diversity amongst a number of CNS tumor subtypes. Whereas previous bulk tumor profiling of medulloblastomas had defined four transcriptomically distinct subgroups of cells within the tumor, including sonic hedgehog (SHH)-activated, wingless-type MMTV integration site family (WNT)-activated, group 3, and group 4 (Thompson et al., 2006; Kool et al., 2008; Northcott et al., 2011), more recent single cell analyses have identified three predominate cell populations. These studies have pointed to distinct groups of cycling cells, undifferentiated cells, and cells on a neuronal differentiation trajectory as major drivers of clinical outcomes (Hovestadt et al., 2019). Likewise, pediatric ependymomas have been demonstrated to contain a multitude of cellular constituents that closely resemble the transcriptional programs of normal brain development. The developmental profiles of these cancer cells show striking similarity to the transcriptomic signatures of a number of non-tumor neural cell types. These signatures present in a number of developmentally differentiated states ranging from undifferentiated cells to neuronal and glial subpopulations whose aberrant developmental trajectories could be driving pathogenesis (Gojo et al., 2020). Interestingly, pediatric tumors appear to have the highest proportion of cycling or undifferentiated cells that parallels the rapid expansion and proliferation of certain neural subsets known to occur throughout the perinatal and adolescent stages of development (Filbin et al., 2018; Neftel et al., 2019).



STEM CELLS IN BRAIN TUMORS

While the identification of a cell of origin for brain tumor subtypes has yet to be entirely defined, many researchers agree that maintenance and continued dissemination of brain tumor cells depends upon a self-renewing, stem cell-like population of neural progenitors. Stem cells represent a heterogeneous population of undifferentiated cells with the potential to develop into numerous cell types (Figure 2). These cells are primarily distinguished from other cells in their capacity to self-renew through cell division without a loss of proliferative capacity with each successive division. Furthermore, stem cells can differentiate into tissue or organ-specific cells under physiologic or experimental conditions, giving them properties with strong biological resemblance to the embryonic stem cells found in the inner cell mass of early in utero development. Remarkably, the capacity for self-renewal through cell division can give rise to cancer phenotypes when altered or aberrantly controlled.
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FIGURE 2. Schematic representation of neural cell differentiation in development. As cellular differentiation ensues, proliferative capacity is inversely reduced until terminal differentiation is reached and cells become senescent. Brain tumor subtypes are listed adjacent to the cell type most closely resembling a putative cancer cell of origin (red arrows).


Like normal stem cells, cancer stem cell (CSC) division is asymmetric, giving rise to two populations. One daughter cell retains the property of self-renewal like the parent, while the other daughter cell retains the ability to differentiate but not self-renew, giving rise to tumor cell populations (Soltysova et al., 2005). These CSCs can either arise from normal stem cells having altered proliferative pathways or from somatic cells that have acquired oncogenic mutations (Figure 2). They are often resistant to drug therapy and are often causally related to oncologic relapse or recurrence following chemotherapy-induced remission. CSCs uniquely possess the ability to seed at distant or remote physiological sites, giving rise to metastatic disease and are regulated by many of the same developmental pathways that control normal stem cell development including SHH, WNT, and notch receptor (NOTCH) (Yu et al., 2012).

Cancer stem cells of CNS origin have the ability to grow on non-adherent surfaces and give rise to spherical cell colonies known as neurospheres. CD133-positive cells isolated from neurospheres are capable of self-replication, giving rise to new neurospheres, which are then able to differentiate into principal cell types of the CNS including neurons, astrocytes, and oligodendrocytes (Jordan et al., 2006). The CD133 marker is also expressed by normal stem cells of the CNS and is specifically correlated with the properties of self-renewal, proliferation, and differentiation (Uchida et al., 2000).

Cancer stem cells have also been isolated from gliomas in which they are thought to sit at the top of a cellular hierarchy within tumors (Singh et al., 2004), reviewed in Prager et al. (2020). These CSCs, known specifically as glioma stem cells or GSCs, have similar properties to neural stem cells (NSCs) and express several markers associated with stemness such as SOX2, nestin, homeobox protein NANOG, and oligodendrocyte transcription factor 2 (OLIG2; Bruggeman et al., 2007; Stiles and Rowitch, 2008; Po et al., 2010; Zbinden et al., 2010). Moreover, they can be induced to differentiate into both neuronal and glial lineages, thus contributing to cellular diversity within the tumor (Singh et al., 2004; Lee et al., 2006). The presence of GSCs gives credence to the notion that while differentiated cells can populate the majority of the tumor mass, a second group of slowly dividing stem cells lies at the center of the tumor’s capacity to self-renew and propagate to secondary sites. Owing to their robust stem-like qualities, CSCs, including GSCs, are thought to be able to rapidly respond to targeted therapeutic approaches and thus represent a resistant and therapeutically challenging group of cells that support both the processes of tumor growth and tumor resistance and recurrence (Singh et al., 2003; Bao et al., 2006; Bleau et al., 2009).

Efforts to identify a definitive marker for GSCs have proven challenging. Initially, GSCs were isolated from CD133-positive cells and demonstrated a potent ability to reconstitute tumors in xenograft models, although CD133-negative cells have also been reported to possess stem-like properties that mechanistically support tumor growth (Beier et al., 2007; Joo et al., 2008). Additional studies have further elucidated GSC signatures, noting enrichment in a number of cellular markers including CD15 (stage-specific embryonic antigen-1, SSEA1), CD44, CD24, integrin α6, and sex determining region (SRY) box2 (SOX2) (Ligon et al., 2007; Son et al., 2009; Lathia et al., 2010; Annovazzi et al., 2011; Jin et al., 2013; Neftel et al., 2019). Interestingly, recent scRNAseq data has emerged and has challenged the notion that a single GSC population may give rise to all subsequent tumor cells. Instead, these data suggest that GSC populations have a degree of heterogeneity wherein subsets of GSCs can be found in a variety of discrete cellular states, each of which is associated with distinct cellular differentiation and tumorigenic potentials (Patel et al., 2014; Neftel et al., 2019; Suva and Tirosh, 2020).

Cells with stem-like properties have also been isolated from a wide range of adult and pediatric brain tumors such as ependymomas and neuroectodermal tumors (Hemmati et al., 2003; Galli et al., 2004). CD15-positive CSCs identified in medulloblastomas revealed the existence of a certain population of CD15-positive cells expressing the TFs atonal bHLH transcription factor 1 (ATOH1), suggesting that the ability to propagate tumors may not only be restricted to a rigorous “stem-like” state but instead may result from cycling fate-restricted progenitors that give rise to tumor initiation and growth (Schuller et al., 2008; Yang et al., 2008; Ward et al., 2009; Vanner et al., 2014). To this end, Zhang L. et al. (2019) showed that OLIG2-positive progenitor cells are sufficient to drive formation of the SHH-activated subtype of medulloblastoma, noting that these cells show expression characteristics reminiscent of oligodendrocyte precursor cells (OPCs). These results are consistent with previous reports that link OLIG2-positive OPC-like cells to cells of origin in other CNS tumors, including GBMs (Ligon et al., 2007; Lu et al., 2016). Intriguingly, other fate-restricted cell populations have been linked to tumor initiation and have been shown for astrocytes in astrocytoma and chondroitin sulfate proteoglycan 4 (NG2)-positive OPCs in oligodendrogliomas (Chow et al., 2011; Zong et al., 2015).

Collectively, the robust body of literature examining the role of stem cells and CSCs in CNS tumors has demonstrated an increased appreciation for the developmental paradigms in cancer biology. The reliance of tumors on stem cell renewal and differentiation potential strongly parallels the cellular growth and differentiation pathways found in the developing CNS. In particular, the identification of CSCs endowed with properties of self-renewal and the ability to propagate tumor progression has emphasized the need for further investigation and understanding of the molecular mechanisms that drive CNS stem and progenitor cell proliferation and differentiation. Shifting emphasis away from defining common mechanisms amongst tumor categories and refocusing on defining parallels between developmental paradigms and tumorigenesis remains a promising avenue of pursuit for developing targeted therapeutic strategies for particular CNS cancer types brain tumor subtypes.



EARLY EMBRYOGENIC PATHWAYS AND MORPHOGENS

The CNS is derived from the neural plate which folds to form a neural tube in a delicately timed embryonic process known as primary neurulation. This tubular structure will become the basis for the entirety of the brain and spinal cord. Following neurulation, neural crest cells that will give rise to the peripheral nervous system are disconnected from the neural tube, which serves as a primitive embryonic precursor of the CNS. The processes of neural induction, migration and differentiation within the developing nervous system are initiated and maintained by the presence of cell signaling molecules and growth factors secreted from specific embryonic loci. A select family of signaling molecules, known as morphogens, diffuse throughout tissue across varying concentration gradients to help direct the cell fate and differentiation processes of tissue patterning. SHH, bone morphogenetic proteins (BMPs), WNT ligands, NOTCH ligands, chordin (CHRD), Hippo signaling members, and retinoic acid (RA) are each morphogen signaling families that significantly contribute to these neurogenic and gliogenic events. These organizational signals first function to pattern the developing neural tube. As neurodevelopment continues, a series of concatenated or stochastic genetic and epigenetic signatures produce iterations of cellular differentiation and proliferation that culminates in highly diverse populations of CNS cells with a variety of mature CNS functions. The expression patterns generated during the first stages of embryogenesis establish expression domains that lead to the establishment of progenitor regions. These regions are further refined spatially and are maintained by the expression of specific sets of TFs. The combinatorial expression and interaction of the transcriptional factors within the progenitor domains specify cell fate and help to establish cell identity (Briscoe and Novitch, 2008). Both spatial and temporal mechanisms must operate without miscalculation to generate distinct neuronal and glial subtypes; errors in these processes have been linked to a number of congenital CNS abnormalities, the most common of which is spina bifida resulting from a failure of the neural tube to close completely (Nikolopoulou et al., 2017).

An abundance of research over the past half century has demonstrated recurrent and essential roles for many of these early embryonic signaling pathways in the context of CNS tumors. In the following sections, we will summarize the literature pertaining to the most well-studied of these pathways and will highlight seminal work in the fields of developmental and cancer biology that has helped shape the developmental lens through which we can view brain tumors.


Sonic Hedgehog Signaling Pathway

Sonic hedgehog (SHH) is a morphogen secreted from the notochord in the developing embryo and is responsible for patterning of the limbs (Currie and Ingham, 1996), midline structure of the brain and spinal cord (Lewis and Eisen, 2001), and teeth (Dassule et al., 2000). In particular, SHH signaling is essential for proper development of the cerebellum and regulates expansion of granule cell precursors (GCPs) (Corrales et al., 2004). The SHH signaling pathway involves a number of downstream signaling molecules including protein patched homolog 1 (PTCH1), smoothened frizzled class receptor (SMO), the glioma-associated oncogene family zinc finger proteins (GLIs) and suppressor of fused homolog (SUFU). SHH activates the transmembrane protein SMO, which in turn signals intracellularly to activate GLI transcription factors GLI1, GLI2, and GLI3. SMO activation is regulated by inhibition of PTCH1, which normally functions to block SMO function (Goodrich and Scott, 1998; Ingham, 1998). GLI1 and GLI2 work together to positively modulate SHH signaling whereas GLI3 is thought to antagonize the SHH response (Altaba et al., 2002). SUFU functions by either impeding nuclear localization of GLI proteins or by acting as a repressor of GLI signaling (Cheng and Yue, 2008). Owing to its inhibitory regulation of GLI, SUFU is considered to have tumor suppressor functions. Aside from playing a role in tumorigenesis, mutations in SHH can cause a loss of the ventral midline in development, resulting in a failure of the forebrain to develop into two distinct hemispheres, a condition known as holoprosencephaly (Nanni et al., 1999). Additionally, mutations in SHH and PTCH1 can lead to spontaneous fetal abortion.

Longstanding evidence has implicated SHH pathway activation in the regulation of renewable adult stem cell populations (Rowitch et al., 1999), suggesting a role for SHH in carcinogenesis of the CNS. SHH signaling pathways have been reported to be active in medulloblastoma and GBM, and to a lesser extent in neuroblastoma (Shahi et al., 2008). It is thought that the SHH signaling pathway mediates GBM pathogenesis and progression via regulation of the SHH/GLI1 axis. In GSCs, specific disruption of the SHH/GLI1 axis dictates the chemoresistant and radioresistant properties of the tumor and ultimately disease prognosis (Santoni et al., 2013).

Activity of the tumor suppressor PTEN has been shown to influence phosphatidylinositol 3-kinase (PI3K) signaling, which then works in conjunction with SHH signaling to promote tumor growth and viability (Filbin et al., 2013). PTEN plays an important role in proper maintenance and expansion of neural progenitor populations, suggesting a link between mismanaged NSC proliferation and neurological cancers (Groszer et al., 2001). In human GSCs, PTEN-deficient tumors manifest a significantly higher level of PTCH1 gene expression than their PTEN-expressing counterparts (Xu et al., 2008). The expression levels of SHH and GLI1 have been noted to be significantly higher in PTEN-expressing cells than in PTEN-deficient cells and corresponds to decreased survival time in GBM patients.

In medulloblastoma, some evidence suggests that tumors may originate from the external granule layer of the cerebellum (Kadin et al., 1970). The external granule layer is a germinal zone containing SHH-regulated GCPs. Dysregulation and overactivation of SHH signaling within GCPs is therefore thought to be responsible for medulloblastoma development and progression (Marino, 2005). The presence of many SHH-related alterations in these tumors has led to the classification of a medulloblastoma subtypes including the SHH-activated group. Increased activation of SHH signaling in these tumors is thought to result primarily from mutations in PTCH1 (Pietsch et al., 1997; Raffel et al., 1997; Dong et al., 2000) or SMO, although mutations in SUFU (Taylor et al., 2002) have also been observed. Interestingly, no human cancers have been reported as a result of GLI protein mutations (Erez et al., 2002; Altaba et al., 2004). Therapeutically, successful abrogation of NPC hyperproliferation and tumorigenesis as a result of aberrant GLI expression has been achieved using the SHH signaling inhibitor, cylcopamine (Berman et al., 2002; Altaba et al., 2004). Cyclopamine acts downstream of PTCH1 and is thought to influence the balance between inactive and active forms of SMO (Taipale et al., 2000) and thus helps ameliorate a hyperproliferative state.



BMP Signaling Pathway

Bone morphogenetic proteins (BMPs) represent a large group of cytokines with the potent ability to initiate ectopic bone formation (Hopkins, 2016). Since their initial discovery more than 50 years ago, upward of twenty BMP ligands have been identified (Chen et al., 2004b; Hopkins, 2016). As a subfamily of the transforming growth factor β (TGFβ) superfamily (Piccirillo and Vescovi, 2006), BMPs are soluble factors produced in embryonic stem cells as early as the 16-cell stage (Graham et al., 2014). It has been well established that differential BMP signaling is required for the appropriate development of primitive ectoderm and trophectoderm; similarly, expression of BMPs in extra-embryonic layers is required for proper development of the embryonic structure known as the primitive streak as well as appropriate positioning of the heart (Kishigami and Mishina, 2005). Specifically, BMP2 and BMP4 are required for initiation of gastrulation and both dorso-ventral and anterior-posterior axis formation (Kishigami and Mishina, 2005).

Bone morphogenetic proteins also regulate mesoderm and cartilage formation and help direct postnatal development of bone (Chen et al., 2004a). During neurodevelopment, BMPs contribute to the rostro-dorsal patterning of the forebrain (Rubenstein, 2011) and development of paramedial structures like the choroid plexus, dorsal midline and dorsal pallium (Fernandes et al., 2007). In NSCs, BMP is a driver of astrocytic differentiation (Hu et al., 2010; Hover et al., 2016). The interaction between BMP and its antagonist, noggin, determines the fate of OPCs and regulates acquisition of the astrocytic phenotype (Piccirillo and Vescovi, 2006).

In particular, BMP signaling is involved in regulating the transcription of genes involved in cell specification including intracellular interactions used during cellular morphogenesis, apoptosis, proliferation, and differentiation (Hover et al., 2016). During signaling, BMPs bind to a heterodimeric complex of BMP serine-threonine kinase receptors type I and II, which in turn initiate the phosphorylation of regulatory SMADs, including SMAD1, SMAD5, and SMAD8. Subsequent binding of regulatory SMADs to SMAD4 leads to translocation of the complex to the nucleus for regulation of transcription (Chen et al., 2004b; Voumvourakis et al., 2011; Hover et al., 2015). Regulatory targets, including extracellular antagonists and intracellular modulators such as SMAD6 and SMAD7, can mediate BMP activation of transcription (Hopkins, 2016; Hover et al., 2016).

A 2005 study demonstrated that BMP4 is a key regulator of tumor proliferation in GBM. Transient ex vivo delivery of BMP4 was shown to potently inhibit the ability of human-derived GBM cells to successfully initiate tumor formation following intracerebral transplantation, while in vivo delivery of BMP4 effectively blocked tumor growth and reduced associated mortality following intracerebral grafting (Piccirillo and Vescovi, 2006). Likewise, BMP7 has been shown to inhibit tumor proliferation by arresting glioma-derived cells in the G1 phase of cell cycle (Klose et al., 2011). This antiproliferative property of BMP7 has been further corroborated by in vivo optical imaging of luciferase-tagged glioma-derived cells that have been intracranially implanted in mice.

Bone morphogenetic protein-mediated inhibition of tumor cell proliferation has also been established in medulloblastoma cells (Grimmer and Weiss, 2008). A study conducted by Zhao et al. demonstrated that reduced proliferation using BMP2 and BMP4 treatment of cerebellar GCPs is a result of proteasome-mediated degradation of ATOH1, a highly expressed TF in cerebellar GCPs. Inhibition of self-renewal and induction of differentiation are also responsible for reduced proliferative capacity within CSC populations (Caja et al., 2015). Interestingly, BMP7 is the top down-regulated gene in GSCs that proves resistant to TMZ, the DNA alkylating agent used as a first line of treatment in gliomas (Tso et al., 2015). Exogenous BMP7 treatment and augmentation of BMP7 signaling in TMZ-resistant GSCs inhibits self-renewal and migratory capacity, reduces mRNA expression of CD133, MGMT, and ATP-binding cassette drug effluxing transporters and induces senescence, thus sensitizing tumor cells to TMZ treatment. BMPs have globally been implicated as inhibitors of migration and invasion in medulloblastoma cells predominantly because of the increased migratory properties following repression of BMP pathways (Merve et al., 2014).

As a 120 kDa antagonist of BMPs, CHRD is expressed as early as gastrulation to regulate dorso-ventral patterning (Larrain et al., 2000; Anderson et al., 2002). It consists of four cysteine-rich domains which have a dorsalizing role in Xenopus embryo assays and bind the antagonist, BMP (Larrain et al., 2000). During embryogenesis, CHRD is expressed in the prechordal plate and anterior neural ridge (the organizing centers for rostral development) and promotes the development of the mammalian head (Anderson et al., 2002). Regulation of BMP signaling through CHRD is required for the formation of the primitive streak and stabilization of expressed neural markers on induced neural cells (Streit et al., 1998). Due to its role in dorsalization during gastrulation, defects in CHRD expression lead to congenital head and neck malformations including Velo-Cardio-Facial and DiGeorge syndromes (Bachiller et al., 2003). CHRD also regulates the bioavailability of BMP for inducing the differentiation of mesenchymal cells into bone and cartilage cells (Reddi, 2001). In addition to CHRD expression in prenatal development, Mikawa and Sato have also shown its expression in most neurons and neuropil of the cerebellum and superior colliculus in adult brain (Mikawa and Sato, 2014). CHRD plays a role in hippocampal plasticity and spatial learning in adult brain by enhancing the presynaptic neurotransmitter release from hippocampal neurons, resulting in enhanced long-term potentiation (Sun et al., 2007). Expression of CHRD has also been shown in trigeminal nuclei, particularly in dendrites, establishing its role in its regulation of dendritic morphology and synaptic homeostasis in adult trigeminal system (Hayashi et al., 2016).

From a disease standpoint, CHRD seems to impart a neuroprotective effect in injured or diseased adult brain (Jablonska et al., 2010), which is likely due to CHRD-mediated contributions to cellular differentiation that can facilitate repair in the CNS. To this end, CHRD is responsible for maintaining the lineage plasticity of progenitor cells in the subventricular zone as shown by the shift in glutamic acid decarboxylase 65 (GAD65)-positive and doublecortin (DCX)-positive progenitors from neuronal to glial fates during demyelination (Jablonska et al., 2010). Since CHRD antagonizes BMPs, it serves as a potential therapeutic target to promote the differentiation of GSCs, thus inhibiting the progression of gliomas (Videla Richardson et al., 2016).



Transforming Growth Factor β Signaling Pathway

Like BMPs, Transforming Growth Factor β TGFβ signaling members belongs to the TGFβ superfamily that includes a number of growth differentiation factors with multiple roles in neurodevelopment and tumorigenesis. These pathways have been shown to regulate cell proliferation signaling cascades and serve as integral modulators of cellular differentiation, morphogenesis, extracellular matrix (ECM) formation, and other key functions in a wide variety of cells (Golestaneh and Mishra, 2005). Induction of TGFβ signaling can either occur through small mothers against decapentaplegic (SMAD)-dependent (canonical) or SMAD-independent (non-canonical) signaling cascades, two divergent pathways culminating in contrasting biological activity. Activated TGFβ can bind to three receptor classes of serine-threonine kinase receptors – TGFβ receptor I, II, and III (TGFRI, TGFRII, and TGFRIII) – which enhances TGFβ2 binding to TGFRβ3. Activation of TGFRI requires TGFβ binding to TGFRII, forming a tetrameric complex with the dimeric TGFβ ligand (TGFβ1, TGFβ2, or TGFβ3) and the two receptors (Derynck and Zhang, 2003). TGFRI is then activated by TGFRII via the phosphorylation of its glycerine-serine domain, and as a result, is able to phosphorylate intracellular SMAD3. Translocation of activated SMAD complex into the nucleus leads to downstream transcriptional changes and modulated gene expression (Derynck and Zhang, 2003). TGFβ has also been shown to activate a number of SMAD-independent signaling cascades including the Ras/MAPK/Erk, JNK, Rho/ROCK, PI3K-Akt, and PP2-S6 kinase pathways (Derynck and Zhang, 2003).

Dysregulation of TGFβ signaling or its downstream pathways have been associated with the pathogenesis of multiple CNS tumors, including adult gliomas such as GBM (Kaminska et al., 2013), pediatric high-grade gliomas like diffuse intrinsic pontine glioma (DIPG; Caja et al., 2015), and medulloblastomas (Kool et al., 2008). Recent reviews have detailed the role of TGFβ signaling in proliferation, invasion, angiogenesis, immune responses, and therapeutic treatments for malignant gliomas (Han et al., 2015; Birch et al., 2020; Kaminska and Cyranowski, 2020). Most notably, TGFβ has been implicated in glioma progression as a regulator of cellular proliferation, infiltrative growth, angiogenesis, and immune suppression (Fogarty et al., 2005). Although TGFβ functions as a tumor suppressor by restricting glial cell growth during development, this inhibitory capacity is lost during gliomagenesis (Fogarty et al., 2005). As tumorigenesis continues, glioma cells begin the production and secretion of TGFβ, which further exacerbates dysregulation of cell proliferation and invasion pathways, suppression of antitumor immunomodulatory responses, and importantly, the developmentally-linked oncogenic hallmark of epithelial-to-mesenchymal transition (EMT; Huber et al., 2005). This cascade of events is exacerbated by increased expression levels of TGFβRs by GSCs, which have been shown to depend upon TGFβ signaling for self-renewal and maintenance of a dedifferentiated cell state (Ikushima et al., 2009; Penuelas et al., 2009). TGFβ activity also modulates the expression of matrix metalloproteinases (MMPs) that digest and degrade the surrounding ECM, thereby facilitating invasion of malignant cells into adjacent neuropil (Rooprai et al., 2000). Moreover, TGFβ1 induces the expression of integrins that directly promote the capacity of glioma cells to migrate (Platten et al., 2000).

In the search for better therapeutic treatments for malignant glioma, an important consideration is the unintended activation of wound responses and subsequent induction of TGFβ signaling following chemotherapy, radiation or surgical resection of tumors. To this end, activation of TGFβ signaling has been observed in patient-derived GBM cell lines that have been treated with TMZ or radiation and results in enhanced migration and infiltration (Barcellos-Hoff, 1993; Canazza et al., 2011; Desmarais et al., 2012; Zeng et al., 2017). Owing to its robust involvement in the maintenance of embryonic stem cells, NSCs, and GSCs and their self-renewal and multipotency capacities, TGFβ signaling may play a direct role in chemotherapeutic and radiotherapeutic resistance and recurrence in gliomas (Watabe and Miyazono, 2009).



WNT Signaling Pathway

Within the developing CNS, wingless-type MMTV integration site family (WNT) proteins work to regulate cell proliferation and its expression is active both during early phases of development as well as during later stages of organ and tissue growth. WNT signaling can occur through the WNT/β-catenin-dependent canonical pathway or through the WNT/β-catenin independent pathway. In the WNT/β-catenin canonical pathway WNT binding to its target receptors leads to intracellular accumulation and nuclear translocation of β-catenin, a coactivator of TFs encoded by the CTNNB1 gene that regulates expression of pro-survival and cell proliferation genes (Bengoa-Vergniory and Kypta, 2015). Non-canonical WNT signaling also controls a number of downstream TFs and cytoskeletal and cell adhesion regulators and functions through a group of proteins known as secreted frizzled-related proteins (SFRPs) (Komiya and Habas, 2008). During development, WNT signaling is essential for the proliferation and self-renewal capacity of cells and plays a large role in cell fate determination as well as primary axis formation and organogenesis (Komiya and Habas, 2008). During early development of the CNS, a WNT-mediated protein gradient is established in the developing embryo that results in increased signaling activity in the posterior region and decreased signaling in the anterior region. This polarity generated by a disparity in downstream signaling cascades leads to the proper designation of the anterior-posterior axes of the neural plate (Kiecker and Niehrs, 2001). This gradient of WNT signaling produced along the anteroposterior axis is particularly important for the formation of the anterior head structures as well as for neuroectodermal patterning (Yamaguchi, 2001). Consequently, mutations in the WNT proteins and subsequent changes to WNT-mediated signaling pathways can result in improper anterior-posterior patterning of the early CNS (Mulligan and Cheyette, 2012). In addition to its role in global patterning of the developing CNS, the signaling of WNT proteins has been shown to both inhibit and promote neurite outgrowth to regulate dendritic and axonal genes, respectively, during neurodevelopment (Selvaraj et al., 2015).

Wingless-type proteins are amongst some of the most well-studied in the context of brain tumors, and have been shown to bidirectionally support tumor progression and oncogenesis in a context-dependent manner. WNT signaling in the context of brain tumors has been most extensively studied in medulloblastoma, GBM and other astrocytoma subtypes (Manoranjan et al., 2012). In medulloblastoma, the WNT-activated subtype results from mutations to the WNT/β-catenin signaling pathway and is commonly associated with CTNNB1 or germline adenomatosis polyposis coli (APC) mutations (Helgager et al., 2020). Unlike the SHH-activated subtype of medulloblastoma, the WNT-activated subtype confers the best prognosis, although it is also the least commonly occurring variant. WNT interactions with the secreted frizzled-related proteins (SFRPs) function as signaling modulators of cell growth, regulation, and differentiation pathways. Their effects are thought to be exerted through both direct molecular interactions with WNT proteins, as well as antagonizing effects generated by interactions with other SFRP proteins. Abnormal activation of the WNT pathway has been linked to tumor formation both via the activation of effector molecules and the loss of tumor suppressor function (Shi et al., 2007). Although SFRP genes are known to be tumor suppressors in the WNT pathway, these genes can be silenced by methylation. Loss of WNT pathway inhibition due to SFRP gene silencing has been shown to be an additional mechanism that can lead to excessive WNT signaling, and in turn overexpression of the genes in the pathway (Kongkham et al., 2010). In particular, SFRP1 is in a class of SFRP genes that affect cell growth. Its role as a tumor suppressor is often lost in patients with cancer (Nicot, 2015).

In glioma, experimentation with SFRP1 as an inhibitor of the WNT pathway led to the discovery of its role as a direct target of miR-32, which is highly upregulated in invasive glioma cells (Delic et al., 2014). In GBM, recent evidence has also emerged showing that WNT proteins have a potent regulatory role in maintenance of CD133-positive CSCs (Shevchenko et al., 2019) and thus have highlighted the potential therapeutic applications of WNT-specific therapies (Zuccarini et al., 2018). In addition to its functions in promoting GSC stemness, studies have shown that WNT signaling indirectly promotes EMT in malignant glioma through its regulation of frizzled class receptor 4 (FZD4) (Jin et al., 2011). The importance of WNT-mediated EMT activation in disease outcome has been clearly illustrated by use of a WNT/β-catenin inhibitor, XAV939, which successfully suppresses EMT-driven glioma cell invasiveness (Lee et al., 2016). Moreover, WNT5A activation via the non-canonical branch of WNT signaling has been shown to directly regulate GBM cell migration through stimulation of matrix metalloprotease 2 (MMP2). Suppression of WNT5A signaling causes a reduction in MMP2 expression thereby suppressing cell invasion and migration in human glioma cell lines (Kamino et al., 2011).



Notch Signaling Pathway

Like its SHH and WNT counterparts, notch receptor (NOTCH) signaling is an essential contributor to early neurodevelopment with an important role in the maintenance of NSC populations (Hitoshi et al., 2002; Lasky and Wu, 2005). NOTCH signaling via binding of its ligands like delta-like (DLL1) and jagged (JAG) drives cell fate determination in both developing cells of the CNS and CSCs (Koch and Radtke, 2007). Early NOTCH signaling assists in neural versus epidermal lineage commitment (Cau and Blader, 2009) and most potently drives cell fate decisions in NSCs (Yoon and Gaiano, 2005). Studies have shown that NOTCH maintains its potency in the adult brain by modulating NSCs and additionally functions postnatally to direct migration, morphology, and synaptic plasticity (Ables et al., 2011).

NOTCH signaling in cancer mirrors its functions in neurodevelopment, impacting cell fate and maintenance of CSCs (Stockhausen et al., 2010). Activators of the NOTCH signaling pathway are also known to be involved in the cellular response processes to hypoxia and neoangiogenesis, which are commonly encountered in human gliomas and thought to contribute to the pathophysiology of disease progression (Fischer et al., 2005). Investigations into how NOTCH pathway signaling drives self-renewal of brain CSCs and their potential to produce tumors has led to the identification of NOTCH signaling members as putative targets for the treatment of brain cancers (Zhang et al., 2008).

Preliminary experiments examining the effects of NOTCH pathway blockade in human GBM models showed a significant decrease in GBM cell proliferation both in vitro and in vivo (Chen et al., 2010). Additional in vitro studies using patient-derived GBM neurospheres have confirmed that NOTCH signaling imparts tumorigenicity in GBM cells by showing the properties of cell growth and stem-cell like features is in part attributed to activation of NOTCH pathway proteins (Kristoffersen et al., 2013).

Research has also shown that interaction between epidermal growth factor receptor (EGFR) and NOTCH pathway proteins may function to promote proliferation of cancer cells. EGFR is involved in a number of cell processes including proliferation, migration, and cell survival (Stockhausen et al., 2010). Studies investigating a NOTCH-EGFR interplay have identified EGFR as an important downstream molecular target of NOTCH signaling and have reported EGFR overexpression in 40–50% of GBM cases (Zhang et al., 2008). Not only is there a strong correlation between significant overexpression of both NOTCH proteins (NOTCH1) and EGFR in GBM tissue but moreover, a functional association between expression of these genes and patient survival has also been identified (Xing et al., 2015). The importance of NOTCH-EGFR interactions in GBM has been further bolstered by reports showing that NOTCH1-driven upregulation of EGFR also interacts with p53 in glioma cells (Purow et al., 2008).



Retinoic Acid Signaling Pathway

Perhaps the most notorious of the oncogenic neurodevelopmental factors are retinoids (vitamin A), including the metabolite all-trans-RA, more commonly referred to as RA. As an essential component of early embryonic development, RA is widely recognized for its teratogenicity most frequently encountered with sustained use of retinoid pharmaceuticals during pregnancy (Ross et al., 2000). RA is a potent morphogen in embryogenesis but also holds important postnatal homeostatic functions. In order for RA to exert its effects, retinol must first be converted to RA and enter the cell via binding to retinol-binding protein 4 (RBP4). RBP4 interacts with its membrane receptor STRA6, allowing retinol to enter into the cytoplasm (Maden, 2007). In embryos, retinol is metabolized to retinaldehyde, and finally to RA (Maden, 2007). RA can act via autocrine or paracrine signaling, though the mechanism of the latter is poorly understood. In autocrine signaling, RA is transported to the nucleus with help from cellular RA-binding protein 2 (CRABP2), where it then binds to a transcription complex consisting of a RA receptor-retinoic X receptor (RAR-RXR) heterodimer. These TFs then bind to a DNA sequence called a RA-response element (RARE), leading to the transcription of over 500 genes, many of which are crucial for neuronal differentiation during the development of the CNS (Maden, 2007). Additionally, RA, along with WNTs, fibroblast growth factors (FGFs), SHH, and BMPs, contributes to the anteroposterior and dorsoventral patterning of the neural plate and neural tube, particularly in the development of the posterior hindbrain and anterior spinal cord (Maden, 2007). Retinoids also modulate genomic and postgenomic expression, exert antiangiogenic effects, and interact with protein kinase C pathways.

Retinoids have long been used in its many forms as chemotherapeutic agents in hematologic malignancies, with more recent studies documenting some benefit for GBM and medulloblastoma (Hallahan et al., 2003; Haque et al., 2007). Impaired RA signaling has been found to reduce cell differentiation and promote uncontrolled proliferation, the consequences of which have been observed in GBM (Campos et al., 2015). Specifically, 13-cis-RA has been used for the treatment of recurrent GBM although significant systemic toxicity has been noted with its use (See et al., 2004). In human medulloblastoma cells, use of RA has been shown to induce cell growth arrest as evidenced by inhibition and decreased expression of the cell cycle markers cyclin D 1 (CYCD1) and MYC proto-oncogene bHLH transcription factor (CMYC) (Chang et al., 2007). Notably, the phase III treatment study of pediatric neuroblastoma using 13-cis-RA differentiating therapy showed that high-dose pulse therapy given following completion of intensive chemoradiotherapy significantly improved event-free survival in high-risk subtypes of the disease (Reynolds et al., 2003). While the efficacy of retinoid therapy for neuroblastoma is clear, approximately 50% of patients fail to respond to treatment or become resistant during the course of therapy (Dobrotkova et al., 2019).



SLIT/ROBO Signaling Pathway

Nearly 30 years ago, Seeger et al. (1993) identified the role of roundabout (ROBO) in providing repulsive cues for axonal extension through mutations affecting CNS axon pathway development. Following these insights, the secreted slit guidance ligands, SLITs were discovered as repellants of neuronal precursor migration from the anterior subventricular zone to the olfactory bulb (Wu et al., 1999). SLIT is produced by midline glia cells in vertebrates, is strongly expressed in the septum, and binds to the receptor ROBO expressed in the olfactory bulb (Li et al., 1999; Chedotal, 2007). Three SLIT homologs exist in vertebrates, namely SLIT1, SLIT2, and SLIT3, each consisting of four tandem leucine-rich repeat domains, laminin G-like domains, EGF-like domains, and N-terminus signal peptide. Four ROBO receptor subtypes have been identified in vertebrates, three of which are expressed in brain and the fourth of which is expressed by endothelial cells (Li et al., 1999; Bedell et al., 2005; Chedotal, 2007). SLIT/ROBO signaling has been conclusively shown to regulate a number of cellular processes including cellular polarity, adhesion, and cell death (Dickinson and Duncan, 2010; Ypsilanti et al., 2010) but most prominently is regarded as a key regulator of axon guidance and repulsion in the developing CNS.

An important characteristic of SLIT in the developing CNS is its prevention of axonal migration to unwanted locations (Mertsch et al., 2008; Dickinson and Duncan, 2010). Of similar importance is the ability of SLIT and ROBO to regulate the targeting of axons in vertebrates and invertebrates (Chedotal, 2007). SLIT2 is involved in stimulating the axon collateral branches formation in the dorsal root ganglion and also has roles in the arborization of central trigeminal sensory axons in rodent brainstem (Wang et al., 1999; Ozdinler and Erzurumlu, 2002). The binding of SLIT to ROBO leads to actin reorganization mediating cell motility and is enhanced by the presence of heparin sulfate proteoglycans (Ronca et al., 2001). This interaction defines cell dissociation, migration coordination and anchorage through collective movements of cells (Friedl and Mayor, 2017). Additionally, the SLIT/ROBO pathway promotes interactions between E-cadherin and β-catenin at the plasma membrane, thereby promoting cell adhesion (Dickinson and Duncan, 2010). In fly, ROBO2 and ROBO3 regulate the differentiation of serotonergic neurons, while in vertebrates, ROBO1 plays an important role in neuronal differentiation (Connor and Key, 2002; Couch et al., 2004).

Cellular functions regulated by SLIT/ROBO during development are often dysregulated in neoplastic transformation (Dickinson and Duncan, 2010). SLIT and ROBO have been shown to regulate neoangiogenesis during tumor formation (Liao et al., 2010) and studies have shown that SLIT/ROBO play dual roles in cancers, serving both as tumor suppressors and oncogenes depending on cellular circumstance (Ballard and Hinck, 2012). Specifically, SLIT2 has been shown to suppress glioma cell invasion and motility as evidenced by the reduction of SLIT2 expression in GBM (Mertsch et al., 2008). Expression of SLIT2 in vitro inhibits the activity of CDC42, an important Rho-GTPase family member involved in cell polarity induction during tumor cell migration (Yiin et al., 2009; Gao et al., 2013). Decreased expression of SLIT2 and ROBO1 have been shown in cancers metastasizing to the brain, including ductal carcinoma of the breast (Qin et al., 2015) and may reflect changes to EMT status. Together, SLIT and ROBO also regulate downstream hallmark pathways involved in tumorigenesis, including mTOR, VEGFR, EGFR, and HER2 both through direct and indirect signaling events (Gara et al., 2015). In both developmental and neoplastic settings, promyelocytic leukemia (PML) protein controls polycomb repressive complex 2 (PRC2)-mediated repression of SLIT proteins, which reduces cancer cell invasiveness in GBM. Additionally, these proteins form the PML/SLIT1 complex that regulates sensitivity of GBM cells to therapeutic arsenic trioxide (Amodeo et al., 2017). Overexpression of ROBO1 has also been shown to decrease GBM cell motility and overexpression of SLIT2/ROBO1 can reverse radiation-induced GBM cell migration via a mesenchymal-to-epithelial transition (MET; Nguemgo Kouam et al., 2018).



Hippo Signaling Pathway

The Hippo signaling pathway is essential for the control of embryonic development and tissue homeostasis in multiple organ systems, including the CNS, and has recently emerged as a central element in maintaining the balance between physiologic cell proliferation and the uncontrolled cell divisions characteristic of tumorigenesis. Hippo signaling pathways have been reported as regulators of myriad physiological functions, including control of organ size, regulation of metabolism, promotion of cell differentiation, and regulation of cell proliferation (Ehmer and Sage, 2016). The key molecules upstream of Hippo include neurofibromin 2 (NF2), also known as merlin, which signals through macrophage stimulating kinases MST1 and MST2 to phosphorylate and activate large tumor suppressor kinases LATS1 and LATS2 (Liu and Wang, 2015). The activated LATS kinases interact with Mps one binder homolog 1 (MOB1) to phosphorylate yes-associated protein 1 (YAP1) and tafazzin (TAZ) effector proteins (Liu and Wang, 2015; Ehmer and Sage, 2016). YAP1/TAZ levels are essential in the control of cell proliferation; the phosphorylation of YAP1/TAZ leads to interaction with 14-3-3 protein, a mediator of nuclear removal, and subsequent cytoplasmic degradation, resulting in restricted cell proliferation and increased apoptosis (Liu and Wang, 2015; Ehmer and Sage, 2016). When YAP1/TAZ proteins are not degraded in the cytoplasm, they can interact with other neurodevelopmentally regulated proteins such as WNT, TGFβ, NOTCH, and SHH (Plouffe et al., 2015). Unphosphorylated, nuclear YAP1/TAZ promote proliferation through transcriptional regulation with the TEAD/TEF family of TFs (Ehmer and Sage, 2016). In development, kinases of the Hippo pathway are thought to function as tumor suppressors through negative regulation of YAP1 and TAZ.

Dysregulated Hippo signaling has been reported in numerous cancers, including tumors of the CNS. Overexpression of YAP1 has been observed in medulloblastomas, meningiomas, ependymomas, astrocytomas, oligodendrogliomas, and GBMs (Liu and Wang, 2015). Interestingly, loss of function mutations in the tumor suppressor protein NF2 result in increased YAP1 expression and nuclear localization, leading to development of Schwannomas and meningiomas. NF2 expression is significantly reduced in malignant gliomas (Plouffe et al., 2015) and normally functions to inhibit YAP1 by promoting LATS activation and YAP1 degradation. Mutations in NF2 therefore result in YAP1 accumulation and tumorigenesis (Liu and Wang, 2015; Ehmer and Sage, 2016). Other studies have shown that YAP1/TAZ expression is positively correlated with glioma prognosis in patients whereas LATS1/LATS2 expression correlates negatively with patient outcomes (Zhang et al., 2016). In medulloblastoma, YAP1 is significantly amplified and upregulated in SHH-activated subtypes and mediates SHH-driven NPC proliferation (Fernandez et al., 2009). More recently, studies have shown that YAP1 expression leads to upregulation of chromatin remodeler helicase, lymphoid specific (HELLS) in SHH-activated medulloblastoma and is activated downstream of SHH pathway activation through SMO, a positive transducer of SHH signaling (Robinson et al., 2019).



LINEAGE-SPECIFIC TRANSCRIPTIONAL REGULATORS

Transcription factors are important determinants in how tumors manifest from genetic and epigenetic alterations. The mutational burden and changes to expression levels that facilitate the progression of tumor growth through the dysregulation of proliferation and cellular differentiation are often manifest downstream of the genes in which the alterations occur, ultimately culminating in transcriptional changes that effect global cell changes. TFs are essential components of the neurodevelopmental process and function in concert with signaling factors to coordinate gene expression programs that orchestrate the precise proliferation and differentiation of vast populations of cells that make up tissues and organs. Expression of TFs during development is often a tightly controlled process under normal physiological conditions. In neoplastic conditions such as brain tumors, however, TF expression and activity can be dysregulated by various genetic and epigenetic changes including point mutations, translations, amplifications, deletions, or even extend to mutations in non-coding DNA that can affect DNA binding activity. Ultimately, this altered expression leads to deviant expression programs that engender cells with a selective cell stemness, growth or migratory advantage that is exploited by brain tumors for continued proliferation and dissemination throughout the brain.

In the following sections, we will explore what is currently known about neurodevelopmental TFs with documented roles in brain tumor initiation, malignant transformation and progression. We will pay particular attention to those TFs implicated in cell fate and differentiation in the developing brain and how dysregulation of these TF programs following acquisition of a mutational load in brain tumors may serve to drive differential outcomes by driving TF-specific genetic programs and global expression changes.


PAX Genes

The paired box (PAX) genes constitute a family of nine developmental genes encoding nuclear TFs with critical roles in the formation of organs and tissues (Buckingham and Relaix, 2007; Wang et al., 2008). All nine members of the PAX genes share a highly conserved PAX DNA binding domain (Wang et al., 2008) and have specific spatiotemporal expressions that are tightly regulated at discrete stages of fetal development (Muratovska et al., 2003). PAX genes uniformly function as embryogenic drivers through their regulation of cell proliferation, self-renewal, progenitor cell maintenance, resistance to apoptosis, terminal differentiation inhibition, coordination of various differentiation programs, and migration of embryonic precursor cells (Moscoso and Sanes, 1995; Lang et al., 2007; Wang et al., 2008; Blake and Ziman, 2014).

Although structurally similar, each PAX gene imparts unique downstream effects and varies in its regulatory contributions to organogenesis. PAX1, for example regulates epithelial differentiation within and development of the thymus (Mansouri et al., 1999), whereas PAX2 has been shown to regulate the response of kidney mesenchyme to induction (Dressler, 1995), and is involved in embryogenesis of the hindbrain (Eccles, 1998) and epithelial differentiation within the urogenital tract (Burger et al., 2012). PAX3 has strong and preferential expression in neurodevelopment with the synthesis of PAX3 occurring in the dorsal neural tube (Chi and Epstein, 2002), and regulatory effects playing a critical role in both fate determination of neural crest cells and their differentiation into enteric and peripheral ganglia, Schwann cells and melanocytes (Nelms and Labosky, 2010). Coexpression of PAX3 with PAX7 directs differentiation of myogenic progenitor cells into skeletal muscle fibers (Buckingham and Relaix, 2007), whereas PAX6 is required for development of the eyes and nose by directing the formation of lens placodes from surface ectoderm and ectoderm placodes for nasal cavities (Grindley et al., 1995). Similarly, PAX8 directs the development of follicular cells in the thyroid gland from thyroid diverticulum and also regulates the transcription of thyroperoxidase and thyroglobulin (Chi and Epstein, 2002).

Within the field of glioma biology, PAX3 has been established as a regulator of GSCs through its modulation of glial fibrillary acidic protein (GFAP) expression (Su et al., 2016). PAX3 inhibits expression of GFAP by binding its promoter site, and accordingly, overexpression of this TF promotes the differentiation of GSCs (Su et al., 2016). PAX8 has also been shown to promote gliomagenesis through expression of telomerase catalytic unit and RNA component genes in human glioma cell lines. The link between PAX8 and telomere maintenance highlights a potential therapeutic application for inhibiting proliferation of tumor cells through telomere shortening (Chen et al., 2008). Likewise, functional data showing overexpression of PAX2 in hindbrain and cerebellar development as a driver of medulloblastoma has implicated PAX2 as a proto-oncogene (Burger et al., 2012). Interestingly, PAX5, along with its paralogues PAX2 and PAX8, has been shown to downregulate the expression of tumor suppressor gene, p53 through binding to its untranslated first exon and thus has proto-oncogenic functions in tumorigenesis (Stuart et al., 1995). Dysregulated expression of PAX5 in undifferentiated medulloblastoma cells has further established PAX5 in tumor cell proliferation (Kozmik et al., 1995).



SOX Genes

The sex determining region Y (SRY) box family of transcription factors (SOXs) is composed of 20 members containing a related high motility group (HMG) DNA binding domain. They are further categorized into 8 subgroups based on sequence similarity of the HMG group, which tend to share biochemical properties and often demonstrate overlapping expression patterns and functional redundancy. The SOX group in its entirety serve as developmental regulators with functions in many organs including CNS tissues. In particular, they are important for stem cell maintenance and have been attributed roles in tissue regeneration and tumorigenesis (Kamachi and Kondoh, 2013). Importantly, differential expression of SOX genes (SOX4, SOX9, and SOX11) in pediatric brain tumors has been used as prognostic marker for disease progression and outcomes in ependymoma and medulloblastoma (de Bont et al., 2008).

SOXB1 transcription factors are expressed early in embryonic development and are involved in NSC maintenance; overexpression of these TFs is thus not surprising in the context of brain tumors. Expression of SOX1 in human glioma is heterogeneous with high expression of SOX1 conferring poor prognosis (Garcia et al., 2017). SOX1 expression was enriched in patient-derived GSCs and its expression diminished in GSCs induced to differentiate, suggesting that SOX1 may be important for maintaining the undifferentiated state. Inhibition of SOX1 in glioma cells leads to decreased proliferation, self-renewal, and reduced capacity to grow in vivo (Garcia et al., 2017). Overexpression of SOX1 in GSCs only moderately increased cell growth and proliferation. Further, overexpression in differentiated glioma cells weakly induced neurosphere formation and stem cell marker expression and failed to induce tumor growth in a xenograft model (Suva and Tirosh, 2020). Therefore, it appears that SOX1 is essential for maintaining stem cell renewal, but not sufficient to promote tumor initiation.

SOX2 is an important regulator of early embryogenesis and contributes to the pluripotency of certain stem cell subsets (Avilion et al., 2003). In the adult nervous system, SOX2 is expressed in NSCs and undifferentiated precursor cells (Wegner and Stolt, 2005), and in cancer SOX2 serves as a marker of proliferating or undifferentiated cells in human malignant gliomas, including pediatric gliomas, and ependymomas (Ferletta et al., 2007; Phi et al., 2008; Annovazzi et al., 2011). SOX2 is also overexpressed or amplified in oligodendrogliomas and GBMs, and interestingly appears to be more highly expressed in the SHH-activated subgroup of medulloblastomas, perhaps suggesting a link between SHH and SOX2 signaling in a neoplastic context (Phi et al., 2010; Annovazzi et al., 2011; Ahlfeld et al., 2013). With respect to survival, SOX2 expression is positively correlated with brain tumor malignancy grade and confers poor clinical outcomes (Sutter et al., 2010; Mansouri et al., 2016). Mechanistically, SOX2 is necessary for maintaining GSC properties in GBM and medulloblastoma cells, but is not sufficient to support self-renewal properties (Alonso et al., 2011; Berezovsky et al., 2014) again highlighting a role for TFs in tumor progression but not tumor initiation. While SOX2 is highly expressed in the proliferating populations of some brain tumors it has also been shown that SOX2-positive cells in brain tumors coexpress GFAP, indicating that SOX2 may serve as a selective marker of tumor cells deriving from or assigning to a glial lineage rather than a marker of all neoplastic cells (Phi et al., 2008).

The role of SOX3 has been studied to a lesser extent in brain tumors although it is notably expressed in developing NSCs and in a subset of mature hypothalamic neurons (Bylund et al., 2003). SOX3 expression was found to be increased in a subset of primary GBM samples and in patient-derived GSC and its overexpression in glioma cells results in increased proliferation, migration, and invasion (Marjanovic Vicentic et al., 2019).

The SOXC TFs include SOX4 and SOX11, which are initially coexpressed in differentiating NPCs during early embryonic development with their expression patterns become more spatially divergent within the CNS as development ensues (Cheung et al., 2000). Studies using SOX11 deficient NPCs have demonstrated that SOX11 is necessary for both embryonic and adult neurogenesis (Wang et al., 2013), suggesting that its expression facilitates loss of stemness and acquisition of a more differentiated neuronal phenotype (Hide et al., 2009). To this end, studies have shown that SOX11 is overexpressed in gliomas and medulloblastoma and that high expression in the former is associated with positive outcomes (Lee et al., 2002; Korkolopoulou et al., 2013; Czapiewski et al., 2016). To the contrary, loss of SOX11 expression correlates with a significant decrease in survival, perhaps owing to loss of differentiated tumor cells and retention of more CSCs.

The role of SOX4 in glioma is controversial insofar as conflicting reports exist on SOX4 activity and expression, suggesting that its function may be context dependent. While some reports suggest that increased expression of SOX4 correlates with a favorable prognostic outcome, others suggest poor overall prognoses associated with high expression (de Bont et al., 2008; Li et al., 2015). In human glioma cell lines, SOX4 inhibits growth by influencing WNT and TGF signaling pathways, as well as p53-p21 activity (Zhang et al., 2014). Interestingly, SOX4 can also interact with OCT4 to activate SOX2 expression via its enhancer region thereby maintaining the stemness properties of the GSC population, a mechanism that differs from the SOX2 self-regulating loop that dominates developmental NPC proliferation (Ikushima et al., 2011).

During development the SOXD TFs, SOX5 and SOX6, are most highly expressed in OPCs, oligodendrocytes and a subset of neurons (Stolt et al., 2006). These SOXD proteins have been shown to promote the migration of OPCs by maintaining them in an undifferentiated state thereby preventing precocious differentiation of these glial cells (Stolt et al., 2006; Baroti et al., 2016). Interestingly, SOX5 expression is lower in both glioma samples and glioma cell lines than in normal adult brain (Schlierf et al., 2007). perhaps reflecting a decrease in oligodendrocytic cell identity. Overexpression of SOX5 has been shown to inhibit proliferation in both in vitro experiments of human glioma cell lines and in vivo experiments using platelet-derived growth factor β (PDGFβ)-induced glioma in mice (Tchougounova et al., 2009). While SOX6 is expressed in gliomas and medulloblastomas, it shows differential expression levels depending on tumor subtype, with lower levels found in GBM and higher levels present in oligodendrogliomas (Schlierf et al., 2007). Owing to its predominant expression in neurodevelopment, SOX6 represents a putative tumor-specific antigen in glioma; treatment of mice with a SOX6-DNA vaccination had protective and anti-tumorigenic effects on tumor bearing mice (Ueda et al., 2004, 2008).

SOXE proteins, including SOX8, SOX9, and SOX10, are generally expressed after neural induction but before the initiation of gliogenesis. Mice lacking SOX9 have impaired specification of oligodendrocytes and astrocytes, although OPCs seem to recover at later stages of development owing to the functional redundancy of SOX9 with SOX8 and SOX10 (Stolt et al., 2003). A similar functional redundancy has been observed in SOX8-null mice as no defects in oligodendrocyte specification are observed. Mice lacking both SOX8 and SOX9, however, fail to form mature oligodendrocytes (Stolt et al., 2004, 2005). Likewise, SOX10 is critical for terminal differentiation of oligodendrocytes and myelination (Stolt et al., 2002).

Little is known about the role of SOX8 in brain tumors, although it is widely expressed in oligodendrogliomas, medulloblastomas and astrocytomas with lower expression present in GBM (Cheng et al., 2001; Tchougounova et al., 2009; Azar et al., 2018).

SOX9 is strongly expressed in malignant gliomas and its upregulation is associated with higher tumor grade and worse survival outcomes (Wang et al., 2012; Gao et al., 2015; Gnerlich et al., 2019). In glioma cell lines overexpression of SOX9 stimulates migration, invasion, and the EMT process via the activation of the WNT/β-catenin signaling pathway (Liu et al., 2015). Loss of SOX9 function in these cell lines resulted in impaired cell survival and abrogated proliferation via enhanced p21CIP expression (Wang et al., 2012; Gao et al., 2015; Aldaz et al., 2020). In a mouse model of malignant glioma, codeletion of SOX9 and POU3F2 regulatory enhancer elements in the nuclear factor IA (NFIA) locus block NFIA expression and inhibit tumorigenesis (Glasgow et al., 2017). Transcriptional regulation by SOX9 has also been associated with the SHH-activated group medulloblastomas (Swartling et al., 2012).

SOX10 is expressed in oligodendrogliomas, astrocytomas, diffuse cerebellar gliomas, and H3K27M-mutant midline gliomas (Bannykh et al., 2006) although its expression is silenced in cortical gliomas by promoter methylation. Studies in a mouse model of malignant glioma show that SOX10 is not sufficient to induce glioma tumorigenesis (Ferletta et al., 2007), likely due to the cross inhibitory relationship of SOX10 and NFIA that is present in development and is conserved during tumorigenesis in glioma (Glasgow et al., 2014).



NFI Genes

Nuclear factor I (NFI) genes are transcription factors with CCAAT box binding domains present within their consensus sequence. NFI family members include NFIA, NFIB, NIFC, and NFIX and have distinct roles in normal development. Mutations in these genes are associated with various developmental aberrations owing to disturbances in cellular proliferation and differentiation pathways that are mediated primarily through transcriptional control of downstream NFI target genes (Gronostajski, 2000; Mason et al., 2009). NFIA and NFIB deficient mice show lethal developmental phenotypes and die at birth from lung abnormalities and profound anatomical brain defects, including corpus callosum agenesis and enlarged lateral ventricles (das Neves et al., 1999; Shu et al., 2003; Steele-Perkins et al., 2005). Both NFIA and NFIB knockout mice show pronounced defects in glial cell development (Deneen et al., 2006; Barry et al., 2008); mice lacking NFIX display enlarged lateral ventricles but do not suffer from corpus callosum anomalies (Campbell et al., 2008). Interestingly, NFIC-null mice are viable and present without developmental abnormalities (Chaudhry et al., 1997).

Roles for NFIA and NFIB as tumor suppressors in glioma have been documented, and expression of these two factors is inversely correlated with tumor grade such that higher grade tumors are associated with lower expression of NFIA or NFIB (Song et al., 2010; Stringer et al., 2016). Increased expression of NIFA or NFIB is associated with increased survival in patients with high-grade gliomas (Song et al., 2010; Stringer et al., 2016). Studies in both human and mouse glioma cell lines demonstrate that NFIA is important for glioma tumorigenesis and is mediated by regulation of p21 and p53 (Glasgow et al., 2014). Overexpression of NFIB in GBM cells induces cell differentiation and inhibits tumor growth via signal transducer and activator of transcription 3 (STAT3) signaling mechanisms (Stringer et al., 2016). In a genetic mouse model of glioma, deletion of NFIA or NFIB reduces survival of mice and increases tumorigenicity (Chen et al., 2020a,b). Moreover, ectopic expression of NFIA or NFIB in a glioma xenograft model is sufficient to promote differentiation of tumor cells.

Nuclear factor IA is lost as part of chromosome 1p31 and low expression of NFIA is associated with oligodendrogliomas (Idbaih et al., 2008; Houillier et al., 2010; Sun et al., 2014). Strikingly, overexpression of NFIA in a mouse model of oligodendroglioma can convert the tumor to an astrocytoma subtype (Glasgow et al., 2014). This function as a driver of differentiation in gliomas parallels the function of NFI factors as glial determinants during neural development and clearly illustrates how developmental paradigms are recapitulated in the context of tumor evolution.



bHLH Genes

Proneural basic helix-loop-helix (bHLH) transcription factors are essential regulators of neural cell fate in the developing CNS and in regions of the adult NSC niches. As suggested by their namesake, bHLH factors contain a helix-loop-helix domain that is utilized for dimerization and binding to the enhancer box motif consensus sequence CANNTG. Some of the most well-studied of these TFs in development and brain tumors are OLIG2, atonal bHLH transcription factor 1 (ATOH1) and Achaete-Scute family bHLH transcription factor 1 (ASCL1). Although mutations in proneural bHLH factors are not commonplace in brain tumors, dysregulated expression levels of these TFs in some tumor subtypes may direct disease course through respective downstream changes to gene expression.

As a key TF controlling glial cell fate in the developing CNS, OLIG2 shows a diverse repertoire of functions in neurodevelopment. It is required for the generation of motor neuron populations in the spinal cord and likewise is necessary for successful generation of OPCs and their subsequent maturation in the spinal cord and cortex (Takebayashi et al., 2002; Zhou and Anderson, 2002; Zhu et al., 2012). In the absence of OLIG2, OPCs are converted to astrocytes suggesting that OLIG2 not only promotes the oligodendrocyte fate but also serves to inhibit astrocyte fate (Takebayashi et al., 2002; Zhou and Anderson, 2002; Zhu et al., 2012). OLIG2 is expressed in varying degrees in both pediatric and adult gliomas, with significant expression occurring in GSC populations of oligodendrogliomas (Lu et al., 2001; Ligon et al., 2004). A profiling study in GBM found a subset of neurodevelopmental TFs (including OLIG2 and SOX2) are sufficient to reprogram differentiated human GBM cells into GSCs, suggesting that OLIG2 has an important role in maintaining GSC stemness (Suva et al., 2014). Accordingly, deletion of OLIG2 in a mouse model of glioma results in impaired tumor growth and a shift in cellular profiles toward an astro-glial expression pattern. This shift is associated with downregulation of PDFGR and EGFR (Lu et al., 2016) and is supportive of a role for glial determinants altering the cellular constituency and fate of glioma cells.

Another important regulator of the developing brain and spinal cord cell populations is ATOH1, which is a TF expressed in progenitor populations throughout several regions of the brain and the dorsal spinal cord ([reviewed in Lai et al., 2016)]. ATOH1 is required for the proper development of dI1 dorsal interneurons in the spinal cord and the proliferation of granule cell precursors, serotonergic neurons, and respiratory nuclei of the hindbrain (Ben-Arie et al., 1996; Flora et al., 2009; Rose et al., 2009). Genetic loss of ATOH1 results in neurophysiological deficits, including a reduction in the size of the cerebellum and premature death due to dysregulated respiration resulting in apnea (Rose et al., 2009). Like many bHLH TFs, ATOH1 itself is rarely mutated in brain tumors; its expression levels, however, are reported to be dysregulated in a number of brain tumor subtypes (Fu et al., 2019). The role of ATOH1 in high-grade glioma has yet to be well-defined, although correlative relationships between high ATOH1 expression in the SHH-activated subtype of medulloblastoma have been reported (Salsano et al., 2004). The increased expression profile of ATOH1 in medulloblastoma – a cerebellar tumor subtype – is thought to reflect the prominent role of ATOH1 as a regulator of cerebellar GPCs in the developing brain (Thompson et al., 2006). While ATOH1 expression alone is not sufficient to induce medulloblastoma tumorigenesis, deletion of ATOH1 in a mouse model of medulloblastoma significantly attenuates tumorigenesis by decreasing GPC proliferation (Flora et al., 2009). Conversely, overexpression of ATOH1 in a PTCH1-deficient mouse model of SHH-activated medulloblastoma accelerates tumor progression (Grausam et al., 2017). Recently, a phosphorylated form of ATOH1 was found in human SHH-activated medulloblastoma samples and serves to stabilize ATOH1, leading to increased ATOH1-mediated activity and proliferation of tumor initiating cells (Klisch et al., 2017).

Achaete-Scute family bHLH transcription factor 1 (ASCL1) is also required for the specification of interneuron populations in the developing spinal cord and for the generation of several subsets of neuronal populations in the brain (Dixit et al., 2011; Pacary et al., 2011; Dennis et al., 2017). In addition to promoting neuronal differentiation programs, ASCL1 has been implicated in the regulation of gliogenesis as well (Nieto et al., 2001; Nakatani et al., 2013; Vue et al., 2014; Lai et al., 2016) and therefore its expression is present in both neuronal populations and a subset of glial progenitor cells (Vue et al., 2014). ASCL1 knockout mice have several neurodevelopmental defects and die shortly after birth from their deficits in neurogenesis (Nieto et al., 2001). Conditional deletion of ASCL1 following the neurogenic period has revealed that ASCL1 is important for ensuring the appropriate proportion of white matter oligodendrocytes are generated during development (Vue et al., 2014).

With respect to brain tumors, ASCL1 is expressed in GBM, astrocytoma, and oligodendrogliomas (Somasundaram et al., 2005; Rousseau et al., 2006; Rheinbay et al., 2013). In vitro experiments using cultured glioma cells have revealed ASCL1 is necessary for cellular proliferation via activation of WNT signaling (Rheinbay et al., 2013). In addition, glioma cell lines overexpressing ASCL1 can drive efficient conversion of these glial derivatives into neurons if induced to differentiate (Cheng et al., 2019). Notably, a subset of patient-derived GSCs express high levels of ASCL1 and retain their capacity for neuronal differentiation. Similarly, restoring ASCL1 expression to GSCs endogenously deficient in ASLC1 induces neuronal differentiation and reduces tumorigenesis by exposing the relevant chromatin regions for activation of neuronal lineage programs (Park et al., 2017). In mice, loss of ASCL1 in glioma delays tumor progression thereby increasing survival (Vue et al., 2020). In these studies, ASCL1 is shown to both directly and indirectly regulate the expression of cell cycle genes, drivers of neurodevelopment, and factors shown to regulate gliogenesis (Vue et al., 2020).



CROSSTALK BETWEEN NEURODEVELOPMENTAL SIGNALING PATHWAYS AND TRANSCRIPTIONAL PROGRAMS

The convergence of neurodevelopmental pathways with other signal transduction cascades in both development and disease has long been established reviewed in Brechbiel et al. (2014), Luo (2017), Pearson and Regad (2017), Neve et al. (2019), Pelullo et al. (2019) (Figure 3). In this section, we review examples of how this crosstalk between neurodevelopmental pathways (NOTCH, WNT, and TGFβ) and lineage-specific transcriptional regulators functions within brain tumors.
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FIGURE 3. Crosstalk occurring between neurodevelopmental signaling pathways and transcriptional regulation in brain tumors.


The most robust of these relationships is demonstrated by ATOH1-mediated transcriptional control of development and medulloblastoma progression. ATOH1 is required for development of the cerebellum where it works in a SHH-dependent manner to regulate cerebellar GCPs (Ben-Arie et al., 1997; Gazit et al., 2004). ATOH1 also regulates cerebellar GCPs development via NOTCH signaling and activation of HES family bHLH transcription factor 5 (HES5) (Gazit et al., 2004). While the induction of ATOH1 is in part self-activating, it is also regulated by BMP activity, specifically, that of BMP7 (Alder et al., 1999; Helms et al., 2000). Moreover, regulation of ATOH1 expression is mediated by a negative feedback loop that depends on HES5 (Gazit et al., 2004). During the processes of tumorigenesis, ATOH1 is required to attain GCP identity, which serves as a critical event for the formation of SHH-induced medulloblastomas (Schuller et al., 2008; Flora et al., 2009; Grausam et al., 2017). The requirement of ATOH1 for the formation of SHH-activated medulloblastoma is mediated by direct binding of ATOH1 to the SHH pathway effector, GLI2, which maintains GCPs in a SHH-responsive state (Flora et al., 2009; Ayrault et al., 2010). Collectively, these data suggest that ATOH1 acts as an oncogene in medulloblastomas; however, ATOH1-mediated tumor suppressor activity has been demonstrated in other signaling pathways and highlights the importance of context when considering these pathway interactions (Bossuyt et al., 2009a,b).

In developing glial cells, HES1 represses ASCL1 expression while ASCL1 inversely activates HES5 (Kondo and Raff, 2000). A similar pattern of cross regulation exists in malignant glioma in which ASCL1 is important for tumorigenicity and maintenance of GSCs (Zheng et al., 2010; Zhang et al., 2011; Rheinbay et al., 2013). Upregulation of ASCL1 is associated with inhibition of NOTCH signaling (Somasundaram et al., 2005). GSCs with high expression of ASCL1 are competent to differentiate in response to NOTCH inhibition, whereas low-expressing ASCL1 GSCs show reduced sensitivity to the same conditions (Park et al., 2017). In addition to its interactions with NOTCH, ASCL1 has been linked to WNT signaling using transcriptomic analyses of GSCs (Rheinbay et al., 2013). In this context, ASCL1 activates WNT signaling via induction of canonical WNT signaling target genes and sustained ectopic expression of ASCL1 leads to aberrant expression of several WNT-responsive genes.

Post-translational modifications to OLIG2 mediate migration and proliferation of both OPCs and GSCs in development and glioma, respectively (Sun et al., 2011; Hornig et al., 2013; Nevo et al., 2014; Singh et al., 2016). Whereas unphosphorylated OLIG2-positive cells are inherently invasive, phosphorylated OLIG-positive cells show increased capacity for proliferation. In tumors, the unphosphorylated form of OLIG2 drives increased patient-derived GSCs invasion via activation of the TGFβ pathway through TGFβ2 culminating in expression of EMT-associated gene (Singh et al., 2016). Expectedly, inhibition of TGFβ2 signaling suppresses unphosphorylated OLIG2-mediated invasion. This crosstalk between unphosphorylated Olig2 with TGFβ thus serves an important role dictating the proliferative or invasive properties of glioma cells.

During neurogenesis PAX6 is critical for the generation of discrete progenitor domains that occur in response to a ventral SHH signaling gradient, which leads to the production of motor neurons and ventral interneurons (Ericson et al., 1997). In both medulloblastoma and glioma cells, PAX6 expression is controlled by SHH-GLI signaling events: GLI1 activates PAX6 expression in medulloblastomas but suppresses it in gliomas (Shahi et al., 2010). In GSCs, PAX6 directly binds to WNT5A regulatory regions to induce the differentiation of GSCs into endothelial cells that in turn support the extensive vasculature that feed GBMs (Hu et al., 2016).

Similarly, the SOX family of genes can interact with SHH, TGFβ and WNT signaling pathways in both the contexts of development and tumorigenesis (reviewed in Mansouri et al., 2016). In NPCs, GLI proteins, which are downstream effectors of the SHH pathway are regulated by SOX2-dependent events. Specifically, upon induction of SHH signaling, GLI proteins cooperate with SOX2 to activate the expression of transcription factors that help specify progenitors of the ventral spinal cord, including NKX2.2 and OLIG2 (Oosterveen et al., 2012; Peterson et al., 2012). Concordantly, SOX2 expression is higher in SHH-activated medulloblastomas than it is in other medulloblastoma subtypes with SOX2 activity serving as a regulator of stemness in these tumors. In glioma, SOX2 expression promotes stemness via downstream activation of TGFβ signaling, which also promotes GSC stemness by activating SOX4 (Ikushima et al., 2009).



DISCUSSION

Despite the growing body of literature describing roles for developmental programs and transcriptional networks in tumor initiation and progression, methods for practically targeting these pathways have remained elusive. While differentiating therapies such as 13-cis-RA have been used for other cancers, including the predominantly PNS cancer of neuroblastoma, a multitude of developmental targets remain unexplored as potentially exploitable therapeutic modulators of brain tumors. In particular, TFs have been historically regarded as “untargetable” owing to the complex nature of protein-DNA and protein-protein interactions. However, recent strategies employing TF DNA binding inhibition or blockage of cofactor interactions have emerged and have begun to challenge this perspective.

More recent approaches utilizing proteasomal degradation of TFs have shown some promise (Bushweller, 2019). In addition, targeted therapies inhibiting OLIG2 in glioma are currently being tested in both laboratory and clinical settings including the use of a small inhibitory molecule that prevents the homodimerization of OLIG2 that subsequently impeding its nuclear localization (Tsigelny et al., 2017; Oasa et al., 2020). Preliminary studies in patient-derived GBM cells found that this small molecule could elicit potent anti-tumorigenic effects (Tsigelny et al., 2017) and has suggested that allosteric modulation of protein-protein interactions may be a viable approach to target transcriptional regulators in brain tumors. While TF modulation as a therapeutic modality is still in its infancy, more extensive studies elucidating details about TF protein modifications, epigenetics or 3D-chromatin landscape will help aid research and development of targeted treatments.

It is important to note that in addition to the early embryonic signaling pathways and TFs highlighted in this review, a number of developmentally-driven epigenetic aberrations have been identified in both adult and pediatric brain tumors, although these alterations seem to be more relevant to the initiation of brain tumors in the pediatric population. While the genetic mutational landscape of pediatric brain tumors appears to be sparser than adult gliomas, mutations in histone modifiers including HIST1H3B/C, HIST2H3C, and H3F3A lead to changes in methylation and acetylation profiles of histone 3. The consequences of these histone mutations result in global dysregulation, particularly overexpression of entire chromosomal regions including the expression of essential developmental regulators of cell proliferation, migration and differentiation (Schwartzentruber et al., 2012; Sturm et al., 2012; Wu et al., 2012; Bender et al., 2013). As such, clinicians and scientists have come to view these pediatric glial tumors as separate and distinct from their adult counterparts, noting that the predominant pathophysiological modality of disease progression is the inability to stop developmental programs and thus these tumors are “developmentally stuck.” In particular, the uniformly fatal pediatric glioma subtype of diffuse midline glioma (formerly DIPG) requires the presence of the H3K27M mutation for diagnosis. Notably, bivalent histone modifications featuring both H3K4me3 and H3K27me3 have been identified as an embryogenic hallmark of pluripotency in embryonic stem cells and is a feature of the PRC (Perla et al., 2020). While the H3K4me3 histone mark at gene promoters confers an active transcriptional state, the presence of the H3K27me3 histone mark is overwhelmingly repressive; thus, the duality of this bivalent histone modification inhibits expression of cell differentiation genes while keeping them poised for activation in later stages of embryogenesis. Genetic alterations, like H3K27M, occur within this complex yield tumors from cells of origin that have failed to receive proper developmental cues to mature. The phenotypes of pediatric tumors are often related to their location of origin suggesting that normal developmental transcriptional programs and signaling pathways may arise that have regional specificity which confer differential competence on tumor initiating cells in these regions. Future studies aimed at correlated how pediatric tumor location and developmental context dictates malignancy and tumorigenicity would help to determine how these events are leading to tumorigenesis.

To date, the majority of oncologic research and treatment has viewed cancer through an anthropomorphizing lens that has characterized cancer cells as malevolent and corrupt entities. Commonly used descriptors such as “aggressive” and “invasive” coupled with phrases like “hijacked” and “infiltrating” have imparted a sense of volitional evil onto these non-sentient illnesses. This context of mal-intent in which the problem of cancer has been placed has had profound effects on the ways in which we have attempted to combat these diseases. Researchers and clinicians alike have been prompted to develop anticancer treatments and therapeutics designed to “kill” and “eradicate” their targets. These hard-hitting counterattacks often employ perilous and toxic mechanisms of action, frequently leading to irreparable and fatal side effects in an attempt to contain and eliminate the disease. As a means of minimizing toxicity and damage to the patient, the fields of precision medicine and immunotherapy have attempted to trade in their weapons of mass destruction in exchange for patient-specific armamentariums of therapeutics specifically designed to target tumor cells while leaving non-diseased tissue unharmed. But these approaches maintain and perpetuate the notion of cancer as “bad” or “malicious,” and thus continue to employ tactics of destruction as a means to an end.

Recent genetic and epigenetic data have provided evidence that many cancers possess molecular fingerprints with tremendous similarities to developmental cells including stem cells and progenitors. Some oncologic diseases demonstrate such profound molecular likeness to known precursor cells that it has prompted many researchers to view cancer as a disease of development rather than a series of spontaneous and transformative events. The highly proliferative, migratory and self-renewing capacities of cells have not only become a hallmark of cancer, but additionally have been assigned as quintessential traits of the rapidly expanding cell populations characteristic of in utero and perinatal development. As opposed to alterations occurring in individual pathways, genes or proteins, entire developmental programs have been identified as dysregulated drivers of brain tumors. These programs include VEGF and FGF-mediated tumor derived angiogenesis (Jain et al., 2007; Acar et al., 2012), synapse formation (John Lin et al., 2017; Hatcher et al., 2020; Yu et al., 2020), regulation of organ size and growth (Liu and Wang, 2015; Ehmer and Sage, 2016), and gliogenesis (Ligon et al., 2007; Glasgow et al., 2013, 2014, 2017; Vue et al., 2020). Given these precedents, there is mounting evidence to suggest that cancer cells are perhaps undeserving of their maligned reputation as evil-doers, and instead should be viewed as persistent developmental precursors that failed to mature and are attempting to execute their molecular mandate of proliferation and migration. In this paradigm, cancer cells are not “evading” detection by the immune system, nor are they “manipulating” the microenvironment to facilitate their own expansion. They are not “recruiting” or “redirecting” resources with selfish intentions; rather, they are more simply understood as proliferating and migrating cells, commissioned to generate complex physiological structures in an environment with minimally available real estate.

If this theory of cancer as a developmentally misguided event holds true, a solution to this conundrum may be more easily reached through reeducation and redirection rather than annihilation and elimination. The task would now be to identify with which developmental progenitors these oncogenic cells most closely correlate, to determine the naturally-occurring molecular and physiological events that are responsible for regulating their developmental differentiation, and to expose cancer cells to these transformative signaling events in vivo to help them achieve their proper fate. These therapies aiming to direct the fate of tumor cells toward more differentiated and less malignant states– termed differentiation therapy- remains enigmatic in the case of solid neoplasms, including those occurring in the brain and CNS. For these therapies to become more feasible, continued investigations into the processes regulating cell lineage commitment and differentiation both during development and tumorigenesis must continue. While great progress in the field of brain tumor biology has been made over the last two decades, much remains to be defined before plausible treatment options for adult and pediatric brain tumors are attained and become commonplace in a clinical setting. Thus, integration of developmental biology into the current dogmas of oncogenesis, malignant transformation and tumor evolution can help to guide future research endeavors and elucidate novel therapeutic targets for these lethal malignancies of the CNS.
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NG2-Glia Transiently Overcome Their Homeostatic Network and Contribute to Wound Closure After Brain Injury
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In the adult brain, NG2-glia represent a cell population that responds to injury. To further investigate if, how and why NG2-glia are recruited to the injury site, we analyzed in detail the long-term reaction of NG2-glia after a lesion by time-lapse two-photon in vivo microscopy. Live imaging over several weeks of GFP-labeled NG2-glia in the stab wounded cerebral cortex revealed their fast and heterogeneous reaction, including proliferation, migration, polarization, hypertrophy, or a mixed response, while a small subset of cells remained unresponsive. At the peak of the reaction, 2–4 days after the injury, NG2-glia accumulated around and within the lesion core, overcoming the homeostatic control of their density, which normalized back to physiological conditions only 4 weeks after the insult. Genetic ablation of proliferating NG2-glia demonstrated that this accumulation contributed beneficially to wound closure. Thus, NG2-glia show a fast response to traumatic brain injury (TBI) and participate in tissue repair.
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INTRODUCTION

Traumatic brain injury (TBI) involves sudden nerve tissue damage caused by an external mechanical force to the head. TBI is the primary cause of death, especially in young adults, and significantly increases the risk of long-term disability for survivors, representing substantial socio-economic challenges at a global level (Roozenbeek et al., 2013). The key reason for this is the limited recovery capacity of the brain, which results in poor treatment outcomes for insults to the central nervous system (CNS). Despite the fact that this situation has been heavily investigated for decades, there are still prominent gaps in our knowledge regarding the events taking place after a brain injury. Glial cells are major players for tissue regeneration and they react strongly to brain insults using a diverse spectrum of cellular processes, such as changes in morphology (like hypertrophy and polarization), migration, proliferation, and, in some cases, differentiation. It is therefore vitally important for future clinical research, in order to improve clinical outcomes, to better understand the alterations in glial populations and their contributions to tissue recovery.

The reaction and role of some glial cell populations have been extensively described following mechanical traumas. For instance, cortical astrocytes overexpress GFAP after brain insult (Sofroniew and Vinters, 2010) but do not migrate into the injury site, while only a limited number of astrocytes divide and polarize toward the lesion (Sofroniew and Vinters, 2010; Bardehle et al., 2013). Astrocytes participate in scar formation, inflammation modulation, damage control, and blood–brain barrier (BBB) repair, among other functions (Sofroniew and Vinters, 2010). Likewise, microglia get activated, extend processes toward, and begin to migrate into the lesion area where they proliferate, phagocytose cell debris, and form a scar within a few hours (Kettenmann et al., 2011). Nonetheless, the cellular responses and functions of other cell types after injury—such as NG2-glia—are less known.

NG2-glia, also known as oligodendrocyte progenitor cells, represent 5–10% of the total cell population and generate oligodendrocytes in the developing and adult CNS (Dimou et al., 2008; Nishiyama et al., 2009). Additionally, they are the only proliferating cells in the healthy adult cerebral cortex, and are organized in non-overlapping domains all over the brain and spinal cord (Nishiyama et al., 2009; Simon et al., 2011). Under physiological conditions, the distribution and homeostatic control of their population density are achieved by a self-repulsion mechanism, which regulates the proliferation and short-range migration of these cells after cell death or differentiation (Hughes et al., 2013). This observation raises the question: why do NG2-glia retain a constant population size, even after developmental myelination completion? Their cellular distribution suggests that they may have other functions besides oligodendrogenesis. Indeed, after TBI, as well as in models of Alzheimer’s disease (AD; Behrendt et al., 2013), demyelination (Di Bello et al., 1999; Levine and Reynolds, 1999), and other neurodegenerative diseases (Kang et al., 2013), NG2-glia are, together with residential microglia, the first cells to respond with a rapid and transient reaction (Simon et al., 2011).

Some of the NG2-glia responses involve changes in their morphology and upregulation of the proteoglycan NG2 as well as an increase in their cell number by shortening their cell cycle length and the recruitment of quiescent NG2-glia into the cell cycle (Simon et al., 2011). Indeed, the roles that the reaction of NG2-glia to brain injury plays are not well known. It is speculated that the accumulation of NG2-glia in the scar contributes to the inhibition of axonal growth (Chen et al., 2002) and, indeed, inhibiting the proliferation of NG2-glia with the antimitotic drug Cytarabine (AraC), which also affects microglia, leads to enhanced axonal regeneration (Rhodes et al., 2003). Nevertheless, it has been shown that regenerative axons preferentially elongate on vimentin-positive NG2-glia after spinal cord injury (Busch et al., 2010).

Most information surrounding the response of NG2-glia to trauma has been obtained from analysis of single time points of post-mortem tissue, and there are only few full live imaging experiments showing single cell dynamics in response to injury. From the latter, it has been shown that toxin-induced demyelination of ex vivo postnatal forebrain slices leads to the acceleration of NG2-glia differentiation after division (Hill et al., 2014). Furthermore, after a focal laser lesion of single cells in the cortex parenchyma, juxtaposed progenitors react relatively homogenously with initial migration followed by proliferation toward the insult (Hughes et al., 2013). Despite those findings, there are important concerns regarding the interpretation and translational accuracy of these data in the context of brain trauma. First, none of the types of injury studied properly follows the technical definition of TBI. Second, laser-induced lesion produces an injury smaller than 25 μm in diameter, and the cauterizing nature of heat-based methodologies may lead to a minimal impact on BBB integrity. Moreover, both factors might reduce the earlier contribution of peripheral immune cells and systemic signals, restricting the response of NG2-glia only close to the insult. Likewise, the white matter toxin-based lesion in cultured brain slices disregards the exchange between cells of the wounded brain and the periphery. Third, the analysis on both pieces of research has been only carried out at the lesion core or its immediate surrounding (not further than 75 μm away), which negates the effect of cells further apart. Fourth, it is not clear whether all NG2-glia have this stereotypical behavior or whether only a fraction of them have the capacity to react to the insult. Consequently, many questions regarding the response of NG2-glia after a more extensive TBI in the adult cerebral cortex are still unresolved. Key questions remain: what are the dynamics of individual cells over time? Does the injury size affect NG2-glia activation? Is the proliferative and migratory response of NG2-glia restricted to the replacement of depleted NG2-glia, or do the cells accumulate due to a breakdown of their cellular homeostasis? How long are NG2-glia responsive to a mechanical insult and do they show a homogenous behavior among the population? And most importantly, what is the function of these reactive NG2-glia?

To answer all these questions, we employed in vivo two-photon live imaging to follow NG2-glia after different sizes of stab wound injury (SWI) over time. SWI has several advantages over other TBI models as it can be adjusted to produce different injury sizes with low variability among experiments. Additionally, it reduces the amount of bleeding that can intervene with the optics of the microscope. Here, we were able to observe a fast, robust, and heterogeneous reaction of NG2-glia within the direct vicinity of the lesion, observable as early as 2 days after injury. NG2-glia migrated rapidly into the injury site, together with proliferation, leading to a strong increase in their number, illustrating a breakdown of their homeostatic control. This sharp increase in NG2-glia was resolved after 4 weeks, and their morphology and distribution returned to a level comparable to physiological conditions. Finally, genetic ablation of proliferating NG2-glia leading to decreased cell numbers after injury resulted in a delayed wound closure, suggesting a crucial role of NG2-glia and their reaction in the process of nerve tissue healing.



MATERIALS AND METHODS


Animals

Male and female adult (3–4 months old) Sox10iCreERT2xCAG-eGFP (Simon et al., 2012) and Sox10iCreERT2xCAG-eGFPxEsco2fl/fl (Whelan et al., 2012; Schneider et al., 2016) mice received three times every second day 0.4 mg tamoxifen per gram of body weight by oral gavage for a week every second day (stock solution: 40 mg/ml tamoxifen in corn oil with 10% EtOH). On some occasions, a reduced amount (one-time gavaging; 0.4 μg tamoxifen per gram of body weight) was used to label fewer cells in the Sox10iCreERT2xCAG-eGFP line. At least 9 days after recombination, a cranial window was introduced on the animals’ skull and, thereafter, mice were anesthetized by intraperitoneal injection of midazolam (5 mg/kg of body weight), medetomidine (0.5 mg/kg), and fentanyl (0.05 mg/kg). After anesthesia, a unilateral craniotomy was performed using a high-speed dental drill on the skull above the somatosensory cortex followed by a small punctate (depth of ∼0.7 mm and length of ∼0.1 mm) or an extensive SWI (depth of ∼0.7 mm and length of ∼1 mm) using a 19 lancet-shaped gauge knife. For the cranial window, a glass coverslip (5 mm diameter) was fixed over the craniotomy and sealed with dental acrylic (Paladur, Heraeus). For some of the longer imaging time points after injury [4 days post-injury (dpi)], the craniotomy and injury were performed as follows. Instead of sealing with a cranial window, the removed skull piece was placed on the craniotomy and sutured. Four days later, the skull piece was removed and the craniotomy was sealed with a cranial window as described above. For the control group, a craniotomy followed by the placement of a cranial window was performed as described above without any injury. Afterward, a metal head bar was placed on the other hemisphere to allow head fixation during imaging and 50 μl of a Texas-Red-conjugated dextran solution (70 kDa; Molecular Probes D1864, 10 mg/ml in 0.9% NaCl) was intravenously injected (ventral caudal artery) to label the blood vessels. After surgery and imaging, antagonization of the anesthesia was induced via injection of atipamezole (2.5 mg/kg), flumazenil (0.5 mg/kg), and naloxone (1.2 mg/kg). All experiments were performed in accordance and under the Guidelines of “Use of Animals and Humans in Neuroscience Research” revised and approved by the Society of Neuroscience, and licensed by the State of Upper Bavaria.



In vivo Two-Photon Microscopy

Anesthetized animals were kept in position via a head bar on a custom made, heated stereotactic stage, orientated perpendicular to the optical axis of the microscope, and imaging was performed with an Olympus FV 1000MPE microscope equipped with a multi-photon, near infrared, pulsed MaiTai HP DeepSee laser (Spectra Physics), a 20x water immersion objective (1.0 NA), an FV10-MROPT Filter (BA = 420–500 nm for detection of second harmonic signals; BA = 515–560 nm for detection of GFP; BA = 590–650 for detection of Texas-Red), and internal photomultiplier tube detectors. The laser was tuned to 910 nm, and the laser intensity was adjusted accordingly to tissue depth (<50 mW). Emission of green fluorescence of intrinsic eGFP expression of recombined Sox10 expressing cells, red fluorescence of Texas-red labeled blood vessels, and blue second harmonic signal (detectable at half the emission wavelength ∼460 nm) were detected and optical sections with the resolution of 1024 × 1024 in the x–y dimension were recorded every 2 μm to a depth of maximal 500 μm below the dura. The orientation of the image plain was controlled by scanning the dura mater before each imaging session (Scheibe et al., 2011). To re-identify and re-image the area of interest at later time points, the labeled blood vessels and the stable oligodendrocytes were used as landmarks. The first imaging session was performed immediately after surgery (0 dpi; ∼30 min after the procedure), and imaging was repeated on days 2, 4, 6, 8, 11, 21, and 28.



Image Processing and Analysis

Recorded image stacks were processed and analyzed using Fiji (based on ImageJ 1.48i) software. To reduce background noise, stacks were smoothed slightly using Fiji’s two-dimensional Gaussian filter (sigma = 0.7–1.0) and, in some cases, the background was reduced using Fiji’s Subtract Background (radius = 50–500). Cells of interest were identified, and the channel showing the blood vessels was used to retrieve the cells at different time points. For each cell and time point, the approximate distance to the dura (visible due to the second harmonic signal in the blue channel) and the injury core was measured. Then, morphological characteristics were analyzed. A cell was considered polarized when most processes were orientated toward one direction, often combined with elongation of the cell body. The directionality of the polarization was assessed by subdividing the area surrounding the cell into four quadrants. The quadrant in which the lesion site was placed in the center was considered PWI direction and the remaining three as non-PWI direction. Cells were categorized according to their reaction in a given time point. For each group, percentages of the individual traits were calculated and compared to the other groups. To determine whether a response was new or old (Figure 2), the mother cell traits were counted for the two daughter cells as a preliminary reaction. For the reaction profiles (Figures 1e,f) and the distance analysis (Figures 3f,g) 254 cells from eight animals were pooled for d0–d2 (Figure 1e) and 222 cells from six animals for d2–d4 (Figure 1f). In addition, regarding the different reaction profiles (Figures 2d–i), 254 cells from eight animals and 222 cells from six animals were analyzed for 2 and 4 dpi, respectively. Furthermore, 144 cells from four animals (6 dpi), 148 cells from four animals (8 dpi), 115 cells from three animals (11 dpi), 151 cells from four animals (21 dpi), 110 cells from three animals (28 dpi), and 199 cells from three animals for the control were analyzed for the later time points. For the stab wound paradigm (Figures 3c,d), 121 cells from three animals were compared to the 254 cells (2 dpi; PWI). The analysis of the cells in the injury core (Figures 4b,c) includes 34 cells from seven animals (2 dpi) and 23 cells from four animals (4 dpi). The velocity and maximum migration assays (Supplementary Figures 5e,f) comprise 115 cells from three animals (14 dpi) and the cells used for Figures 2d–i. For the follow-up profiling (Supplementary Figures 2d, 3d, 5d, 6d) 157 cells from six animals were analyzed.
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FIGURE 1. Fast and heterogeneous reaction of NG2-glia after injury. (a) Schematic illustration of the experimental procedure. (b–d) Images of GFP+ NG2-glia and oligodendrocytes (white arrows) surrounding a punctate wound injury (PWI; white dashed ellipse) at d0, d2, and d4 after the injury. Blood vessels are labeled with Texas-Red dextran (red). (b’–d’) Examples of cells (higher magnification from b–d) showing hypertrophy (b’), the combined reaction of migration and polarization toward the injury (c’; yellow arrow indicates the direction towards the injury) and proliferation (d’). (e–f) Pie charts represent the heterogeneous reaction of all NG2-glia surrounding the injury site between 0 and 2dpi (e; Polarization represents the cells polarizing toward the injury; the classification of the multiple reactions is represented in pie e’) and 2 and 4 dpi (f; n = 220 cells from 8 animals for d0–d2 and n = 180 cells from 6 animals for d2–d4). Images show maximum intensity projections of 30μm deep stacks. Scale bars represent 100μm in b–d and 25μm in b’–d’.
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FIGURE 2. Temporal reaction of NG2-glia after injury. (a–c) Images of NG2-glia around the injury site at d0 (a), d4 (b), and d28 (c) after PWI. (d,e,g,h) Graphs depict the percentage (mean + SEM) of cells showing hypertrophy, polarization, proliferation and migration at the given timepoints (n = 3 − 8 animals per timepoint). “New” (green bars) represent the cells showing hypertrophy (d), polarization (e), proliferation (g) and migration (h) for the first time at the indicated timepoint. “Old” (red bars) represent cells which showed this behavior already at the previous timepoint. (f,i) Directionality of polarized (f) or migrating (i) cells (mean + SEM; yellow bars represent the percentage of polarized cells with a direction towards the quadrant enclosing the PWI; grey bars represent percentage of polarized cells towards the remaining 3 quadrants) over time. n = 8 mice for timepoint d2, n = 6 mice for timepoint d4, n = 4 mice for timepoint d8, n = 3 mice for all other timepoints; mostly 20–30 cells per animal). Images show maximum intensity projections of 30μm deep stacks. Scale bars represent 100μm.
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FIGURE 3. The degree of NG2-glia reaction depends on the size and proximity to the injury. (a,b) Images of the NG2-glia reaction between d0 and d2 after PWI (a,a’) and the bigger stab wound injury (SWI) (b,b’). (C) NG2-glia show a stronger reaction after SWI compared to PWI (mean + SEM; n = 8 mice for PWI and n = 3 mice for SWI) with a lower percentage of static cells at 2dpi (d; compare to Fig. 1e). (e–g) Cells in closer proximity to the injury show increased reactivity compared to the ones further away from the lesion core at d2 (e,f). This difference was less pronounced at 4dpi (g, polarization represents cells directed toward the injury; n = 220 cells from 8 animals at d2 and n = 180 cells from 6 animals at d4). Images show maximum intensity projections of 30μm deep stacks. Scale bars represent 100μm.
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FIGURE 4. NG2-glia fill the injury core. (a) Images of NG2-glia at d0 (a) and d2 (a’) after PWI. Dotted circle indicates the core of the injury that corresponds to the analyzed area. (b) Graph showing a strong reactivity of these cells for all criteria (except polarization) at d2 and d4 after injury. (c) Pie chart of the heterogeneous reaction between 0 and 2dpi of NG2-glia showing no static cells (Polarization represents cells directed toward the injury; n = 34 cells from 7 animals for d2 and n = 23 cells from 4 animals at d4). Images show maximal projections of 20μm deep stacks. Scale bars represent 100μm. (d–f) Images of 0, 2 and 4 days after SWI showing NG2-glia only filling up the injury core at 4dpi. White ellipse represents the injury site. Images show maximum intensity projections of 30μm deep stacks. Scale bars represent 100μm.




Data Processing and Image Registration

To resolve linear shifts and morphological deformations in the image stacks, a two-step landmark based registration approach using Elastix v4.5 (Klein et al., 2010) was applied. First, the stacks of 0, 2, and 4 dpi were split into their three-color channels using Fiji (Supplementary Figure 4a) (Schindelin et al., 2012). Under the assumption that blood vessels do not change their spatial position over time, the blood vessel image stacks were used as landmarks for registration; 0 dpi was defined as the fixed image stack and 2 and 4 dpi as the “moving” image stacks. Separately for each moving image stack, translation transformation was used to resolve linear shifts in x-, y-, and z-direction. Next, non-rigid three-dimensional b-spline registration was applied to determine local tissue deformations (Klein et al., 2007; Metz et al., 2011). Then the computed transformation parameters were applied to the cell stacks of 2 and 4 dpi, respectively. Finally, a 3D median filter was used (2-pixel radius in x, y, z) to cover technical noise. Eventually, the registered blood vessel stacks of all time points and the cell stacks in two RGB image stacks were merged to evaluate cell migration over time (see Supplementary Figures 4b,b’,c,c’).



Hypertrophy Analysis


Volume Estimation and Statistical Analysis

Our single-cell volume estimation is an adaptation of our method described previously (Levine and Reynolds, 1999). For each image stack, slices were smoothed with a two-dimensional Gaussian filter (sigma = 0.5) to remove noise. Cell somata were identified by three-dimensional thresholding using the ImageJ plugin 3d object counter v2.0 (Bolte and Cordelieres, 2006). Thresholds were automatically determined using Otsu’s method (Otsu, 1975). When necessary, the thresholds were adjusted so that only the cell soma and the main processes were identified as the foreground object. Volume ratios for all cells were calculated by dividing the volume of the later time point (2 dpi) by the respective volume at day 0. The three different groups (hypertrophic, non-hypertrophic, and control) were statistically tested using one-way ANOVA combined with a Tukey post-test, as the cells showed Gaussian distribution. Statistics was performed with GraphPad Prism 5.0.



Gaussian Mixture Model Comparison

We assessed the number of Gaussian distributions necessary to fit the volume fold change of n = 116 single cells after injury with a variational Bayes expectation maximization approach using the pmtk3 toolbox (Murphy, 2012); 64 cells considered hypertrophic and 52 cells showing no hypertrophy from 10 animals were analyzed (Supplementary Figure 1c) as well as 28 control cells from three animals (Supplementary Figure 1d). Summarizing, we compare the likelihoods of mixture models with up to six different populations, optimize the respective parameters of the Gaussian distributions, and find k = 2 populations as a best fit for the observed data (see Supplementary Figures 1c,d).



Immunohistochemistry

Animals at different time points after the injury (2, 4, 7, and 14 dpi) were anesthetized and transcardially perfused with 4% paraformaldehyde (PFA). The collected brains were postfixed in 4% PFA for 30 min followed by cryoprotection in 30% sucrose; 30-μm-thick sections were cut and stained as previously described (Busch et al., 2010; Sofroniew and Vinters, 2010) with the following primary antibodies: rabbit (rb)-NG2 (1:500, AB5320 Millipore), mouse (m)-GFAP (1:500, G3893 Sigma–Aldrich), and chick-GFP (1:500, GFP-1020 Aves Lab). According to the primary antibodies, fluorochrome conjugated secondary antibodies were chosen: anti-rb Cy3 or A647 (1:500, 711-165-152 or 111-605-144 Dianova), anti-m Cy3 or Dylight 649 (1:500, 115-165-003 or 115-496-072 Dianova), and anti-chick A488 (1:500, A11039 Life Technologies). Additionally, nuclei were stained with DAPI (4’,6-diamidino-2-phenylindole, 1:10,000, D9564 Sigma–Aldrich). Multi-channel confocal images were obtained using a Zeiss confocal microscope system (LSM 710) and analyzed using the cell counter plug-in for FIJI1 (based on ImageJ 1.48i). The cell number analysis (Figure 5) was performed on three sections of three animals for each time point. The area spanning 50 μm surrounding the lesion core (identified using GFAP staining) was counted until up to ∼350 μm below the pial surface with an image depth of ∼10 μm. For Figure 5c, a total number of 1828 cells were counted. For the lesion size, ≥ 5 sections of ≥ 3 animals were analyzed. To measure the size, pictures of the DAPI channel were acquired and the DAPI-free area in the cerebral cortex was measured using the Fiji software. For the direct comparison, only the biggest lesion of each animal was considered.
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FIGURE 5. Depletion of NG2-glia after injury leads to impaired wound closure. (a) Confocal images of NG2+ cells in Escowt and Escofl animals at 2 and 7 dpi. (b) NG2+ cells in Escowt and Escofl animals at 4dpi. In Escofl animals, areas with complete absence of NG2-glia can be observed (dashed ellipse). (c) Cell counts of NG2+ cells per mm2 in Escowt and Escofl animals in control, non-lesioned brains and at different timepoints after the lesion. Escofl mice show a reduced cell number after injury (n = 3 animals for each genotype and timepoint, cell counts are presented as mean + SEM; 1way ANOVA with Tukey post-test: ∗∗∗ indicates significance level of p < 0.0001). (d) Lesion size in the cerebral cortex visualized by the lack of DAPI positive cells in Escowt and Escofl animals at different timepoints after the lesion. (e) Size of the lesion in mm2 at 2, 4, 7 and 14dpi in Escowt and Escofl animals. Escofl animals show a significantly bigger lesion compared to Escowt control littermates. (n = 3 for Escowt (2, 7 and 14dpi), n = 4 for Escowt (4 and 14dpi), n = 5 for Escofl (2dpi), n = 6 for Escofl (4 and 7dpi) animals), data are presented as mean±SEM; 1way ANOVA with Tukey post-test: ∗∗ indicates significance level of p < 0.001. Scale bars represent 25μm in (a) inlays, 50μm in (a) and (b), 100μm.




Statistics

A statistical analysis was performed on the non-pooled datasets. Results are represented as means or as mean ± SEM. The sample size (n ≥ 3 animals) was justified by experience from previous studies and no exclusion of data points or datasets were performed. For the analysis, no randomization was performed and the investigator was not blinded to the group allocation during the experiment or analysis. We expect our data to be normally distributed and, used an unpaired t-test or one-way ANOVA with Tukey post-test for grouped analysis. For the data which were not normally distributed, Wilcoxon rank sum test was used. Data were considered as significant with p < 0.05∗, p < 0.01∗∗, and p < 0.0001∗∗∗. A statistical analysis was performed with GraphPad Prism 5.0.



RESULTS


NG2-Glia Reaction Upon Injury

To study the behavior and reaction of single NG2-glia after injury, we performed in vivo time-lapse two-photon imaging of injured Sox10iCreERT2 x CAG-eGFP mice, which express the GFP protein in the oligodendrocyte lineage after tamoxifen administration (Figure 1a). After induction of adult mice, we performed a small, punctate wound injury (PWI) (Bardehle et al., 2013) in the somatosensory cortex with a straight ophthalmic knife. Subsequently, a cranial window was implanted, and, each time before imaging, the blood vessels were labeled by intravenous injection of Texas RedTM conjugated Dextran, in order to establish landmarks to follow cells of interest over time (Figure 1). The first imaging session was performed 45 min after injury (0 dpi; Figure 1a and Supplementary Movie 1). We then repetitively imaged these cells at different time points after injury (2–28 dpi; Figures 2a–c) and analyzed their behavior. At 0 dpi, most NG2-glia showed their typical ramified morphology with radially distributed processes (Figure 1b). Most of NG2-glia reacted to the injury, starting to fill the lesion core already at 2 dpi, overcoming the known homeostatic control of NG2-glia (Hughes et al., 2013) (Figures 1b,c,e). In contrast to previous reports, we observed almost no cell death of NG2-glia after injury as we could follow almost all cells within the first time points (Figures 1b–d). Additionally, mature oligodendrocytes did not show any observable response to the injury (arrows in Figures 1b–d and Supplementary Movies 4, 5). To further characterize the behavior of NG2-glia, we defined and classified their reaction types in the following categories: (a) hypertrophy, representing the enlargement of the cell body, main processes volume, or both (Figure 1b′ and Supplementary Figure 1), (b) polarization determined as the reorganization of their morphology into an elongated cell (process/es, soma, or both) toward a specific direction (Figure 1c′), (c) migration, defined as the movement of the cell body for at least 10 μm between two time points (Figure 1c, Supplementary Figure 5, and Supplementary Movie 2), (d) proliferation (Figures 1d′,e,f and Supplementary Movie 3), and (e) combined when at least two of the aforementioned responses occur (Figures 1d,e′,f).

When we analyzed all cells up to 500 μm away from the lesion, we observed a fast and heterogeneous reaction in the majority of NG2-glia (188 of 254 cells in eight mice; Figure 1e) already at 2 dpi, showing one or more of these reaction categories and they continue to respond in a similar degree at 4 dpi (Figure 1f). However, the number of migratory, proliferating, and static cells increased as time advanced. In contrast, the number of hypertrophic, polarizing, and combined reaction cells decreased (compare Figure 1e with Figure 1f).



NG2-Glia Undergo Morphological Changes After Injury

Our analysis revealed the peak of NG2-glia reactivity within the first 4 dpi, which gradually dropped between 1 and 4 weeks after injury (Figure 2).

For example, hypertrophy was rather a quick and transient event, peaking at 2 dpi where 42% of the NG2-glia were hypertrophic (106 out of 254 cells in eight mice), declining to 27% at 4 dpi (63 out of 222 cells, in six mice), and almost disappearing at 6 dpi (4 out of 114 cells; Figure 2d). Interestingly, 75% of the traceable cells with hypertrophic morphology at 2 dpi kept their altered morphology until 4 dpi (47 out of 63 cells; red bar, Figure 2d), while only around 7% of NG2-glia developed hypertrophy for the first time between 2 and 4 dpi (16 out of 222 cells; green bar; Figure 2d). Volumetric analysis of hypertrophic NG2-glia revealed that these cells displayed a threefold size increment on average compared to non-hypertrophic ones within the proximity of the lesion or cells from non-injured brains (64 hypertrophic vs. 52 non-hypertrophic cells, in 10 injured animals and 28 cells from three non-injured animals; Supplementary Figures 1a,b). Interestingly, the frequency distribution confirmed the existence of hypertrophic and physiological non-hypertrophic populations showing a high overlap between visual and statistical classification (Supplementary Figures 1c,d). Notably, hypertrophic NG2-glia at 2 dpi tended to proliferate at 4 dpi (42 ± 6%; Supplementary Figure 2), while almost half of the cells reduced their size at this time point (47 ± 7%, Supplementary Figure 2).

Like hypertrophy, polarization reached its peak reaction already at 2 dpi, albeit decreasing only after 11 dpi (Figure 2e). Interestingly, polarization seemingly affects a specific population of NG2-glia because the maximum recruitment of cells occurs immediately at 2 dpi, adding only a few new cells to the response later (Figure 2e). When we analyzed the direction of the cell processes, we observed that while in the first 4 dpi most NG2-glia polarized toward the injury site, later, they changed their orientation, shifting to a more random (away from the injury site) direction (Figure 2f). As expected, polarized NG2-glia at 2 dpi tended to migrate (40 ± 7%) at 4 dpi, whereas radially symmetric cells did not (10 ± 4%; Supplementary Figure 3). However, more than half (60 ± 7%) of the polarized cells did not migrate at all, but instead lost their polarization at 4 dpi (41 ± 8%; Supplementary Figure 3), suggesting that polarization does not necessarily lead to migration. We could not observe a clear event connection between polarization and hypertrophy or proliferation (Supplementary Figure 3). These results highlight a fast and transient morphological reaction of NG2-glia shortly after injury, followed by a steady return to physiological levels already after a week.



Migration and Proliferation of NG2-Glia After Injury

Similar to the morphological changes of NG2-glia, migration toward the injury site started shortly after acute lesion (Figures 1c′, 2h). To assess whether the observed migration was an active process and not just cells displaced due to tissue contraction, we superimposed images of the same cells at different time points after registration of the stacks, corroborating active migration of NG2-glia (Supplementary Figure 4 and Supplementary Movies 4–7).

In contrast to the relatively fast and transient effects on the morphology, migratory behavior lasted longer. Notably, the maximum speed and distance of migrating NG2-glia remained at their highest between 2 and 11 dpi, declining only thereafter (Figure 2h and Supplementary Figures 5e,f). As the imaging intervals became longer after 11 dpi, relatively slow-moving cells were also considered as migrating cells as long as they kept their directionality. Although the overall number of migrating cells did not drastically decline at later time points, NG2-glia changed the migration direction, and their maximum migration distance as well as their velocity returned to control levels (Supplementary Figures 5e,f). In contrast to the polarization, we observed that not only previous migrating cells kept on moving (“old,” red bars, Figure 2h and Supplementary Figure 5d) but also new cells started to migrate at later time points (“new,” green bars; Figure 2h). These data suggest that migratory behavior is the most prolonged response of NG2-glia after injury.

Interestingly, migrating cells at 2 dpi showed a stronger reactivity at 4 dpi than the stationary NG2-glia, with a higher proportion of cells becoming hypertrophic or polarized (51 ± 4 and 53 ± 8%, respectively; Supplementary Figure 5d). The direction of migrating NG2-glia correlated with the orientation of the polarized processes that preceded the change in migration direction. Notably, most migrating cells no longer moved toward the injury site at 8 dpi (Figures 2f,i). These data further corroborate that NG2-glia indeed exhibit directional migration toward the injury site within the first week after the lesion, temporally filling the wound before the movement direction returns to a more randomized orientation within the brain parenchyma.

Proliferation increased at 2 dpi and peaked at 4 dpi, and was the latest feature to peak when compared to the other cellular responses (Figure 2). Thereafter, the percentage of dividing NG2-glia abruptly declined and already reached baseline levels between 8 and 11 dpi (Figure 2g). Distal to the injury, we did not observe two proliferation events in a same cell between two time intervals (0 out of 72 dividing cells at all time points analyzed; Supplementary Figure 6d). Nevertheless, in a very small number of cases adjacent or within the injury core, some cells had divided multiple times between 2 and 4 dpi, resulting in three daughter cells (2 out of 72 proliferating cells from six animals). However, the massive increase of NG2-glia within and juxtaposed to the injury core between two time points (Figures 4a,b) suggests that cells most likely undergo more than one round of cell division, which cannot be adequately assessed due to the high cellular density and reactivity in these areas in comparison to regions distal to the injury. After cell division, typically both daughter cells polarized in opposite directions, migrating apart from each other (Supplementary Figures 6a,b). However, we also found cases in which both cells showed a polarization toward the same area (in PWI direction 5 out of 72 dividing cells; Supplementary Figure 6c). The degree of polarization and migration varied, with some progeny showing weak or almost no polarization or staying nearby over time (Supplementary Figure 6). Notably, a considerable proportion of NG2-glia showed hypertrophy before proliferation, suggesting cells might need to increase in volume before dividing. Here we could show that the increase in NG2-glia number after injury results from directional migration and enhanced proliferation of these cells.



Injury Size and Distance Influence the Degree of NG2-Glia Reaction

About one-quarter of the imaged NG2-glia did not react in any detectable manner upon PWI (Figures 1e,f). It is possible that NG2-glia reaction depends on peripheral molecular signals or infiltrating immune cells from the bloodstream, which diffuse into the brain parenchyma after the lesion has compromised the integrity of the BBB. Accordingly, we expected that a bigger injury would increase the probability of distal NG2-glia to be exposed to such factors. To test this hypothesis, we performed a larger SWI (dimensions: ∼1 mm in length; Bardehle et al., 2013; Figures 3b, 4d–f) and compared the NG2-glia response here to the smaller PWI (∼100 μm in length; Figures 3a–c). In the SWI, we could observe a dramatic decrease in the proportion of static cells at 2 dpi (10 ± 2% compared to 26 ± 5% after PWI; compare Figures 1e and 3d) and an increase in the number of NG2-glia migrating and proliferating (Figure 3c).

If diffusible signals are released from the lesion area, we would assume that the cell responsiveness should differ according to their proximity to the injury. Therefore, at 2 dpi, we analyzed the NG2-glia reaction in relation to their distance to the PWI, and we found a negative correlation between distance to the site of injury and response of NG2-glia with cells further away from the wound showing a weaker reaction (Figures 3e–g). Furthermore, cells reacted stronger within a distance of 200 μm around the injury, at 2 dpi (Figure 3f). At 4 dpi, this correlation decreased with the proportion of polarizing and migrating cells within 50–100 μm remaining higher (Figure 3g). In contrast to the other responses, the percentage of proliferating cells did not depend on the distance to the injury, neither at 2 nor at 4 dpi. These results suggest that the recruitment of NG2-glia as a reaction following an injury only takes place if the cues released from the injury site reach a certain distance, albeit, proliferation could be an exception to this rule.



NG2-Glia Fill the Injury Core by Migration, Proliferation, and Hypertrophy

As described above, the proximity to the injury influences NG2-glia reaction; hence, we expected that cells located in the lesion core would show the most robust response. Already at 2 dpi, NG2-glia reaction was strong after PWI (Figures 4a,a’ and Supplementary Movie 8) for those cells that were traceable over time. Here it is worth noting the substantial differences between NG2-glia that are located in the area surrounding and within the core of the injury (compare Figures 2d–i with 4b). First, from the 18 identifiable cells (seven animals) within the injury core, all NG2-glia reacted within 2 dpi (Figures 4b,c) with hypertrophy, migration, proliferation, or combined responses, while only a minority showed an apparent polarizing reaction (29% at 2 dpi and no cells at 4 dpi; Figure 4b). Second, contrary to NG2-glia located distal to the injury, the highest degree in proliferation was shown after 2 dpi and then is reduced again after 4 dpi (compare Figure 2g with Figure 4b). Third, hypertrophy increases and remains elevated until 4 dpi, and it is not reduced like in cells distal to the injury (compare Figure 2d with Figure 4b). While all cells in the injury core reacted within 2 dpi in the PWI (Figure 4c), in the larger SWI, where also the lesion area which had to be covered is much bigger, NG2-glia needed a longer time to fill up this area (4 days; Figures 4d–f). In both lesion paradigms, these cells began to slowly diminish in number at later time points. By 28 days, the lesion core area resembled an uninjured area in terms of NG2-glia morphology and distribution (Figure 2c), as also confirmed by immunohistochemistry of still images (data not shown).



Depletion of NG2-Glia Leads to Delayed Wound Closure

As we observed this substantial accumulation of NG2-glia, a product of cells proliferating and migrating into the injury core as a very robust and reproducible response, we wanted to assess the function of NG2-glia after injury. Therefore, we specifically ablated proliferating NG2-glia after injury by taking advantage of the Esco2fl/fl, (Whelan et al., 2012) and the Sox10iCreERT2 x CAG-eGFP mouse lines, which induce cell death of recombined cells during cell division, and thus, lead to a depletion of proliferating NG2-glia (Schneider et al., 2016; Hesp et al., 2018). This depletion is especially prominent after injury, when many NG2-glia are proliferating, as it decreases recombined NG2-glia (Figures 5a–c) and thus diminishes the total NG2-glia population (Figures 5a–c). Even though non-recombined NG2-glia can partly counteract this effect by compensatory proliferation, the overall number of NG2-glia around the injury is abrogated in Esco2fl/fl mice (Figures 5a–c). We hypothesized that this rapid and transient increase in NG2-glia cell number plays a role in wound closure. Indeed, although the lesion size was similar between all genotypes at 2 dpi, the observed reduction in the number of NG2-glia in the Esco2fl/fl mice led to impaired wound closure, showing more significant lesion areas at 4 and 7 dpi compared to control littermates (Figures 5d,e). Interestingly, these differences in lesion size were restored at 14 dpi when NG2-glia cell numbers were almost completely recovered (Figures 5c,e). Notably, a change in BBB permeability could not be detected (data not shown). Thus, a reduction of NG2-glia within and around the injury core led to an impairment and delay in wound closure, implicating an essential role of NG2-glia for tissue repair after injury.



DISCUSSION

NG2-glia in the adult brain do not just proliferate in the cerebral cortex parenchyma but can also differentiate into oligodendrocytes (Dimou et al., 2008; Kang et al., 2010; Vigano et al., 2013; Young et al., 2013). After an acute or chronic injury in the adult, CNS NG2-glia become reactive (Levine and Reynolds, 1999; Hampton et al., 2004), changing their morphology and upregulating the proteoglycan NG2 strongly (Levine, 1994), as well as increasing their proliferation rate (Keirstead et al., 1998; Buffo et al., 2005; Zawadzka et al., 2010; Behrendt et al., 2013). Although the reaction of NG2-glia after an injury is well characterized by the analysis of still images from post-mortem samples, many questions regarding the dynamic behavior of these cells remain open. Therefore, we performed a time series with in vivo two-photon laser scanning microscopy following TBI to study the temporal response of NG2-glia. We found that NG2-glia react rapidly (within 2 dpi) and heterogeneously by hypertrophy, polarization, and migration toward the injury, while proliferation is a later event, occurring mainly between 2 and 6 dpi. Although their reaction involves a broad spectrum of responses and depends on the distance to the injury, most NG2-glia showed at least one of these reactions. Notably, blocking the increase in NG2-glia numbers by specifically ablating proliferating cells led to wound closure deficits, highlighting the importance of their role after injury.

Under physiological conditions, NG2-glia are evenly distributed, building a network throughout the brain by maintaining their exclusive domains through self-repulsion, which prevents long distance migration of the cells (Hughes et al., 2013). Although they can differentiate and undergo apoptosis, NG2-glia maintain a constant density by proliferation and short-range migration (Hughes et al., 2013). However, after injury, the enhanced proliferation and migration of NG2-glia toward the lesion lead to a higher cell density, arguing that cells transiently overcome their homeostatic distribution (Hughes et al., 2013). Within and adjacent to the core of the injury, cells were extremely responsive, increasing in number (Figure 4) without many apoptotic events. This contrasts largely with previous observations in laser-induced injury, which observe that the total population remains unchanged by coupled apoptosis and cell-renewal (Hughes et al., 2013). Quite the contrary, we observed here that the physiological cell density is only restored 4 weeks after injury by reorientation of NG2-glia away from the wound, starting 1 week after the traumatic insult and showing a progressive normalization of cell numbers overtime (Figures 2, 6). Thus, we are tempted to suggest that the homeostatic distribution of NG2-glia is restored only later after the primary damage from TBI took place and not during the insult.


[image: image]

FIGURE 6. Model scheme of the reaction of NG2-glia at different timepoints after injury.


The observed change in proliferation does not appear to be restricted to TBI but has also been shown in AD mouse models (Behrendt et al., 2013) and multiple sclerosis (MS) in human patients (Maeda et al., 2001; Cui et al., 2013). However, even though NG2-glia density increases after TBI and AD, the number of progenitors is strongly reduced within chronic demyelinating lesions in MS (Chang et al., 2002; Sim et al., 2002). These differences might reflect a failure of NG2-glia to sense the environment and react to the changes in myelin levels by differentiating into oligodendrocytes or to respond to a growing environmental hostility inhibiting the reaction of these cells. The differences observed in the impairment of NG2-glia homeostasis justify a future search for the signals influencing or maintaining this homeostasis.

During development, NG2-glia also show directed migration along axonal tracts over long distances before differentiating into oligodendrocytes (Kessaris et al., 2006). Displacement of NG2-glia involves continual remodeling of their cytoskeleton that can be controlled by Rho-GTPases, like cdc42, RhoA, and Rac (Etienne-Manneville and Hall, 2002). While the deletion of cdc42 did not affect NG2-glia migration or proliferation in vitro (Thurnherr et al., 2006), a study could show that the proteoglycan NG2 itself can control migration by regulating planar cell polarity via RhoA/ROCK pathway activation (Biname et al., 2013). Indeed, the same research observed in still images that NG2-glia in NG2-knockout mice that have sustained an SWI, no longer polarize to the same extent toward the injury. Interestingly, NG2-knockout animals have exacerbated astrocyte reaction, prolonged BBB disruption, and slower resolution of the lesion after undergoing an SWI (Huang et al., 2016), similar to the impairment in wound closure observed in mice with ablated proliferating NG2-glia (Figure 5).

Ischemia patients have shown to have increased levels of extracellular glutamate that can be prolonged for several days (Bullock et al., 1995), a neurotransmitter that has been shown to regulate NG2-glia migration (Gudz et al., 2006). Other mechanisms may include bFGF acting as a chemo-attractant that could be released, e.g., by reactive astrocytes following different pathological insults such as demyelination in MS or cortical injury (Rowntree and Kolb, 1997; Clemente et al., 2011). Interestingly, immunohistochemical studies revealed a gradient of bFGF with high cytokine levels in the core of the injury and low levels more laterally (Biname et al., 2013). VEGF, released by endothelial cells after injury, is another candidate for promoting the migration of NG2-glia (Hayakawa et al., 2011). Thus, our observations that NG2-glia do exhibit directional migration toward the injury site, in contrast to astrocytes (Bardehle et al., 2013), now lay the basis for the search of molecules mediating this response.

While NG2-glia in the healthy adult gray matter divide slowly with a cell cycle length of several weeks (Psachoulia et al., 2009; Simon et al., 2011; Clarke et al., 2012), NG2-glia upon traumatic injury re-enter the cell cycle rapidly and show a substantial increase in proliferation (McTigue et al., 2001; Buffo et al., 2005; Simon et al., 2011). In this work, we showed that most NG2-glia only divide once, and, together with their migration, result in cell accumulation at the wound core. However, the limited resolution in the core restricts the precise assessment on this area. Notably, in contrast to all other observed responses, proliferation of NG2-glia appeared relatively late (peak at 4 dpi), and its magnitude was neither dependent on the injury size nor the distance to the injury. However, within the injury core, proliferation is faster and more robust than in the NG2-glia outside the wound. This evidence shows that factors that regulate NG2-glia proliferation probably do not diffuse into the brain parenchyma or that they respond solely to the physical impact of the object that produces the TBI. The signals mediating NG2-glia proliferation after injury are still unknown and have to be further analyzed. Although the migratory response exceeds proliferation in scale and duration, the ablation of proliferative NG2-glia has a massive effect on wound closure (Figure 5), suggesting the importance of an increase in the number of NG2-glia. This increase in proliferation can also be observed in other types of injury, e.g., chronic plaque deposition (in general models of AD) or demyelination (Keirstead et al., 1998; Behrendt et al., 2013). However, as also shown for astrocytes and in contrast to microglia, which react to all kinds of brain injuries, NG2-glia proliferation seems to be often triggered by lesions that show a disruption of the BBB, while the ablation of half of the neurons in the adult mouse cerebral cortex (Radde et al., 2006) does not lead to a change of NG2-glia proliferation (Sirko et al., 2013). This observation, therefore, strongly supports the idea that factors in the blood could influence the reaction of both macroglial cell types reacting to injuries: NG2-glia and astrocytes.

In contrast to very homogenous behavior under physiological conditions (Hughes et al., 2013), NG2-glia in the somatosensory cortex have a broad spectrum of different behaviors after TBI. It is still unclear to which extent these distinct behaviors are due to subsets of NG2-glia that are intrinsically different or due to the specific local environment influencing their particular behavior. However, as reacting cells show a heterogeneous behavior even within the same area around the lesion where they should receive comparable input of released factors and signaling molecules, the environmental influence alone is unlikely. In contrast, intrinsic heterogeneity has already been observed between NG2-glia in the gray and white matter of the cerebral cortex (Vigano et al., 2013). The extent to which NG2-glia are also heterogeneous within the same region, like here in the cerebral cortical gray matter, is still unknown. However, expression of the G-protein coupled receptor, GPR17, could only be observed in a subset of NG2-glia in the adult cerebral cortex (Boda et al., 2011). Interestingly, an injury increased the differentiation rates of this GPR17 positive subset (Vigano et al., 2016). Another explanation of these distinct reactions of NG2-glia may be that these are in different phases of their cell cycle or maturation state. Most likely, the response of NG2-glia results from a combination of intrinsic heterogeneity and local differences in the environment leading to these strikingly different responses.

While the majority of NG2-glia around the injury core showed a large variety of reactions, some NG2-glia did not show any observable change (static cells; Figures 1e,f, 3d). Likewise, mature oligodendrocytes labeled by our mouse model were remarkably stable over time. Even in close proximity of the injury, oligodendrocytes never showed any drastic morphological changes and disappeared on only a few occasions. Our data showed that oligodendrocytes probably do not contribute to scar formation or wound healing.

On the contrary, the fast-reacting NG2-glia might contribute to the first cellular scaffold built early after injury. However, the question remains what is the exact role of the NG2-glial reaction? Our observation that the ablation of proliferating NG2-glia, and hence, the lack of increase in NG2-glia numbers within and around the lesion site impairs and delays wound closure (Figure 5) suggests that they indeed participate in the first steps of tissue remodeling and healing following acute injury in the brain. This function is supported by experiments in spinal cord injury that NG2-glia ablation, prior to a hemisection lesion shows delay in wound closure (Hesp et al., 2018). Nonetheless, in this work, we have not depleted the whole population but only the proliferating population, preventing the increase of NG2-glia numbers at the lesion site, perhaps reflecting different functions in tissue healing. Furthermore, it is also possible that these proliferating cells might be a specialized subset of NG2-glia that secrete or even specifically respond to factors that promote regeneration and wound closure at the lesion site.

It is likely that further roles and cell–cell interactions take place in addition to the observable physical scaffold formation. These functions are presumably mainly secondary functions occurring at later stages that might be necessary for wound healing and tissue remodeling. In general, these complex and multifaceted events in tissue regeneration after an injury have stereotypic components, such as systemic response and extracellular matrix deposition, which are shared between various tissue types. The apparent privileged nature of the CNS with its distinct cellular composition results in many tissue-specific events, and an insufficient regenerative capacity (Shechter and Schwartz, 2013). This hosts detrimental consequences for the majority of CNS pathologies. Thus, it is essential to maximize our understanding of the cellular components and the underlying mechanisms contributing to the regenerative response in the brain.

In summary, NG2-glia reaction increased depending on the injury size and distance from the lesion core, whereas some cellular responses like polarization showed a stronger correlation than proliferation. Overall, NG2-glia respond to injury with a fast and robust reaction that mainly takes place within the first 2–6 dpi leading to a significant increase in cellular density directly within as well as in close vicinity to the injury core. Neighboring NG2-glia replace migrated cells by increased proliferation. One week after injury, the reactivity has already decreased, and cellular density and distribution started to return to physiological levels. Between 3 and 4 weeks after TBI, the morphology and distribution of NG2-glia fully returned to physiological conditions (Figures 2, 6). This work strengthens the role of NG2-glia in wound closure and signaling to other cell types that respond at later time points, such as astrocytes.
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Building a functional nervous system requires the coordinated actions of many glial cells. In the vertebrate central nervous system (CNS), oligodendrocytes myelinate neuronal axons to increase conduction velocity and provide trophic support. Myelination can be modified by local signaling at the axon-myelin interface, potentially adapting sheaths to support the metabolic needs and physiology of individual neurons. However, neurons and oligodendrocytes are not wholly responsible for crafting the myelination patterns seen in vivo. Other cell types of the CNS, including microglia and astrocytes, modify myelination. In this review, I cover the contributions of non-neuronal, non-oligodendroglial cells to the formation, maintenance, and pruning of myelin sheaths. I address ways that these cell types interact with the oligodendrocyte lineage throughout development to modify myelination. Additionally, I discuss mechanisms by which these cells may indirectly tune myelination by regulating neuronal activity. Understanding how glial-glial interactions regulate myelination is essential for understanding how the brain functions as a whole and for developing strategies to repair myelin in disease.
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INTRODUCTION

Communication in the central nervous system (CNS) depends on faithful and timely action potential (AP) propagation along neuronal axons. These demands are in part met by myelin, a proteolipid-rich membrane that insulates axons to increase conduction velocity. Myelin is an evolutionary solution that reconciles the CNS need for speedy conduction with the size limitations of the animal brain: Insulation increases conduction velocity exponentially more effectively than increasing axon diameter, and takes only a fraction of the space. Given this advantage, it is perhaps unsurprising that myelin has evolved at least seven independent times among animals (Hartline and Colman, 2007). Nearly all of these myelin analogs share a similar structure and organization, including multilamellar membrane wraps that extend along axons, punctuated by gaps (nodes of Ranvier). With the exception of copepods, a remarkable feature of myelin membrane is that it is not produced by neurons (Wilson and Hartline, 2011). Instead, myelin is formed by glial cells. In the CNS of vertebrates, the myelinating glia are oligodendrocytes. The non-neuronal origin of a substance integral for neuronal AP propagation is consistent with the possibility that glia are conserved calibrators of neural circuits, optimizing circuit timing and function.

Myelin wraps axons to increase conduction velocity. Something underappreciated about myelination is variability: Oligodendrocytes can form different numbers of myelin sheaths, with different lengths and thicknesses. Consequently, axons display substantial variability in myelin patterning and coverage. Some axons are not myelinated, and among those that are, myelination can be complete or intermittent (Tomassy et al., 2014). Intriguingly, all of these varying parameters, including oligodendrocyte differentiation, myelin sheath number, length, and thickness, and axon selection can be promoted by neuronal activity, a subject that has been reviewed extensively (Fields, 2015; Bergles and Richardson, 2016; Hughes and Appel, 2016; Almeida and Lyons, 2017; Mount and Monje, 2017; Thornton and Hughes, 2020). But while neuronal activity can promote myelination, myelin variability persists in experiments in which activity is blocked (Etxeberria et al., 2016) or neurons are replaced with nanofibers (Bechler et al., 2015), indicating that activity is only one of potentially numerous factors that foster the tremendous variability of myelin. What other factors contribute to myelin variability? An emerging body of work indicates that other glial cells, including astrocytes, microglia, and cell types of the vasculature, are also critical myelin cultivators. By promoting oligodendrocyte differentiation, providing materials from which to build myelin, and pruning sheaths, glial cells are intimately involved in nurturing myelin throughout development.

Reductionist approaches have been essential for dissecting the individual roles of glia in the nervous system. These approaches have typically centered on neurons—for example, assaying neuronal physiology upon specific glial manipulations—because it is well accepted that altered neuronal function might change CNS function. Here, I evaluate the literature from a different reductionist standpoint. In this review, I center on myelinating oligodendrocytes and explore how other glial cells support the growth and elimination of myelin sheaths. I cover what is known about regulation of myelin sheaths by other glia, including astrocytes, microglia, and cell types of the vasculature. Specifically, I discuss the contributions of these cell types to myelin synthesis and remodeling of myelin. I take the liberty of combining findings that span model systems, CNS regions, and developmental stages and disease states (e.g., remyelination paradigms) with the goal of identifying common functional roles for glia that may transcend specific experimental constraints. Additionally, I discuss how these cell types may regulate neuronal activity to induce activity-dependent plastic changes in myelin. I begin by providing an overview of relevant phases of oligodendrocyte differentiation, myelination, and remodeling, and the following sections on glial interactions with myelin will follow this developmental organization.



OLIGODENDROCYTE DEVELOPMENT AND PLASTICITY

Oligodendrocytes develop from oligodendrocyte precursor cells (OPCs). During development, OPCs are specified and migrate toward target axons before they differentiate into myelinating cells. In the mammalian forebrain, OPCs are born and migrate from three germinative zones in successive waves (Kessaris et al., 2006), whereas in the spinal cord OPCs are born and migrate in two waves. In both of these regions, the first wave is located ventrally: the medial ganglionic eminence (MGE) in forebrain and the progenitor of motor neuron (pMN) domain of the ventral spinal cord. Later, the ventricular zone of the lateral ganglionic eminence (LGE) and cortex give rise to OPCs, and a dorsal population of spinal cord OPCs are born (Kessaris et al., 2006; Winkler et al., 2018). From these birth locations, OPCs migrate to evenly distribute in the CNS (Noll and Miller, 1993; Ono et al., 1995; Kirby et al., 2006; Hughes et al., 2013). What cues direct OPCs to migrate long distances to attain their final positions in the CNS (Figure 1)? Axon- and meningeal-derived cues, including Tgfβ-1 (Choe et al., 2014) and Eph/Ephrin signaling (Prestoz et al., 2004), are one source of cues. Another, more local interaction occurs when OPCs interact with the vasculature. In our section on Vasculature, I examine the role of OPC-vasculature interactions in directed migration.
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FIGURE 1. Stages of oligodendrocyte development supported by other glial cells. Oligodendrocyte precursor cells proliferate and migrate, but what determines precise migratory routes and proliferation rate? How do oligodendrocytes differentiate and turn on myelin gene expression? Circulating lipids are a major component of myelin, but where do those lipids come from? Finally, how do myelin sheaths grow, shrink, and disappear altogether?


Following migration, OPCs begin to differentiate. Premyelinating oligodendrocytes elaborate processes that wrap axons and begin to synthesize myelin proteins and lipids that comprise the myelin sheath. Whether OPCs that do not differentiate represent an equipotent reserve pool or are a distinct subset with yet unknown functions is not entirely clear. OPC numbers are maintained by homeostatic proliferation and differentiation (Kirby et al., 2006; Hughes et al., 2013) and in the absence of axonal targets OPC proliferation and survival are moderately reduced, indicating that the population is responsive and matched to target availability (Almeida and Lyons, 2016). However, recent work indicates that multiple OPC subtypes exist and are separable by transcriptomics, intracellular calcium signaling, and membrane ion channels and receptors (Marques et al., 2016; Spitzer et al., 2019; Marisca et al., 2020), raising the possibility that both a differentiation reserve pool and other functional pools exist. For the purposes of this review, I will focus on those cells that do eventually myelinate and point the reader toward reviews covering OPCs in more detail (Mangin and Gallo, 2011; Bergles and Richardson, 2016). What controls the onset of differentiation? Several regulatory factors have been identified (Elbaz and Popko, 2019), and OPCs appear to divide a specific number of times prior to differentiation, consistent with an intrinsic timer mechanism (Temple and Raff, 1986; Raff, 2007). However, extracellular cues are also critical for differentiation (Wheeler and Fuss, 2016). For example, the OPC intrinsic timer depends on PDGF from astrocytes (Raff et al., 1988). Do other glial-derived factors support differentiation? Astrocytes, microglia, and endothelial cells, typically absent from culture, secrete cues that promote differentiation and can guide processes toward axons.

A major manifestation of differentiation is the production of myelin. Myelin is a specialized membrane that differs from the plasma membrane, particularly enriched in lipids, comprising 75% of the dry weight of myelin (Nave and Werner, 2014), and proteins that organize myelin structure and adhesion to the axon. Perhaps because there are fewer methods available to study lipids compared to proteins (Muro et al., 2014), lipid localization and trafficking in myelin is somewhat a technical blind spot in myelin biology. Instead, investigations have studied the genes and proteins that regulate lipid synthesis, with the caveat that synthesized lipids may localize differently than the enzymes that synthesize them. This approach revealed that cholesterol is required for the earliest stages of axon wrapping: wrapping is almost entirely blocked by global loss of function mutation of hmgcs1, which encodes the rate-limiting enzyme for cholesterol synthesis (Mathews et al., 2014). Do oligodendrocytes synthesize cholesterol and other lipids autonomously? Mice with oligodendrocyte-specific deletion of fatty acid synthase (Fasn) had hypomyelination in various CNS regions, but this could be partially rescued by increasing dietary lipids (Dimas et al., 2019). Additionally, in mice with oligodendrocyte-specific deletion of Fdft1, the gene encoding squalene synthase necessary for cholesterol synthesis, myelin still contained cholesterol, consistent with the possibility that oligodendrocytes obtain cholesterol from another source (Saher et al., 2005). Indeed, lipid analysis of purified myelin has revealed that oligodendrocytes incorporate circulating lipids to build myelin (Nave and Werner, 2014; Camargo et al., 2017), consistent with the possibility that proximal neurons and glia also provide and influence the lipids available for myelin construction.

The advancement of myelin around the axon and successful subversion of previous layers requires coordinated adhesion, both between layers of myelin as well as adhesion between the myelin and axon. The proteins myelin basic protein (MBP) and proteolipid protein (PLP), which together account for 68% of total myelin protein (Jahn et al., 2020) regulate myelin sheath compaction by adhering internal and external membrane leaflets, respectively. MBP is also required for actin disassembly during wrapping to promote membrane spreading (Zuchero et al., 2015). To promote adhesion to the axon, adhesion proteins must be corralled into the lateral edges that will form the paranodal loops that adhere to the axon (Rasband and Peles, 2016). The most well-studied adhesion protein at the paranodal interface is neurofascin-155 (NF155), a glial protein that binds axonal contactin-1 (Cntn1) and contactin-associated protein (Caspr) (Gollan et al., 2003). Additional adhesion molecules from the immunoglobulin superfamily, including Tag-1, Cadm1, and Cadm4, also coordinate axon-myelin adhesion along the juxtaparanode and internode (Poliak et al., 2003; Traka et al., 2003; Elazar et al., 2018; Hughes and Appel, 2019). Manipulation of these adhesion molecules disrupts myelin sheath number, length, targeting to axons, and lamellar organization (Djannatian et al., 2019; Elazar et al., 2019; Garcia and Zuchero, 2019; Hughes and Appel, 2019; Klingseisen et al., 2019). Modification of adhesion complexes, either autonomously by the axon or myelin, or potentially by other glial cells, represents one way that myelination can be changed.

After initial axon wrapping, myelination is not finalized is continuously subject to turnover and updates throughout life. Carbon dating experiments suggest that human myelin and oligodendrocytes are generated and integrated over the lifespan (Yeung et al., 2014). Further changes in myelin can be spurred by experience. Learning how to juggle and play the piano, activities that engage select populations of neurons, are associated with white matter additions in relevant brain areas (Scholz et al., 2009). This activity-dependent myelin growth, or “myelin plasticity,” includes adaptation of existing myelin and addition of new myelin sheaths by existing cells (Duncan et al., 2018; Bacmeister et al., 2020; Yang et al., 2021) as well as proliferation and subsequent differentiation of new oligodendrocytes (Barres and Raff, 1993; Gibson et al., 2014). At the cellular level, optogenetic or chemogenetic stimulation of neurons (Gibson et al., 2014; Mitew et al., 2018) or expression of neurotoxins to silence neurons (Hines et al., 2015; Mensch et al., 2015; Wake et al., 2015; Koudelka et al., 2016) demonstrate that myelin adapts to neuronal activity. Another side of myelin plasticity is myelin elimination. Although mechanisms of elimination are incompletely resolved, elimination is often referred to as “retraction” (Fields, 2015; Hines et al., 2015; Mensch et al., 2015; Baraban et al., 2018; Krasnow et al., 2018; Bacmeister et al., 2020), “contraction” (Yang et al., 2021), or “pruning” (Liu et al., 2013). Do activity-dependent additions or loss of myelin impact CNS function? Recent findings are consistent with this possibility. New oligodendrocytes and new myelin are required for motor learning and memory preservation (McKenzie et al., 2014; Pan et al., 2020; Steadman et al., 2020; Wang et al., 2020). These systems-level adaptations are presumably driven by activity-dependent oligodendrocyte differentiation and myelin growth and remodeling on behaviorally relevant neurons. However, all glial cell types are responsive to neuronal activity (Barres and Raff, 1993; Demerens et al., 1996; Poskanzer and Yuste, 2011; Li et al., 2012; Nagy et al., 2017; Liu et al., 2019; Stowell et al., 2019; Zuend et al., 2020; Nagai et al., 2021), raising the possibility that other glial cells may promote or solidify adaptive changes by regulating properties of myelin. Getting the whole picture will require learning not only how cell types interact with one another in isolation, but also how these interactions moderate each other in the context of the whole brain.



ASTROCYTE INTERACTIONS WITH THE OLIGODENDROCYTE LINEAGE AND MYELIN

Astrocytes develop before oligodendrocytes, both in vivo and in culture (Qian et al., 2000), consistent with the possibility that astrocytes influence the entire course of oligodendrocyte development. Astrocytes secrete PDGF and FGF, which promote the proliferation and impede the differentiation of OPCs (Barnett and Linington, 2013; Lundgaard et al., 2014; Figure 2). The relationship between OPCs and astrocytes during OPC differentiation is less well resolved. Several lines of evidence raise the possibility that astrocytes help control the timing of myelination. One mechanism that occurs during OPC differentiation is the translocation of hundreds of mRNAs into premyelinating processes, presumably to enable local translation of proteins relevant for sheath maturation (Thakurela et al., 2016). The archetypal mRNA studied in this process is Mbp mRNA, which translocates into myelinating processes both in culture and in vivo (Ainger et al., 1993; Herbert et al., 2017; Yergert et al., 2021). MBP is classically known for driving myelin compaction (Readhead et al., 1987) and has recently been implicated in actin disassembly during myelin wrapping (Zuchero et al., 2015), raising the possibility that locally translated MBP is integral to wrapping. In vitro labeling of Mbp mRNA in oligodendrocyte-astrocyte cocultures revealed that direct contact with astrocytes inhibited mRNA translocation into oligodendrocyte processes (Amur-Umarjee et al., 1993), but the presence of neurons alleviated this inhibition via PDGF-AB and -BB secretion (Amur-Umarjee et al., 1997). This is consistent with a role for astrocytic contact in limiting myelinating potential of processes when neurons are unavailable as substrates for myelination. Complementing this interpretation, co-cultured astrocytes guided oligodendrocyte processes to align with retinal ganglion cell axons (Meyer-Franke et al., 1999), increased the fraction of axons selected for myelination (Sorensen et al., 2008), and enhanced myelin growth and thickness (Watkins et al., 2008). Taken together, these studies raise the intriguing possibility that astrocytic contact may regulate the timing of myelination, ensuring that oligodendrocyte processes are aligned with axons before permitting mRNA translocation and presumably local synthesis of myelin proteins. Such a timing mechanism is also supported by astrocytic secretion of factors that both promote and inhibit myelin wrapping (Table 1 and Figure 3).
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FIGURE 2. Glial cells promote myelin formation and elimination. Oligodendrocyte precursor cell proliferation is promoted by astrocytic PDGF and FGF signaling and OPCs migrate along the vasculature. Endothelin secreted by endothelial cells and IGF1 secreted by microglia promote differentiation, and astrocytes guide OPCs to axons. The generation of myelin membrane (which may be thought of as one feature of differentiation) utilizes lipids and cholesterol produced by astrocytes, BDNF secreted by neurons and potentially augmented by microglia-secreted BDNF, and endothelin signaling to the receptor EDNRB located on oligodendrocytes. Astrocytic secretion of PN-1 promotes myelin stability by inhibiting thrombin-mediated paranodal lifting, whereas microglia phagocytose myelin by detecting phosphatidylserine.



TABLE 1. Glial secreted factors that shape oligodendrocyte development.
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FIGURE 3. Glial secreted factors that influence oligodendrocyte development. Oligodendrocyte proliferation, differentiation, myelination, and myelin remodeling are shaped by cues secreted by glial cells. Colored dots indicate cell types that secrete each factor and line type denotes direction of effect. References for each factor are listed in Table 1.


At myelination onset, astrocytes play a critical role in producing lipids for myelin synthesis. Recent evidence showed that astrocytes provide the majority of required lipids to oligodendrocytes (Camargo et al., 2017). Astrocyte-specific deletion of the major lipid biosynthesis regulator SREBP cleavage activating protein (SCAP) caused more severe and persistent hypomyelination than oligodendrocyte-specific loss of SCAP, which resolved after a brief developmental delay (Camargo et al., 2017). This is consistent with previous findings from a mouse model of oligodendrocyte-specific deletion of Fdft1, the gene encoding squalene synthase, also required for cholesterol synthesis, which exhibited early hypomyelination that also caught up by adulthood (Saher et al., 2005). Therefore, in addition to uptake of lipids and cholesterol from the extracellular environment (Saher et al., 2005; Nave and Werner, 2014; Camargo et al., 2017), oligodendrocytes build myelin primarily from astrocyte-derived lipids. The transfer mechanism is incompletely resolved and could involve direct transfer or uptake of astrocyte-derived lipids and cholesterol from the extracellular milieu. Intriguingly, lipid availability may vary with regional astrocyte heterogeneity. Gray matter astrocytes may secrete more cholesterol than white matter astrocytes, and inhibiting cholesterol synthesis from white matter-derived astrocytes improved in vitro myelination (Werkman et al., 2020), raising the possibility that different populations of astrocytes provide different support for nearby oligodendrocytes. Together, these data extend the known role of astrocytes in providing cholesterol to neurons to promote synapse formation (Mauch et al., 2001) to include oligodendrocytes to enable myelin formation.

Oligodendrocytes and astrocytes maintain contact through somatic and lamellar gap junctions, which might promote myelination and serve to ensure ionic balance. These heterotypic gap junctions can be formed by astrocytic expression of Cx30 or Cx43 and oligodendroglial expression of Cx32 or Cx47 (Nagy et al., 2003; Orthmann-Murphy et al., 2007b). Deletion of different subsets of these connexins has provided evidence that converges on a role for gap junctions in myelin formation or maintenance: loss of Cx30 and Cx43 was associated with myelin vacuolization (Lutz et al., 2009), recessive mutations in the gene encoding Cx47 cause Pelizaeus-Merzbacher-like disease, a dysmyelinating disease in humans (Orthmann-Murphy et al., 2007a, b), and loss of Cx32 was associated with cortical myelin defects and hyperexcitability (Sutor et al., 2000). Mechanistically, a precise role for O-A coupling in myelination has been elusive. Deletion of the genes encoding Cx32 and Cx47 in oligodendrocytes was associated with dysregulation of lipid synthesis genes and an immune response (Wasseff and Scherer, 2015) and loss of Cx30 and Cx43 reduced levels of Mbp in corpus callosum (Lutz et al., 2009), raising the possibility that O-A coupling supports myelin gene expression. A potential confound to this interpretation is that loss of coupling may leave oligodendrocytes susceptible to excitotoxic damage, and myelin reductions observed in these models might reflect injury rather than impaired development. Indeed, O-A junctions allow K+ influx in oligodendrocytes and astrocytes to diffuse into the syncytium, protecting coupled cells from high concentrations of K+ and excitotoxic damage (Nagy and Rash, 2000; Menichella et al., 2006; Battefeld et al., 2016). Distinguishing the relative contributions of gap junction coupling to promoting myelination and protecting cells from excitotoxic damage has the potential to teach us a lot about oligodendrocyte development and heterogeneity, especially given the vast regional variation in O-A coupling frequency (Wasseff and Scherer, 2011).

Astrocytes are also emerging as regulators of myelin remodeling. Over 95% of nodes of Ranvier are contacted by astrocytes (Serwanski et al., 2017), a position that grants astrocytes proximity to many neighboring myelin sheaths. Exocytosis of a thrombin inhibitor, protease nexin-1 (PN-1, encoded by Serpine2) from astrocytes prevented thrombin-mediated cleavage of NF155 (Dutta et al., 2018), which anchors myelin paranodal loops to the axon. Thrombin is expressed by neurons and can also enter the CNS from the vasculature. At steady state, some NF155 was cleaved, evidenced by myelin lifting at 20% of observed paranodes. Blocking astrocytic exocytosis to prevent PN-1 secretion further increased the number of detached paranodes, consistent with the possibility that PN-1 promotes sheath stability by preventing thrombin-mediated NF155 cleavage. Under the model proposed by the authors, thrombin can increase paranodal lifting to allow for resorption of the outermost layer of myelin by the oligodendrocyte cell body. The resorption of myelin should be distinguished from other ways that astrocytes have been shown to remodel myelin, such as via phagocytosis. Astrocyte-like radial glia phagocytose optic nerve myelin in frogs (Mills et al., 2015), raising the possibility that both paranodal lifting and sheath phagocytosis contribute to sheath remodeling. Further investigation of these mechanisms in vivo might better resolve the conditions that contribute to different mechanisms of remodeling, potentially including regional astrocyte availability and heterogeneity (Bayraktar et al., 2015).



MICROGLIAL INTERACTIONS WITH OLIGODENDROCYTE LINEAGE CELLS AND MYELIN

Microglia are resident immune cells of the CNS that differentiate from macrophages. Tools that allow manipulation of macrophages and microglia have been invaluable for uncovering how microglia contribute to oligodendrocyte development and myelination. Microglia development is covered in more depth elsewhere (Nayak et al., 2014), but here I introduce features that are relevant to manipulation. Erythromyeloid progenitors in the yolk sac are specified to become either macrophages or neutrophils in an interferon regulatory factor 8 (IRF8) -dependent manner (Holtschke et al., 1996; Scheller et al., 1999; Shiau et al., 2015). A subset of yolk sac macrophages will then invade the CNS and differentiate into microglia. The distribution and survival of microglia within the CNS depends on the function of the receptor CSF1R, which binds ligands IL-34 and CSF-1 (Ginhoux et al., 2010; Erblich et al., 2011; Oosterhof et al., 2018). Whereas both IRF8 and CSF1R disruption have allowed investigators to study how the CNS develops without microglia, CSF1R inhibition is increasingly popular due to the development of inhibitors for this receptor (Elmore et al., 2014). However, CSF1R manipulation also affects peripheral macrophages (Lei et al., 2020; Green and Hume, 2021), and the search for more specific tools has continued. By deleting a super-enhancer in the CSF1R locus, Rojo et al. (2019) generated a new mouse model that lacks brain microglia and a few other populations of macrophages but CSF1RΔFIRE/ΔFIRE mice are healthy and fertile. Additionally, a transmembrane protein, TMEM119, is expressed in microglia but not macrophages (Bennett et al., 2016; Satoh et al., 2016) and recently TMEM119 mouse lines have been generated to label and manipulate microglia (Kaiser and Feng, 2019). However, TMEM119 is not expressed by microglia in all model organisms and is notably absent from zebrafish and chicken microglia (Geirsdottir et al., 2019), its expression decreases in inflammatory conditions (Bennett et al., 2016), and it is expressed by a subset of peripheral macrophages during development (Grassivaro et al., 2020). P2RY12 is another promising marker that appears restricted to microglia and dural and choroid plexus macrophages, but not other macrophages (McKinsey et al., 2020). Although all of these existing methods of targeting microglia have limitations, it was recently revealed that microglia-fated macrophages are transcriptionally distinguishable within the yolk sac (Utz et al., 2020). Newly identified markers for yolk sac microglia-fated macrophages may enable the discovery of new targets for earlier and more specific perturbation of the lineage (Utz et al., 2020).

Microglia secrete cues that promote OPC proliferation, differentiation, and myelination. By ablating microglia during early postnatal development (P2-P7) with the CSF1R inhibitor BLZ945, Hagemeyer et al. (2017) found that microglia maintain OPC numbers and myelination in corpus callosum and cerebellum (Hagemeyer et al., 2017). Mice without microglia had fewer OPCs during development and by early adulthood had reduced myelin. Some of the phenotypes varied between brain regions, which could reflect regional heterogeneity in oligodendrocytes (Marques et al., 2016) or microglia (De Biase et al., 2017; Hammond et al., 2019; Li et al., 2019). Indeed, a specific subset of microglia that express Cd11c are present in developing white matter and ablation or conditional knockout of Igf1 in these cells also impaired myelination (Wlodarczyk et al., 2017). Together, these data suggest that a subset of microglia promote myelination through IGF1 production. Other signaling pathways between microglia and OPCs may also modify myelin development. Giera et al. (2018) found that an adhesion G-protein coupled receptor, GPR56, located on OPCs, interacts with Transglutaminase-2 (TGM2) secreted by microglia to promote OPC proliferation in the presence of the extracellular matrix (ECM) protein laminin-111 (Giera et al., 2018). Importantly, remyelination following a demyelinating lesion was impaired in knockout mice lacking TGM2—GPR56 signaling, suggesting that this microglia-OPC-ECM signaling axis is essential not only for OPC numbers but functional remyelination (Giera et al., 2018). Astrocytes also express TGM2, raising the possibility that regions with differential densities of astrocytes and microglia maintain signaling via this signaling axis (Espitia Pinzon et al., 2019). Furthermore, microglial deposition of the ECM molecule CSPG4 in aging shifts the microenvironment to favor the differentiation of NG2 cells into astrocytes at the expense of oligodendrocytes (Baror et al., 2019). Taken together, microglia-ECM interactions may promote OPC proliferation and differentiation in development but increasingly inhibit OPC differentiation in later life.

In addition to IGF1 production, microglia are secretory cells that generate a variety of molecules and cytokines that have been studied in regulation of neuronal and synaptic activity (York et al., 2018). However, some of these secreted molecules have been independently implicated in regulating myelination. For example, microglia secrete BDNF (Nakajima et al., 2002; Coull et al., 2005; Gomes et al., 2013; Parkhurst et al., 2013), which has been found to promote myelination in numerous contexts (Mctigue et al., 1998; Lundgaard et al., 2013; Geraghty et al., 2019). The contribution of microglia-derived BDNF to myelination has not been investigated, but astrocyte-derived BDNF supports remyelination after cuprizone-mediated demyelination (Fulmer et al., 2014), consistent with the possibility that microglial-derived BDNF also promotes myelination. Microglia also secrete factors including TNFα, IL-6, FGF2, IL-1β, and IFN-γ that stimulate OPC proliferation and differentiation (Shigemoto-Mogami et al., 2014; Miron, 2017), but precise roles for these secreted cues in myelination have yet to be investigated.

Recent investigations of microglial heterogeneity have identified a population of white matter-associated microglia present during early postnatal development in mouse (Hammond et al., 2019; Li et al., 2019; McNamara and Miron, 2020). The role of this microglia subset is not yet known, but microglia in this subset (Clec7a+) contain Mbp transcripts (Li et al., 2019), raising the possibility that white matter microglia phagocytose myelin or oligodendrocytes. Microglia phagocytose myelin in disease models and in culture (Trotter et al., 1986; van der Laan et al., 1996; Smith and Hoerner, 2000), but a role for myelin engulfment during normal development is only beginning to be understood. We recently used zebrafish to investigate myelin phagocytosis by microglia during development (Hughes and Appel, 2020). We found that microglia dynamically engage with sheaths in myelinated tracts and phagocytose a subset of nascent sheaths. This may imply selective expression of a cue. Intriguingly, a recent preprint identified phosphatidylserine (PS), a known eat-me cue at synapses (Li et al., 2020; Park et al., 2020; Scott-Hewitt et al., 2020), as a likely cue for developmental myelin phagocytosis (Djannatian et al., 2021). Similar to synapse elimination, the cues that direct myelin phagocytosis may vary between brain regions (Gunner et al., 2019). Furthermore, emerging non-phagocytic microglial mechanisms of synapse modification, such as local extracellular matrix modification, may also impact myelin growth and loss (Cheadle et al., 2020; Nguyen et al., 2020). Identifying the cues that regulate myelin phagocytosis and non-phagocytic elimination, and the possibility that those cues may overlap or be distinct from cues regulating synapse elimination has the possibility to teach us a great deal about general principles of brain wiring during development.



VASCULAR INTERACTIONS WITH THE OLIGODENDROCYTE LINEAGE AND MYELIN

In addition to astrocytes and microglia, cell types of the vasculature also interact with myelinating oligodendrocytes. The vasculature comprises two interacting cell types, endothelial cells and pericytes. During development, OPCs use the vasculature as a physical substrate for migration (Tsai et al., 2016) and crawl along it to distribute throughout the CNS. To learn which vascular cell type interacts with OPCs to promote migration, Tsai et al. (2016) used genetic approaches to ablate both endothelial cells and pericytes (Gpr124–/–), or pericytes only (Pdgfrb–/–) and studied OPC migration. They found that endothelial cells, and specifically endothelial expression of the adhesion G-protein coupled receptor, GPR124, were required for OPCs to migrate and distribute throughout the CNS. Within OPCs, CXCR4 and autocrine signaling of the Wnt ligands Wnt7a and -7b first promoted attraction to the vasculature, and were downregulated later, presumably allowing for detachment and differentiation (Yuen et al., 2014; Tsai et al., 2016).

Other factors produced by vascular cells may actively promote OPC differentiation and myelination. Endothelial cells produce endothelin, which was shown to promote oligodendrocyte differentiation in the subventricular zone (SVZ) (Adams et al., 2020). In a demyelination paradigm, pericyte secretion of the extracellular matrix protein LAMA2 could stimulate OPC differentiation (De La Fuente et al., 2017), raising the possibility that pericytes also promote differentiation during development via matrix deposition. Taken together, these data suggest a model by which OPCs migrating along vasculature both downregulate CXCR4 and Wnt ligands and are exposed to endothelin and possibly ECM factors to promote differentiation and myelination. In support of this model, Swire et al. (2019) found that upon oligodendrocyte-specific knockout of EDNRB, the endothelin receptor, oligodendrocytes formed fewer myelin sheaths (Swire et al., 2019). These authors also discovered that social isolation reduced myelination in prefrontal cortex, replicating a previously published result (Makinodan et al., 2012), and additionally found that social isolation reduced expression of endothelin by endothelial cells. An intranasal endothelin receptor agonist was sufficient to rescue the social deprivation-associated myelination defect, consistent with the possibility that activity-dependent myelination requires activation of EDNRB receptors on oligodendrocytes. Intriguingly, mice with oligodendrocyte-specific loss of EDNRB were less sociable than wildtype siblings, raising the possibility that endothelin signaling-dependent myelination promotes social behavior (Swire et al., 2019).



ON THE HORIZON: GLIAL REGULATION OF AND BY NEURONAL ACTIVITY SHAPES DOWNSTREAM ACTIVITY-DEPENDENT MYELINATION

Each glial cell type that I have discussed thus far regulates oligodendrocyte development, but are additionally regulated by and can regulate neuronal activity. How does modulation by and of neuronal activity impact myelination? Suppression and stimulation of activity in sparse axons changes the growth of myelin on those axons, ostensibly in a sheath- or oligodendrocyte-autonomous manner (Hines et al., 2015; Mensch et al., 2015; Wake et al., 2015; Koudelka et al., 2016; Mitew et al., 2018). How, then, does glial manipulation of axonal activity modulate the potential for activity-dependent myelination? Additionally, how does neuronal signaling to glia impact glial interactions with myelin (Figure 4)? These questions have been difficult to investigate because they require the inclusion and manipulation of multiple cell types and additional controls to isolate interactions of interest. Despite these challenges, such holistic investigations have begun to teach us how cell-cell interactions that have been identified by reductionist approaches interact with and moderate each other in the context of the whole brain (Liddelow et al., 2017; Geraghty et al., 2019; Gibson et al., 2019; Forbes et al., 2020). I conclude this review by raising questions that integrative approaches are now poised to tackle.
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FIGURE 4. Astrocytes and microglia regulate and are regulated by neuronal activity: what are the consequences for activity-dependent myelination? (A) Summary schematic of interactions between astrocytes, microglia, neurons, and myelination described by Ishibashi et al. (2006), Badimon et al. (2020), Ma et al. (2016), and Hughes and Appel (2020). (B) Does glial regulation of neuronal activity change activity-dependent myelination? Does microglial suppression of activity (blue neurons) and astrocytic release of ATP to excite nearby neurons (purple) contribute to activity-dependent myelination?


Glial cells can manipulate neuronal activity, both chronically and acutely. By participating in developmental synapse formation and refinement, glia broadly limit the range of activity that is possible within a nervous system. Emerging evidence suggests that glia can also act on much shorter timescales to flexibly modify activity. Astrocytes can increase activity, coupling the activity of populations of non-synaptically connected neurons via ATP secretion or other processes that occur downstream of intracellular calcium elevations (Ma et al., 2016; Mu et al., 2019). Might such synchronization of activity between disconnected neuronal populations configure similar activity-dependent myelination? Additionally, microglia can suppress neuronal activity, presumably via ATP hydrolysis and A1R signaling at somatic contacts on neurons (Li et al., 2012; Eyo et al., 2014; Badimon et al., 2020; Cserép et al., 2020). Does this suppression limit activity-dependent myelin growth in brain regions where microglia are particularly enriched? Finally, an emerging body of work implicates oligodendrocytes, astrocytes, and the vasculature in providing metabolic support for axons (Nave, 2010; Fünfschilling et al., 2012; Lee et al., 2012; Saab et al., 2016; Nortley and Attwell, 2017; Meyer et al., 2018; Philippot et al., 2021; Philips et al., 2021), enabling sustained neuronal activity and function. Intriguingly, fuel sources and types vary between brain regions (Meyer et al., 2018) and astrocytes might be particularly important for providing trophic support during development (Philips et al., 2021). In addition to glial control of neuronal activity, glial cells are also altered by activity and this may change how they interact with myelin. For example, astrocytes responded to ATP released by active neurons by secreting leukemia inhibitory factor (LIF) which could promote myelination (Ishibashi et al., 2006). In our recent paper, we found that microglia contacted active neuronal somas more frequently and phagocytosed less myelin from axons (Hughes and Appel, 2020). Together, the interplay of individual glial cell types with neurons and with each other may tune glial function and neuronal activity to optimize neural circuit function.
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Background: Lysolecithin is commonly used to induce demyelinating lesions in the spinal cord and corpus callosum of mammalian models. Although these models and clinical patient samples are used to study neurodegenerative diseases, such as multiple sclerosis (MS), they do not allow for direct visualization of disease-related damage in vivo. To overcome this limitation, we created and characterized a focal lysolecithin injection model in zebrafish that allows us to investigate the temporal dynamics underlying lysolecithin-induced damage in vivo.

Results: We injected lysolecithin into 4–6 days post-fertilization (dpf) zebrafish larval spinal cords and, coupled with in vivo, time-lapse imaging, observed hallmarks consistent with mammalian models of lysolecithin-induced demyelination, including myelinating glial cell loss, myelin perturbations, axonal sparing, and debris clearance.

Conclusion: We have developed and characterized a lysolecithin injection model in zebrafish that allows us to investigate myelin damage in a living, vertebrate organism. This model may be a useful pre-clinical screening tool for investigating the safety and efficacy of novel therapeutic compounds that reduce damage and/or promote repair in neurodegenerative disorders, such as MS.
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INTRODUCTION

Multiple sclerosis (MS) is a neuroinflammatory disorder characterized by the inappropriate attack of the myelin sheath by the immune system, which results in demyelination, axonal degeneration, and eventually severe disability. MS primarily attacks the central nervous system (CNS) in the form of focal demyelinating lesions found within the brain, spinal cord, and/or optic nerve, and patients battle various neurological challenges that are unique to lesion location. Mammalian models commonly used to study MS, including experimental autoimmune encephalomyelitis (EAE) and drug-induced demyelination, as well as patient data or clinical samples, do not allow researchers to directly visualize processes underlying myelin destruction and repair in vivo.

Lysophosphatidylcholine, commonly referred to as lysolecithin, has been used in mammalian models, including mice, rats, rabbits, cats, and Macaque monkeys, to induce demyelinating lesions in the spinal cord and the corpus callosum (Blakemore et al., 1977; Dousset et al., 1995; Foote and Blakemore, 2005; Girard et al., 2005; Gregg et al., 2007; Blakemore and Franklin, 2008). Injections of 1% lysolecithin are sufficient to induce demyelination in the CNS of these animals, and evidence of remyelination begins between 7 and 10 days post-injection in rodents (dpi) (Jeffery and Blakemore, 1995; Kotter et al., 2001).

Although a generalized demyelination model exists in zebrafish that takes advantage of the ease of drug submersion combined with tissue-specific ablation by the bacterial nitroreductase gene, a major limitation of this model is the inability to create focal lesions, which are a hallmark of MS pathology (Chung et al., 2013; Fang et al., 2014; Karttunen et al., 2017; Karttunen and Lyons, 2019). A previous study has also demonstrated that 1% lysolecithin placed on gelatin foam can successfully induce demyelination when applied directly to the adult zebrafish optic nerve (Münzel et al., 2014). More recently, a model of lysolecithin injection into the trunk of larval zebrafish was reported that utilized in vivo imaging to describe the pro-inflammatory response after demyelination (Cunha et al., 2020). In this manuscript, we have also created and characterized a model that induces focal lesions in the zebrafish spinal cord, allowing us to visualize lysolecithin-induced damage in a living, intact vertebrate model system.



RESULTS


Creating a Focal Lysolecithin Injection Model in Zebrafish

In order to inject into the spinal cord of 4–6 days post-fertilization (dpf) larvae (Figure 1A) to create focal areas of damage, we mounted larvae laterally on 2% agar pads solidified onto 22 mm × 60 mm borosilicate glass coverslips (Figure 1B). Coverslips containing mounted larvae were placed directly onto a Zeiss Axio Observer Z1 microscope stage equipped with an ASI MPPI-3 pressure injection rig and mechanical micromanipulator (Figure 1C). A micropipette needle containing either a 1× phosphate-buffered saline (PBS) control solution or a 0.875% lysolecithin experimental solution was inserted in the dorsal trunk and injected into the larvae via passive diffusion. When the micropipette was not inserted successfully into the spinal cord, the solution was inappropriately injected into the muscle, evidenced by the muscle appearing disturbed upon solution dispersal (Figure 1D). Successful injections resulted in the solution remaining localized within the spinal cord (Figure 1E). To confirm that injection volumes were comparable between the control and experimental groups, we included a fluorescent dye (Dextran-647) with the injection cocktail. In these injections, we observed comparable dispersal between the control (Figure 1F) and experimental solutions (Figure 1G), which on average, was 1–2 somites both anterior and posterior to the injection site. Additionally, we observed a similar survival rate 24 h post-injection for both groups, with the control survival at 72.67% (n = 236) and experimental survival at 69.4% (n = 183). From these studies, we present a targeted method to dispense solutions focally and precisely into the larval zebrafish spinal cord.
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FIGURE 1. Focal delivery of solutions into the zebrafish spinal cord. (A) Cartoon of a zebrafish larvae identifying the brain and spinal cord (green). The boxed region identifies the injection site/targeted region of interest (ROI). (B) An agar pad (arrow) solidified on a borosilicate glass coverslip is used as a mounting platform for larvae to perform spinal cord injections. (C) An agar pad containing mounted larvae is placed on a microscope stage, equipped with a pressure injection rig and mechanical micromanipulator to hold the injection micropipette. (D) Muscle injections are identified by a wavy appearance following dispersal of the injection solution. Yellow arrows identify the injection site. Dotted lines denote the muscle segment injected. (E) Solutions remain localized within the spinal cord following a successful spinal cord injection. Yellow arrows identify the injection site in the dorsal spinal cord. White arrowheads identify the solution dispersal region. (F) Dispersal region of a control solution containing water and the fluorescent tracer, Dextran-647. Yellow arrows identify the injection site. White arrowheads identify the dispersal region. (G) Dispersal region of a lysolecithin solution including the fluorescent tracer Dextran-647. Yellow arrows identify the injection site. White arrowheads identify the dispersal region. Red dashed lines denote the spinal cord. Scale bar, 50 μm.





Lysolecithin Alters the Number of Sox10+ Cells in the Zebrafish Spinal Cord

Myelination in the zebrafish CNS occurs in an anterior to posterior manner, commencing around 3 dpf (Almeida et al., 2011; Czopka et al., 2013). Therefore, the presence of maturing myelin sheaths between 4 and 6 dpf, coupled with the transparency of transgenic larvae, is ideal for in vivo imaging of the oligodendrocyte lineage cell (OLC) response following exposure to a demyelinating agent, such as lysolecithin. Previous publications have reported a decrease in oligodendrocyte number, demyelination, oligodendrocyte progenitor cell (OPC) proliferation, and OPC migration to the focal injury after injection of lysolecithin into the mammalian spinal cord (Blakemore et al., 1977; Kotter et al., 2001; Blakemore and Franklin, 2008; Lau et al., 2012; Münzel et al., 2014; Azin et al., 2015; Keough et al., 2015). Therefore, we sought to determine if lysolecithin similarly altered OLCs in our model.

To quantify the effects on OLC number in our model, we injected either a lysolecithin cocktail (0.875% lysolecithin + 0.21% Dextran-647 in PBS) or a control solution (PBS + 0.21% Dextran-647) into the spinal cord of 4 dpf Tg(sox10:mrfp) larvae, where sox10 regulatory sequences drive the expression in OLCs. Following injection, we fixed larvae at distinct time points post-injection and performed whole mount immunohistochemistry with an antibody specific to zebrafish Sox10 to count the number of Sox10+ cells in the spinal cord (Binari et al., 2013). As a control, we quantified the number of Sox10+ cells anterior to the injection/dispersal region within a region of the spinal cord spanning approximately three motor nerves in width to avoid effects caused by the injection injury itself and observed no difference in Sox10+ cell number at 20 hpi (Figures 2A–D, left panels, control average, n = 5, 29.3 Sox10+ cells, experimental average, n = 6, 31.3 Sox10+ cells, p = 0.3391). We also quantified within the injection/dispersal region to capture the effects from either the lysolecithin or control solution (Figures 2A–E, right panels). The region posterior to the injection site was not quantified to reduce the risk of capturing a decrease in the number of OLCs that might be secondary to Wallerian degeneration (Waller, 1851). At 8 hours post-injection (hpi) within the injection site dispersal region, we observed a significant reduction in the number of Sox10+ cells (Figure 2E) in the lysolecithin-injected group (Figure 2B, right panel) (average 24.94, n = 6) as compared with control larvae (Figure 2A, right panel) (average 30.33, n = 5), demonstrating that lysolecithin is toxic to zebrafish OLCs. When we looked at 20 hpi, we observed an increase in the number of Sox10+ cells in lysolecithin-injected larvae (Figure 2D, right panel) (average 32.96, n = 8) as compared with control-injected larvae (Figure 2C, right panel) (average 26.8, n = 5), which we hypothesize is due to OPC proliferation, a phenomena reported in mammalian lysolecithin-induced demyelination models (Nait-Oumesmar et al., 1999; Keough et al., 2015; Sahel et al., 2015).
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FIGURE 2. Lysolecithin alters the number and behavior of Sox10+ cells in the spinal cord. All images are lateral views of the spinal cord with anterior to the left and dorsal to the top. (A–D) 4 dpf Tg(sox10:mrfp) zebrafish larvae injected with either a control solution [control, (A,C)] or lysolecithin [experimental, (B,D)] containing the fluorescent tracer Dextran-647 to identify the injection site. Injected zebrafish were fixed at 8 hpi (A,B) or 20 hpi (C,D) and labeled with an antibody to Sox10 (green). (E) Quantification of the average number of Sox10+ cells within the injection site and spanning the width of approximately three motor nerves to capture the effects from lysolecithin (experimental) or control solutions. *p = 0.0252 at 8 hpi (n = 5 control; n = 6 experimental) and **p = 0.0033 at 20 hpi (n = 5 control; n = 8 experimental). Statistical significance was measured using an unpaired t-test. (F) Time-lapse imaging of proliferation (red arrowhead) and migration (white arrowhead) of sox10+ cells in a Tg(sox10:nls-eos) zebrafish larva following injection of lysolecithin at 4 dpf. White dashed ellipse denotes the injection site. (G) Time-lapse movie following injection of lysolecithin and photoconversion of the lesion area in a 4 dpf Tg(sox10:nls-eos) zebrafish larva. Red fluorescence denotes the photoconverted cells within the lesion. Green fluorescence denotes the cells outside of the lesion. Arrowhead identifies a sox10+ cell anterior to the injection site that migrates posteriorly into the drug dispersal region. White dashed lines denote the spinal cord. Scale bars, 25 μm.



To determine if OLCs were proliferating after exposure to lysolecithin and to investigate whether migration also occurred in our model, we injected the lysolecithin cocktail into 4–6 dpf Tg(sox10:nls-eos) (McGraw et al., 2012; Prendergast et al., 2012) larvae and used in vivo, time-lapse imaging to follow sox10+ cells with an imaging interval of 8 min. Following injection of lysolecithin, we observed that sox10+ OLCs near the injection site divide (Figure 2F and Supplementary Movie 1). We also observed that OLCs migrate into the injection lesion from outside of the dispersal region (Figure 2F and Supplementary Movie 1). To investigate if sox10+ cells also migrated from areas significantly anterior to the lesion, we used Tg(sox10:nls-eos) embryos to selectively label OLCs within a two-somite region encompassing the dispersal region. Following injection of lysolecithin at 4 dpf, we photoconverted the Eos protein, changing the green fluorescence to red via UV-light-induced photoconversion (Wiedenmann et al., 2004; Stys et al., 2012). We then used in vivo, time-lapse imaging to track the migration of both green (non-photoconverted) and red (photoconverted) OLCs with an imaging interval of 10 min (Figure 2G). Starting approximately 6.5 hpi, we observed that green sox10+ OLCs from anterior to the injection dispersal region migrate posteriorly into the lesion (Figure 2G). Interestingly, we rarely observed that OLCs within the lysolecithin dispersal region migrate during our imaging. This data demonstrates that a subset of sox10+ OLCs found in the lesion originate from areas anterior to the drug dispersal region. Taken together, these results demonstrate that lysolecithin affects sox10+ OLCs in the zebrafish spinal cord.



Lysolecithin Induces Myelin Membrane Changes in Zebrafish Larvae

Because we observed a reduction in Sox10+ OLC number and subsequent OPC proliferation and recruitment in lysolecithin-injected larvae, we next sought to investigate whether lysolecithin-induced myelin membrane changes by performing in vivo, time-lapse imaging in Tg(mbp:egfp-CAAX) (Almeida et al., 2011) larvae, where myelin basic protein (mbp) is labeled with membrane-tethered GFP. mbp is expressed in anterior regions of the zebrafish CNS beginning around 60 hpf (Almeida et al., 2011). At later stages, between 4 and 6 dpf, we observed stable GFP+ membrane sheaths in both the ventral and dorsal spinal cords (Czopka and Lyons, 2011; Kearns et al., 2015; Figures 3A,B). Following injection of the PBS control solution into 4 dpf Tg(mbp:egfp-CAAX) larvae, we observed minimal to no changes to the GFP+ membrane near the injection site throughout the duration of our 16-h time-lapses with an imaging interval of 6 min (n = 6) (Figure 3C). In contrast, we observed distinct changes in GFP+ myelin membrane near the lesion after injection of the lysolecithin solution into the spinal cord of 4 dpf Tg(mbp:egfp-CAAX) larvae (n = 6) (Figure 3D). Specifically, we imaged myelin one somite anterior to the injection site so as to avoid possible damage induced by the injection itself. In these time-lapses, we observed that tight GFP+ membrane sheaths change after lysolecithin injection to take on a more ovoid-like appearance, beginning around 2.5 hpi (Figure 3D). Formation of the ovoid-like/onion bulb structures has previously been reported as evidence of myelin degradation (Acar et al., 2004), and we did not observe the same phenotype in control-injected larvae (Figure 3C).
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FIGURE 3. mbp+ membrane changes are observed following exposure to lysolecithin. All images are lateral views of the spinal cord with anterior to the left and dorsal to the top. (A,B) Expression of mbp:egfp-CAAX appears as sheath-like structures in the dorsal and ventral spinal cords in 4 (A) and 6 dpf (B) zebrafish larvae. (C) Following injection of a control solution into the spinal cord of a 4 dpf mbp:eegfp-CAAX larva, the mbp+ membrane sheaths remain unchanged throughout the duration of the time-lapse movie. (D) Following injection of a lysolecithin (experimental) solution into the spinal cord of a 4 dpf mbp:egfp-CAAX larva, the mbp+ sheaths dynamically change to form ovoids (arrowheads). (E) Quantification of the percentage of zebrafish with mbp:egfp-CAAX membrane changes at 8 hpi. p < 0.0001; n = 6 control; n = 5 experimental. (F) Quantification of the average number of mbp:egfp-CAAX ovoids observed at 4, 6, and 8 hpi demonstrates an increase in the number of ovoids within the lysolecithin (experimental) group (n = 6) when compared with the control group (n = 6). At 6 hpi, *p = 0.0493. (G) Mosaically labeled oligodendrocytes by injection of mbp:mcherry-CAAX. Larvae injected with a control solution (control, top) or lysolecithin (exp. group, bottom) at 6 dpf. Following injection of a control solution (top), the oligodendrocyte remains relatively unchanged throughout the course of the time-lapse movie. In contrast, an ovoid-like structure is observed within the mbp:mcherry-CAAX+ oligodendrocyte beginning around 8.1 hpi. Red dashed lines denote the spinal cord. Scale bars, 25 μm.



Because the mbp+ membrane ovoids were obvious by 8 hpi in lysolecithin-injected larvae, we decided to quantify the percentage of zebrafish demonstrating GFP+ membrane changes within the dorsal spinal cord at this time point and observed a significant difference between the control and experimental groups, with approximately 17% of control zebrafish (n = 6) with GFP+ membrane changes within the dispersal area as compared with 60% of zebrafish injected with lysolecithin at 8 hpi (n = 5; Figure 3E). Additionally, we quantified the number of myelin ovoid structures within the control and experimental dispersal regions from 4 to 8 hpi, time points where the GFP+ membrane was dynamically changing in lysolecithin-injected larvae. In the lysolecithin-injected larvae, we observed an increase in the average number of GFP+ membrane ovoids that formed (n = 6 for both groups, at 6 hpi p = 0.0493, Figure 3F).

Because mbp:egfp-CAAX is a stable transgenic line, it is difficult to visualize individual oligodendrocyte membrane changes. Therefore, to investigate individual mbp+ membrane sheath dynamics, we injected a plasmid for mbp:mcherry-CAAX (Mensch et al., 2015) into one-cell embryos to mosaically label mbp+ oligodendrocytes in the spinal cord. At 6 dpf, we then injected either a PBS control solution or lysolecithin posterior to an mbp+ oligodendrocyte, such that the oligodendrocyte would reside anterior to the injection site but would be exposed to the injected solutions (Figure 3G). Using in vivo imaging with an image acquisition interval of 10 min, we observed an mbp+ ovoid form at approximately 8.1 hpi within the lysolecithin-injected group (n = 3; Figure 3G, bottom), but this phenotype was not observed in the control-injected larvae (n = 2; Figure 3G, top). Taken together, our results demonstrate that lysolecithin induces mbp+ oligodendrocyte membrane changes in the zebrafish spinal cord.



Axons Are Indistinguishable Between Lysolecithin- and Control-Injected Larvae

In mammals, previous studies demonstrate that lysolecithin causes minimal damage to axons (Blakemore et al., 1977; Keough et al., 2015). To investigate the effects of lysolecithin on axons in our focal injection model, we injected either a control solution or lysolecithin into the spinal cord of 4 dpf Tg(mbp:egfp-CAAX);Tg(cntn1b:mcherry) (Almeida et al., 2011; Czopka et al., 2013) larvae to label myelin with membrane-tethered GFP and axons with cytosolic mCherry. This transgenic line labels axons that have previously been described as being preferentially myelinated early in development in the zebrafish spinal cord (Czopka et al., 2013), and therefore, it allows us to specifically look at axonal integrity in relation to the lysolecithin-induced demyelination we observe. Using in vivo imaging, we observed that axons were indistinguishable between the control (n = 3; Figure 4A) and the lysolecithin-injected larval spinal cords (n = 2; Figure 4B) at 8 hpi, a time point in which we previously observed active mbp+ myelin changes via in vivo, time-lapse imaging (Figure 3D). From these data, we conclude that the effects observed on mbp+ membrane sheaths within the lysolecithin group described above were not secondary to axonal degeneration.
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FIGURE 4. Axons are indistinguishable between control and lysolecithin-injected larvae. All images are lateral views of the spinal cord with anterior to the left and dorsal to the top. (A,B) mCherry+ axons (arrowheads) within the control (A) and lysolecithin (experimental) (B) dispersal regions are indistinguishable at 8 hpi. mbp+ ovoids are denoted with open arrowheads. Red dashed lines denote the spinal cord. Scale bars, 25 μm.





Professional Phagocytes Are Recruited to Lysolecithin-Induced Lesions

Macrophages and microglia respond to 1% lysolecithin injections in mammalian models and upon application to the adult zebrafish optic nerve and injection into the zebrafish spinal cord (Kotter et al., 2001; Münzel et al., 2014; Cunha et al., 2020). Therefore, we evaluated if macrophages and microglia were recruited to the focal lesion in our lysolecithin injection model in the larval zebrafish spinal cord.

To investigate professional phagocyte recruitment in our model, we injected either a control solution or lysolecithin into the spinal cord of 4 and 6 dpf Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) (Almeida et al., 2011; Ellett et al., 2011) larvae, where mbp+ oligodendrocytes are labeled with membrane GFP, and macrophages/microglia were labeled with cytosolic mCherry. In both 4 and 6 dpf larvae, we observed that mpeg+ cells move quickly throughout the CNS, maneuvering through mbp+ myelin membrane layers. In an in vivo, time-lapse movie with an imaging interval of 6 min of a 4 dpf larva injected with lysolecithin, we observed that maneuvering mCherry+ phagocytes physically displaces mbp+ membrane sheaths while traversing through the dispersal region within the spinal cord (Figure 5A and Supplementary Movie 2).
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FIGURE 5. Professional phagocytes traverse through mbp+ membrane layers. All images are lateral views of the spinal cord with anterior to the left and dorsal to the top. (A) Following injection of lysolecithin, a mCherry+ phagocyte is observed traversing through mbp+ membrane layers within the lesion area, physically moving the layers during its migration. White arrowheads identify the layers that are moved by the phagocyte, and yellow arrowheads denote the myelin ovoids. (B) Quantification of the average number of professional phagocytes responding to the lesion following injection of a control (control) solution (n = 6) or lysolecithin (experimental) (n = 7); p = 0.0864. White dashed line denotes the spinal cord. Scale bars, 25 μm.



We next quantified the number of mpeg+ phagocytes present in the lesion area to determine if larvae injected with lysolecithin had a greater response by professional phagocytes. Following injection of a control solution or lysolecithin into the spinal cord of 4 dpf Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) larvae, we saw a modest increase in mpeg+ phagocytes within the lysolecithin-injected group from 2 to 6 hpi as compared with control injections (n = 6 control; n = 7 experimental; Figure 5B). Taken together, these results are consistent with the possibility that mpeg+ phagocytes are recruited to the lesion area, and this recapitulates the macrophage/microglia recruitment response that has been reported in mammalian lysolecithin models (Kotter et al., 2001; Münzel et al., 2014).

In addition to phagocyte migration toward the lesion, macrophages and microglia proliferate during demyelination and inflammation (Chiang et al., 1996; Remington et al., 2007; Jenkins et al., 2011). To investigate if this occurs in our lysolecithin model, we injected lysolecithin into the spinal cord of 4 dpf Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) larvae and performed in vivo, time-lapse imaging with an imaging interval of 15 min. In these movies, we captured mpeg+ cells proliferating within the lysolecithin dispersal region (Figure 6A and Supplementary Movie 3), demonstrating that professional phagocytes migrate into the lesion and proliferate in response to the lysolecithin insult.


[image: image]


FIGURE 6. Professional phagocytes proliferate and clear Sox10+ debris. All images are lateral views of the spinal cord with anterior to the left and dorsal to the top. (A) Following injection of lysolecithin into a 4 dpf zebrafish spinal cord, a mCherry+ phagocyte recruited to the lysolecithin lesion proliferates (arrowheads). (B) Following injection of lysolecithin into a 6 dpf zebrafish spinal cord, sox10+ debris is cleared by an mpeg+ cell. Arrowheads identify the sox10+ debris within mpeg+ vacuoles in single z-planes. Yellow dashed lines denote the spinal cord. Scale bars, 25 μm.



Because we observed that mbp+ membrane changes within lysolecithin-injected larvae, we next wanted to determine if professional phagocytes were responding to clear oligodendrocyte/myelin debris. To capture the clearance of oligodendrocyte debris in vivo, we injected lysolecithin into 6 dpf Tg(sox10:mrfp; mpeg1:egfp) larvae and performed in vivo, time-lapse imaging with an imaging interval of 10 min. As described above, mpeg+ cells were recruited to the lysolecithin dispersal region. By 3.6 hpi, we observed mpeg1+ cells with distinct cytoplasmic vacuoles surrounding sox10+ debris (Figure 6B and Supplementary Movie 4). Taken together, our results demonstrate that our focal lysolecithin injection model in zebrafish recapitulates the professional phagocyte response previously reported in lysolecithin-injected mammalian models (Kotter et al., 2001; Kucharova et al., 2011; Rawji and Yong, 2013; Doring et al., 2015).



Oligodendrocyte Cytoskeleton Dynamics Following Exposure to Lysolecithin

Actin dynamics are essential for myelin sheath formation (Nawaz et al., 2015; Samanta and Salzer, 2015; Zuchero et al., 2015). Specifically, filamentous actin (F-actin) is integral for initiating myelin wrapping and, upon completion of myelination, is disassembled from the inner tongue/leading edge and becomes localized to the lateral edges of the myelin sheath (Nawaz et al., 2015; Samanta and Salzer, 2015; Zuchero et al., 2015). Interestingly, actin polymerization is involved in peripheral myelin fragmentation and ovoid/onion bulb formation following injury in vitro, and inhibiting actin polymerization prevents myelin ovoid formation (Jung et al., 2011). Furthermore, cytoskeletal plasticity was recently identified as an important component of demyelination, suggesting that mechanisms within the oligodendrocyte cytoskeleton may be actively involved in reacting to demyelinating insults (Locatelli et al., 2015).

To investigate actin dynamics within sox10+ oligodendrocytes in vivo, we imaged with an interval of 10 min, control 6 dpf Tg(sox10:Gal4);Tg(UAS:Lifeact-gfp) larvae (Helker et al., 2013) and observed GFP+ F-actin arranged as sheath-like structures (Figure 7A), reminiscent of the appearance of mbp+ myelin membrane sheaths (Figure 3). To evaluate changes in F-actin, we injected lysolecithin into 6 dpf Tg(sox10:Gal4);Tg(UAS:Lifeact-gfp) larvae, a time point when the GFP+ sheath-like structures were stable in control-injected larvae. At 2 hpi, GFP+ F-actin within sox10+ cells appeared sheath-like. However, by 4 hpi, we observed GFP+ F-actin rearranging from a sheath-like structure to form ovoid-like structures by 8 hpi (Figure 7B). The arrangement of the F-actin from sheath-like into ovoid-like structures is reminiscent of the mbp+ membrane changes described above and occurred at a similar time point post-injection. These results suggest that the dynamic responses from components of the oligodendrocyte cytoskeleton appear to be involved in the lysolecithin-induced membrane changes that we observed post-injection.


[image: image]


FIGURE 7. Oligodendrocyte cytoskeletal components dynamically change following exposure to lysolecithin. All images are lateral views of the spinal cord with anterior to the left and dorsal to the top. (A) In vivo imaging of Tg(sox10:Gal4; UAS:Lifeact-gfp) larvae at 6 dpf. Arrowheads denote the actin in sheath formation. (B) Following injection of lysolecithin into a 6 dpf Tg(sox10:Gal4; UAS-Lifeact-gfp) zebrafish, in vivo time-lapse imaging reveals that GFP+ F-actin dynamically changes from a sheath-like arrangement (2 hpi) to forming ovoid-like structures (8 hpi). Arrowheads identify the GFP+ F-actin changes in a sox10+ cell. Scale bars, 25 μm.






DISCUSSION


Toxin-Induced Animal Models for Recapitulating CNS Damage

The use of toxin-induced demyelination models has been imperative for investigating mechanics underlying oligodendrogliopathies as well as processes involved in remyelination (Blakemore et al., 1977; Foote and Blakemore, 2005; Blakemore and Franklin, 2008; Ransohoff, 2012). Although toxin-induced demyelination models lack an ongoing immune response, there is a unique advantage of being able to separate demyelination events from processes underlying remyelination for studying neurodegenerative disorders, such as MS (Miller and Fyffe-Maricich, 2010; Ransohoff, 2012). Because of this spatiotemporal predictableness, toxin-induced demyelination models can also be useful for screening therapeutic strategies that promote remyelination (Ransohoff, 2012).

Mammalian models commonly used to study MS, including EAE and toxin-induced demyelination models, as well as clinical samples, are not amenable for investigating mechanics and processes underlying myelin destruction and subsequent repair in vivo. By developing a focal lysolecithin injection model in zebrafish, we can visualize mbp+ membrane changes in a live, intact vertebrate model system and investigate mechanics and cellular interactions involved in myelin breakdown and repair. Recently, a paper using injection of lysolecithin into larval zebrafish trunks also described demyelination, and their data is similar to ours (Cunha et al., 2020); in the future, we envision that these focal injection models could be used as a first-pass drug-screening tool to investigate the safety and efficacy of novel compounds that either inhibit lysolecithin-induced damage, or promote its repair, to potentially reveal therapeutic strategies for treating demyelinating disorders, such as MS.



Observing mbp+ Membrane Changes in vivo

Intramyelinic vacuoles and fluid accumulation within the myelin sheath have been reported following lysolecithin-induced demyelination (Triarhou and Herndon, 1985) and in other toxin-induced demyelination models (Blakemore, 1973, 1974). In our focal lysolecithin injection model, we were able to visualize mbp+ membrane changes and observed that these sheaths change to form ovoid-like vacuoles in vivo, in real time. However, future studies are needed to confirm that the ovoids we see in our in vivo imaging assays are from intramyelinic edema (Hirano et al., 1965; Hirano and Llena, 2006; Kaufmann et al., 2012).

Additionally, the dynamic rearrangement of F-actin within the oligodendrocyte cytoskeleton suggests that actin polymerization may be involved with the formation of the mbp+ ovoids that we observed in our in vivo, time-lapse imaging. Actin dynamics are essential for myelin sheath formation, and it is reasonable to assume that they play an integral role in kinetics underlying myelin membrane breakdown and repair following a toxin-induced insult. Additionally, after in vitro peripheral nerve injuries, actin polymerization is involved in the formation of onion bulbs, and inhibiting actin polymerization prevents their formation (Jung et al., 2011), demonstrating that actin polymerization is actively involved in myelin membrane sheath changes. Mechanisms within the oligodendrocyte cytoskeleton may also be actively involved in reacting to insults as β-actin and β-tubulin gene transcription are upregulated in response to diphtheria-toxin oligodendrocyte death and EAE autoimmune inflammation (Locatelli et al., 2015). To our knowledge, there have been no reports on actin dynamics following lysolecithin-induced damage. Thus, future studies are needed in our model of demyelination to determine if actin dynamics are actively rearranging the myelin sheath to form these ovoid-like structures, or are simply a passive bystander that dynamically rearranges as a result of the myelin sheath changes following lysolecithin-induced damage.



Professional Phagocyte Response Following Lysolecithin Insult

A previous report demonstrates a rapid recruitment of macrophages and microglial cells following injection of lysolecithin into the mouse spinal cord (Ousman and David, 2000). In the study by Ousman and David (2000), phagocytes were observed within the injection region by 6 hpi, and ultrastructural analysis at 4 dpi revealed macrophages containing myelin debris. Microglia/macrophages have also been shown to proliferate extensively in early demyelination (Matsumoto et al., 1992; Schönrock et al., 1998; Raivich and Banati, 2004) as well as in the EAE model (Rinner et al., 1995) and lysolecithin-induced demyelination in primates (Dousset et al., 1995). In the adult zebrafish optic nerve as well as the larval spinal cord, there is an increase in the number of professional phagocytes (Münzel et al., 2014; Cunha et al., 2020).

In our model, we also observe that mpeg1+ professional phagocytes respond to the injection region rapidly. The mpeg1+ professional phagocytes migrated to the lesion and proliferated, as previously reported in a primate model of lysolecithin-induced demyelination (Dousset et al., 1995). Since lysolecithin acts as a chemotactic factor for peripheral macrophages (Quinn et al., 1988), we expected to see an increase in the number of phagocytes within the lysolecithin lesion. Although there was an increase in the average number of professional phagocytes that we observed from 2 to 6 hpi, the results were not statistically significant between the control and lysolecithin-injected larvae, likely because the control larvae also experienced an injury from the injection site.

Phagocytes have been described as having both beneficial and detrimental roles in MS (Huitinga et al., 1990; Bitsch et al., 2000; Hinks and Franklin, 2000; Ousman and David, 2000; Arnett et al., 2001; Copelman et al., 2001; Kotter et al., 2001, 2005; Lassmann et al., 2001; Mason et al., 2001; Hill et al., 2004; Rose et al., 2004; Lampron et al., 2015; Domingues et al., 2016). Zebrafish offer a unique advantage for investigating the transition from beneficial phagocytic responses to detrimental behaviors in vivo as macrophages can be depleted using a nitroreductase genetic model (Pisharath et al., 2007; Curado et al., 2008; Pisharath and Parsons, 2009), allowing for inducible and reversible depletion of mpeg1+ cells. Escherichia coli nitroreductase can be expressed under the control of the mpeg1 promoter (Palha et al., 2013; Travnickova et al., 2015) by crossing Tg(mpeg1:Gal4FF)gl25 (Ellett et al., 2011) and Tg(UAS:nfsB-mCherry)c26 (Davison et al., 2007) lines together. To initiate cell depletion, larvae are immersed in the prodrug metronidazole, and nitroreductase converts the metronidazole into a cytotoxin, resulting in cell death. The effects are reversible upon removing the zebrafish from the prodrug solution. This genetic ablation model allows for spatial and temporal control over cell ablation and can be used in our focal lysolecithin injection model to investigate the impact that the absence of mpeg1+ cells has on de- and remyelination events in real time, in a living vertebrate organism, feat mammalian systems currently cannot offer. These types of experiments will provide us with a better understanding about the roles and temporal dynamics of professional phagocytes in lysolecithin-induced injury and repair.

In conclusion, the lysolecithin injection model we developed using zebrafish larvae recapitulates phenotypes that have been described in mammalian systems following injection of lysolecithin, with a major advantage of being able to visualize damage in real time, in vivo. An important difference is that our study uses larvae and most mammalian studies utilize adults. Future studies investigating the temporal dynamics of juvenile mammalian demyelination would be interesting given the rapid responses we see in our model. Finally, this focal injection model may become a useful drug-screening assay for revealing therapeutic strategies that help to prevent damage in myelinating glia or accelerate and enhance repair kinetics following damage.




EXPERIMENTAL PROCEDURES


Fish Husbandry

Animal studies were approved by the University of Virginia Institutional Animal Care and Use Committee. Zebrafish strains used in this study included Tg(mbp:egfp-CAAX) (Almeida et al., 2011), Tg[sox10(7.2):mrfp]vu234 (Kucenas et al., 2008), Tg(cntn1b:mCherry) (Czopka et al., 2013), Tg(mpeg1:mCherry) (Ellett et al., 2011), Tg(mpeg1:egfp) (Ellett et al., 2011), Tg(sox10:nls-eos) (McGraw et al., 2012), Tg(sox10:Gal4-vp16) (Chung et al., 2013), and Tg(UAS:Lifeact-GFP)mu271 (Helker et al., 2013). Table 1 identifies the expression of all lines used in this study. Embryos were produced by pairwise matings, raised at 28.5°C in egg water, staged according to hpf or dpf, respectively, and embryos of either sex were used for all experiments (Kimmel et al., 1995). Embryos used for lysolecithin injections, immunohistochemistry, and microscopy were treated with 0.003% phenylthiourea (PTU) in egg water to inhibit pigmentation.



TABLE 1. Descriptions and abbreviations of transgenic lines used in this study.


[image: Table 1]



Individual Oligodendrocyte Labeling

To mosaically label oligodendrocytes, one-cell embryos were injected with 12.5 ng/μl of a DNA plasmid encoding for mbp:mcherry-CAAX (Mensch et al., 2015) (courtesy of Lyons) and 25 ng/μl transposase RNA.



Spinal Cord Injections

Lysolecithin (1-palmitoyl-Sn-glycero-3-phosphocholine, Sigma L5254-25mg) was dissolved in saline at a 1% stock concentration and stored at −20°C. Thin wall glass microcapillaries (World Precision Instruments, Inc., glass thin wall with filament 1.0 mm OD, four in lengths, Item No. TW100F-4) were pulled for microinjections using a micropipette puller (Sutter Instrument Co., Flaming/Brown Micropipette Puller, Model P-97), and the capillary tip was opened using forceps (Student Dumont #5 Inox Forceps, Fine Science Tools, Item #91150-20). For experimental injections, lysolecithin was diluted to 0.875% concentration in saline and loaded into the glass microcapillary using a MicroloaderTM tip (Eppendorf Catalog No. 5242956003). For control injections, water or saline was loaded into the glass microcapillary using a MicroloaderTM tip. Larvae 4–6 dpf were anesthetized using 3-aminobenzoic acid ester (Tricaine) and mounted laterally onto 2% agar pads solidified onto a borosilicate glass coverslip (22 mm × 60 mm; Fisherbrand Cover Glasses: Rectangles, Catalog No. 12-545-J). The coverslip with mounted larvae was placed onto a Zeiss Axio Observer Z1 microscope stage equipped with an ASI MPPI-3 pressure injection rig and mechanical micromanipulator. The micropipette needle, containing either the control or lysolecithin solution, was inserted into the larvae, starting from the dorsal spinal cord and moving ventrally within the spinal cord, between somites 16 and 18. Solutions were dispersed passively into the spinal cord at a pressure range below 16 psi, until the dispersal region spanned the width of one to two somites. Following injections, the glass coverslip containing the mounted larvae was removed from the microscope stage and placed into a Petri dish (Falcon Sterile Petri Dish, 100 mm × 15 mm style, REF 351029) with egg water. The coverslip and larvae were completely submersed in egg water until the agar pad was saturated, resulting in the larvae floating off the agar pad. A pipette pump (Bel-Art, Scienceware Pipette Pump 10 ml Pipettor, Cat. No. 378980000) with a 2 ml glass Pasteur pipet tip (VWR Pasteur Pipet Disposable BBD Borosilicate Glass, 5 3/4 inch size, Cat. No. 53283-916) was used to transfer the larvae into a separate Petri dish with egg water to allow the larvae to recover.



In vivo Imaging

All embryos used for live imaging were transferred to egg water containing PTU at 24 hpf to inhibit pigment formation. At specified stages, embryos and larvae were anesthetized using 3-aminobenzoic acid ester (Tricaine), immersed in 0.8% low-melting point agarose, and mounted on their sides in glass-bottomed 35 mm Petri dishes (Electron Microscopy Sciences). Images were captured using either a 40× (numerical aperture 1.2) or a 63× (numerical aperture 1.2) water-immersion objective mounted on a motorized Zeiss Axio Observer Z1 microscope equipped with a Quorum WaveFX-X1 spinning disc confocal system (Quorum Technologies). For time-lapse imaging, z-stacks were collected at specified intervals, and three-dimensional datasets were compiled using MPEG-4 video compression at 10 frames per second (fps) and exported to QuickTime (Apple) to create movies. Image adjustments were limited to contrast enhancement and level settings using MetaMorph software, Adobe Photoshop, and ImageJ.



Whole Mount Immunohistochemistry

Larvae were fixed in AB Fix [4% paraformaldehyde (PFA), 0.1% Triton-X 100, 1× PBS] for either 3 h at 23°C or overnight at 4°C, followed by a 5-min wash with PBSTx (1% Triton X-100, 1× PBS), a 5-min wash with DWTx (1% Triton X-100 in distilled water), a 5-min wash with acetone at 23°C, a 10-min wash with acetone at −20°C, and three 5-min washes with PBSTx. Larvae were preblocked in 5% goat serum/PBSTx for at least 1 h and incubated in primary antibody for 1 h at 23°C and overnight at 4°C. The primary antibody used in this study was a rabbit antibody to Sox10 (1:5,000) (Binari et al., 2013). Larvae were washed extensively with 1× PBSTx and stored in 50% glycerol–PBS at 4°C until imaging. Larvae were mounted on their sides in 0.8% low-melting point agarose on glass-bottomed 35 mm Petri dishes and imaged using the confocal microscope described above. Image adjustments were limited to contrast enhancement and level settings using MetaMorph software, Adobe Photoshop, and ImageJ.



Data Quantification and Statistical Analysis

All graphically presented data represent the mean of the analyzed data. Statistical analyses and graphing were performed with GraphPad Prism software. The level of significance was determined by using an unpaired t-test or a chi-square test using a confidence interval of 95%. The data in plots and the text are presented as mean ± SEM.
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Supplementary Movie 1 | Sox10+ cells proliferate and migrate after injection of lysolecithin into the larval spinal cord. Panels are partially overlapping regions of the spinal cord in lysolecithin-injected (blue region) 4 dpf Tg(sox10:nls-eos) larvae imaged from 2 to 10 hpi. The right edge of the left panel is the left edge of the right panel. OLC proliferation is denoted by pink arrowheads (left panel), and a migratory OLC is denoted by a green dot (both panels). Images were taken every 8 min, and the movie runs at 10 fps.

Supplementary Movie 2 | mpeg+ phagocytes migrate through myelin layers in lysolecithin-injected spinal cords. Lysolecithin was injected into 4 dpf Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) larvae imaged from 2 to 10 hpi. Yellow box denotes the site of injection. Pink arrowheads denote the mpeg+ cells moving through myelin layers. Images were taken every 6 min, and the movie runs at 10 fps.

Supplementary Movie 3 | mpeg+ phagocytes proliferate in lysolecithin-injected spinal cords. Lysolecithin was injected into 4 dpf Tg(mbp:egfp-CAAX);Tg(mpeg1:mcherry) larvae imaged from 2 to 10 hpi. Images were taken every 15 min, and the movie runs at 10 fps.

Supplementary Movie 4 | mpeg+ phagocytes engulf sox10+ debris in lysolecithin-injected spinal cords. Lysolecithin was injected into 6 dpf Tg(sox10:mrfp);Tg(mpeg1:egfp) larvae imaged from 2 to 20 hpi. Images were taken every 10 min, and the movie runs at 10 fps.
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An emerging area of interest in Neuroscience is the cellular relationship between glia and blood vessels, as many of the presumptive support roles of glia require an association with the vasculature. These interactions are best studied in vivo and great strides have been made using mice to longitudinally image glial-vascular interactions. However, these methods are cumbersome for developmental studies, which could benefit from a more accessible system. Zebrafish (Danio rerio) are genetically tractable vertebrates, and given their translucency, are readily amenable for daily live imaging studies. We set out to examine whether zebrafish glia have conserved traits with mammalian glia regarding their ability to interact with and maintain the developing brain vasculature. We utilized transgenic zebrafish strains in which oligodendrocyte transcription factor 2 (olig2) and glial fibrillary acidic protein (gfap) identify different glial populations in the zebrafish brain and document their corresponding relationship with brain blood vessels. Our results demonstrate that olig2+ and gfap+ zebrafish glia have distinct lineages and each interact with brain vessels as previously observed in mouse brain. Additionally, we manipulated these relationships through pharmacological and genetic approaches to distinguish the roles of these cell types during blood vessel development. olig2+ glia use blood vessels as a pathway during their migration and Wnt signaling inhibition decreases their single-cell vessel co-option. By contrast, the ablation of gfap+ glia at the beginning of CNS angiogenesis impairs vessel development through a reduction in Vascular endothelial growth factor (Vegf), supporting a role for gfap+ glia during new brain vessel formation in zebrafish. This data suggests that zebrafish glia, akin to mammalian glia, have different lineages that show diverse interactions with blood vessels, and are a suitable model for elucidating glial-vascular relationships during vertebrate brain development.
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INTRODUCTION

Neurons, glia, and vascular cells of the central nervous system (CNS) display unique interactions required for proper brain development and health. Once thought as merely the “glue” that holds the brain together, it has become clear that glial cells are essential to maintain normal brain activity. Similar to how there are different types of highly specialized neurons, glia arise from genetically discrete populations and develop distinct morphology, distributions, and roles. Glia perform a variety of vital functions including supporting synaptogenesis (Eroglu and Barres, 2010), neurotransmitter and ion homeostasis (Murphy-Royal et al., 2017), functional hyperemia (Attwell et al., 2010; MacVicar and Newman, 2015), stabilizing nascent vessels (Ma et al., 2013), and blood-brain barrier (BBB) maintenance (Heithoff et al., 2020).

During development, glia play a critical role in brain maturation, including CNS angiogenesis or the formation of new blood vessels in the CNS, and barriergenesis, the formation of BBB properties (Biswas et al., 2020). A few of the underlying signaling cascades important for glial-vascular interactions have been elucidated yet gaps in knowledge remain (Abbott, 2002). For example, astrocytes have been shown to release Sonic hedgehog (SHH) to promote embryonic BBB formation and integrity (Alvarez et al., 2011). This appears to be recapitulated following stroke, as oxygen-glucose deprived astrocytes promote angiogenesis via SHH secretion (He et al., 2013). Glia can also utilize the vasculature as a pathway during brain development as illustrated by oligodendrocyte precursor cells (OPCs) that require Wnt signaling to migrate along blood vessels in the mammalian brain (Tsai et al., 2016). Whether zebrafish glia also associate with blood vessels or utilize them as a pathway for migration is unknown. Given the increasing interest in utilizing the zebrafish model system in Neuroscience, we set out to examine glial-vascular interactions during zebrafish brain development.

In this study, we utilized transgenic lines that differentially label well-studied glial populations, oligodendrocyte transcription factor 2 (olig2) and glial fibrillary acidic protein (gfap). We show that olig2+ OPCs cells utilize vascular networks as a pathway over time and this relationship is mediated through Wnt signaling. Conversely, gfap+ glia associate along vascular walls and are required for normal vessel development as ablation of gfap+ cells causes irregular vessel development and a reduction in Vascular endothelial growth factor (Vegf) expression. Lastly, intracranially implanted human glia reach out to zebrafish blood vessels, supporting a conservation in endogenous signals that maintain glial-vascular interactions in the zebrafish brain. Taken together, these studies substantiate how the zebrafish model can dissect glial-vascular biology during vertebrate brain development and hold promise for uncovering novel mechanisms in glial Neuroscience.



MATERIALS AND METHODS


Ethics Statement

All zebrafish husbandry and experiments were done in accordance with Virginia Tech Institutional Animal Care and Use Committee (IACUC) guidelines. The Virginia Tech IACUC abides by the Guide for the Care and Use of Laboratory Animals and is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC International).



Zebrafish Husbandry and Lines

Adult zebrafish (Danio rerio) were maintained according to Virginia Tech IACUC guidelines on a 14/10 h light/dark cycle in a Tecniplast system at 28.5°C, pH 7.0, and 1,000 conductivity. The Tg(glut1b:mCherry) line was obtained from Dr. Michael Taylor’s laboratory at the University of Wisconsin-Madison. The Tg(fli1a:eGFP)y1 and casper lines were obtained from the Sinnhuber Aquatic Research Laboratory at Oregon State University. The Tg(olig2:dsRed), Tg(gfap:GFP), and Tg(gfap:nfsB-mCherry) lines were obtained from Dr. Sarah Kucenas at the University of Virginia. The Tg(kdrl:mCherry) line was obtained from Dr. Wilson Clements from St. Jude Children’s Research Hospital. Fixed Tg(flk1:mCherry) embryos were obtained from Dr. Chris Lassiter at Roanoke College. Animals were sorted for fluorescence and brain microbleeds on an upright Nikon SMZ18 stereomicroscope, courtesy of the Pan Laboratory.

For all experiments, embryos were collected from multiple pair-wise crosses. Embryos were maintained in embryo water (1.5 g Instant ocean salt per 5L RO water) at 28.5°C. For studies with lines not bred onto the casper background, 24 h post-fertilization embryos were treated with 200 μM N-Phenylthiourea (PTU) (Sigma # P7629) to prevent melanocyte formation. Larvae for human astrocyte microinjections were acclimated to 32–35°C to accommodate a more desirable temperature for astrocyte cell growth.



Database Mining

A list of human glial genes was prepared from the database generated by Cahoy et al. (2008). Ensembl was used to determine if a human glial gene was annotated in the zebrafish genome. The description and common name of each gene was validated with GeneCards.



Reverse Transcription- Polymerase Chain Reaction (RT-PCR)

For RNA extraction and cDNA synthesis, 10 Tg[(fli1a:eGFP)y1;casper] larvae were collected in RNase-free tubes (Fisher #12-141-368) and humanely euthanized on ice. The egg water was removed and replaced with 50 μL of Trizol (Invitrogen #15596026), 5 μL of Trizol per larvae. Total genomic RNA was extracted using the PureLink® RNA Mini Kit (Ambion #12183025) adapted with TRIzolTM/Chloroform (Invitrogen #15596026, Fisher #ICN19400290) according to the manufacturer’s guidelines. Samples were eluted in 30 μL nuclease-free water. RNA concentration and quality was assessed with a Nanodrop. 1 μg of cDNA was synthesized using SuperScriptTM VILOTM Master Mix (Invitrogen #11755250) according to manufacturer’s guidelines. 10 ng of cDNA was loaded per PCR reaction. elfa was used as an internal housekeeping gene as its stability has been noted over developmental time points in zebrafish compared to other controls used in other model systems (McCurley and Callard, 2008). Non-template control reactions were performed for all runs to rule out reagent contamination. Primer sequences, genome annotations, annealing temperatures, and expected product sizes are listed in Supplementary Table 2. Samples were loaded on a 1% agarose gel and electrophoresis was performed at 120 V for 40 min before imaging gels on an Azure Biosystems c500 imager.



Reverse Transcription- Quantitative Polymerase Chain Reaction (RT-qPCR)

For cDNA template generation, 20 Tg(kdrl:mCherry) (for glial gene expression) and Tg(olig2:dsRed; fli1a:eGFP)y1 (for Wnt target gene expression) larvae were collected per tube in 50 μL of TRIzolTM, in quadruplicate, per time point from 0 to 7 dpf. RNA extraction and cDNA synthesis was performed as described above. For RT-qPCR reaction set-up, 50 ng of cDNA template was loaded per well, ran in technical triplicates, with 3–4 biological samples per time point. TaqManTM Universal Master Mix II, no UNG (Thermo #4440040) was utilized according to manufacturer’s guidelines for amplification with Taqman assays against genes of interest and an internal control (elfa/eef1a1l1). The following Assay IDs were used: aqp4 (Assay ID: Dr03095840_m1), glt-1/slc1a2b (Assay ID: Dr03119707_m1), glula (Assay ID: Dr03433569_g1), gfap (Assay ID: Dr03079978_m1), glut1b/slc2a1a (Assay ID: Dr03103605_m1), lef1 (Assay ID: Dr03201167_s1), and eef1a1l1 (Assay ID: Dr03432748_m1). Custom primers were generated for a few targets with the following Assay ID and Zebrafish Ensembl Transcript ID: kir4.1/kjcn10a (Custom Assay ID: ARXGT6V, Ensembl: ENSDART00000172874.2), aldh1l1 (Custom Assay ID: ARU64ZZ, Ensembl: ENSDART00000151205.3), and glast/slc1a3b (Custom Assay ID: ARMFY6E, Ensembl: ENSDART00000131693.3). Glial genes were amplified with the FAM-MGB reporter dye and eef1a1l1 was amplified with a VIC-MGB_PL reporter dye. An Applied Biosystems StepOnePlusTM Real-Time PCR System was used for RT-qPCR amplification and the standard program according to manufacturer’s guidelines ran for 40 cycles. Delta CT (ΔCT or 2–CT) was calculated according to standard protocol, whereby the glial or Wnt target gene data is presented relative to eef1a1l1 control expression (Schmittgen and Livak, 2008).



Pharmacological Treatments

10 mM Metronidazole (MTZ) (Sigma #M3761-5G) was used for Tg(gfap:nfsB-mCherry) ablation studies as previously reported (Johnson et al., 2016). For MTZ studies, animals were not dechorionated at 8 h post-fertilization (hpf) to prevent damage to the developing tissue. MTZ was dissolved in a 0.2% Dimethyl sulfoxide (DMSO) (Sigma #D8418)/PTU solution. To prevent any light-mediated degradation, MTZ was made in amber tubes and the multi-well plates containing treated animals were wrapped in aluminum foil. For Wnt and Vegf small molecule studies, XAV939 (Cayman Chemical #13596) and Tivozanib (AV951) (Apexbio Tech #A2251) were re-suspended as 10 mM stocks in DMSO and used at final working concentrations of 30 μM XAV939 and 1 μM AV951.



Live Zebrafish and Fixed Tissue Confocal Microscopy

Live animals were removed from multi-well plates with a glass Pasteur pipette and anesthetized with 0.04% MS-222 (Sigma #A5040) in individual 35 mm petri dishes containing a 14 mm glass coverslip (MatTek Corporation #P35G-1.5-14-C). A 1.2% low melting point agarose (Thermo Fisher #16520050) solution was made in embryo water for embedding. MS-222 was removed from the animal and a bolus of warm agarose the size of the coverslip was added to the animal/cover glass. A dissection probe was used to align animals dorsal side down for brain imaging. After the agarose solidified, the petri dish was filled with 0.04% MS-222 (live animals) or phosphate buffered saline (PBS) (Fisher #BP661-10) (fixed animals) and the dish was wrapped with parafilm along the edges. Confocal microscopy was performed to take z-stacks at optimal section thickness with an Olympus Fluoview FV1000 confocal microscope and a 40× (NA0.75) objective. The Nyquist optimal section thickness value for z-stacks was calculated through an algorithm in the Olympus Fluoview software for all images. Because this is an upright microscope, the glass coverslip bottom dishes containing the animals were flipped upside down so that the glass side made contact with the objective.

For fixed whole mount tissue, Vegfa staining was captured on the Olympus F1000 with a 40× (NA 0.75) objective. For Gfap staining, embryos were imaged on a Nikon A1R confocal microscope with a 10× (NA 0.45) objective.



Live Multiphoton Microscopy (MPE)

Live multiphoton microscopy was performed to take z-stacks at a 1 μm optical section thickness with a four-channel Olympus FV1000MPE multiphoton laser scanning fluorescence microscope equipped with a mode-locked Coherent Chameleon two-photon laser and XLPLN25X/1.05NA Olympus water-immersion objective. Volumetric reconstructions and orthogonal views were created using NIS Elements software. Line plots were generated using the Olympus Fluoview software.



Astrocyte Culture and Immunocytochemistry (ICC)

Human astrocyte cultures (ScienCell #1800) were maintained at 10% CO2 in specialty media (ScienCell #1801). For Green Fluorescent Protein (GFP) expression, cells were transduced (MOI = 2) with a lentivirus constitutively expressing GFP (OriGene Tech #PS100093V). A pure GFP population was generated with puromycin selection for a few days in culture before use in experiments and cell line storage.

For ICC of differentiated astrocyte markers, roughly 200,000 cells were seeded onto 12 mm glass coverslips in a 6-well plate. After adhering overnight, cells were rinsed in PBS and then fixed for 10 min at room temperature in 4% PFA. Coverslips were rinsed in PBS, washed in PBST (PBS + 0.1% Tween20) several times, and then blocked in 10% Normal Donkey Serum made in PBST for 1 h at room temperature. After blocking, coverslips incubated in the following primary antibodies; chicken anti-GFAP (Abcam #ab4674,1:1,000), rabbit anti-Kir4.1(Alomone #APC-035, 1:1,000), mouse anti-ALDH1L1(UC Davis NeuroMab #75-164 1:500), and guinea pig anti-GLT-1(Millipore #AB1783 1:1,000) overnight at 4°C. Coverslips were washed in PBST for 30 min, and incubated with secondary antibodies; goat anti-chicken- Alexa 647, goat anti-rabbit- Cy3-550, goat anti-mouse- Cy3-550, and goat anti-guinea pig- Alexa 647 (Jackson ImmunoResearch, 1:1,000) at room temperature for 1 h. Coverslips were counterstained with DAPI (Thermo Fisher #D1306, 1:1000) for 5 min and washed in PBST for 25 min before mounting onto charged slides (VWR #48311-703) with Fluoromount (Electron Microscopy Sciences #17984-25). Images were acquired with a 40× objective (NA 0.75) and a 2.0× optical zoom on an Olympus FV1000 confocal microscope.



Astrocyte Microinjection

Cultured human astrocytes labeled with GFP were counted according to manufacturer’s guidelines and re-suspended at 25,000 cells/μL in PBS. 6 dpf Tg(kdrl:mCherry) larvae were anesthetized with 0.04% MS-222 (Sigma #A5040) prior to microinjection. During anesthesia, thin wall glass capillary needles with filament (World Precision Instruments #TW150F-4) were pulled with program 4 “Pro-Nuclear Injection” (Heat: 460, Pull:90, Vel: 70, Delay: 70, Pressure: 200, Ramp: 485) on a horizontal pipette puller (Sutter, Model P-1000). This program creates needles with a 0.7 μM tip and a taper of 6–7 mm. 1 μL of Phenol Red (Sigma #P0290) was added to 9 μL of the 25,000 cells/μL solution mixture. Capillaries were positioned in a round glass pipette holder and back loaded with 1 μL of cell mixture. Each loaded needle was calibrated using a pneumatic pump and micrometer (Carolina Biological Supply #591430) to calculate the bolus and corresponding cell number per injection. Animals were positioned dorsal side up for intracranial injection in a homemade agarose injection mold, and then microinjected with around 25 cells. While we attempted to only implant 25 cells (1 nL) per animal, microinjections are not trivial and slight pressure differences between animals could lead to more or less cells implanted. After injections, animals recovered and were tracked in individual wells of a 24-well plate 24 and 48 h later.



Olig2-fli1 Interaction and Single Cell Analyses

Imaging started at the anterior mesencephalic central artery and ended at the posterior mesencephalic central artery. Interactions between olig2+ glia (red) and fli1 vessels (green) were quantified within 130 μm of the zebrafish brain using the orthogonal view in Olympus Fluoview software. For single olig2+ glia cell counts, a threshold was created for the bottom and top half of the image due to the top half being brighter. Thresholds were set according to the control group for each data set. OIB images were saved as TIFFs and quantified with the 3D bright spot feature in NIS Elements software.



Glut1 Fluorescence Analyses

Confocal stacks were opened in FIJI-ImageJ analysis software and the mCherry fluorescent signal was measured through the Integrated Density feature for each image.



Vessel Distance Analyses

Vessel height and diameter of the distance between the basal communicating artery (BCA) and posterior communicating segments (PCS) was measured using ImageJ. The OIB file for each image was opened in ImageJ, and measurements for height were taken on the left side of the brain by drawing a line segment from the BCA to the PCS. The length of this line segment was measured using ImageJ. To measure the diameter of the PCS, a line segment was drawn between both ends of the PCS and measured using ImageJ.



Volumetric Vessel Analysis

Vessel volume in Tg(gfap:nfsB-mCherry)- or+ animals treated with MTZ (as described above) was calculated by binary thresholding analysis in Nikon Elements software. In brief, OIB files were calibrated in Nikon Elements and saved as ND2 files for further analysis. 48 z-sections starting at the PCS vessels were selected and a ROI of the same size was used in both groups. A rotating rectangle of the same ROI was created and a defined binary threshold (3D) was generated to use across images. The total volume measured (μm3) was calculated through the Measure option in the Nikon Elements software.



Western Blot

Eight–ten larvae were pooled per sample for each group, humanely euthanized in a 1.5 mL tube on ice, and egg water was replaced with 50 μL of RIPA lysis buffer. Samples were homogenized with a Pellet Pestle Mixer for 30 s on ice. Lysates were then centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was collected and diluted 1:6 for BCA protein quantification (Thermo Fisher #23227) and performed according to manufacturer’s guidelines. 15 μg of each sample was loaded per lane of a 4–15% Criterion Precast Midi SDS page gel (Bio-Rad #5671085) and electrophoresis was performed at 120 mV for 75 min. Samples with transferred to PVDF membranes using the Trans-Blot Turbo Transfer system (Bio-Rad #1704150). Membranes were blocked in blocking buffer (LICOR #927-80001) for 1 h at room temperature. Blocked membranes were incubated with a mouse anti-zebrafish VEGF antibody (R&D Systems #MAB1247, 1:1,000) and chicken anti-GAPDH antibody (Sigma #AB2302, 1:5,000) overnight at 4°C. The membrane was washed the next day with TBST (0.1% Tween20) for at least 30 min and incubated in blocking buffer with 0.1% Tween 20, 0.01% SDS, IRDye® 800CW Donkey anti-Mouse (Li-COR #925-32212, 1:20,000) and IRDye® 680RD Donkey anti-Chicken (Li-COR #926-68075, 1:20,000) secondary antibodies for 1 h at room temperature. Membranes were washed again in TBST for at least 30 min at room temperature, briefly rinsed in TBS, and were imaged on a Li-COR Odyssey Fc Imager. Densitometry of individual bands was performed in FIJI/Image-J software.



Zebrafish Whole-Mount Immunohistochemistry (WMIHC)

Tg(flk1:mCherry) or Tg(gfap:nfsB-mCherry) animals were humanely euthanized at 3 dpf in 1.5 mL tubes on ice and egg water was replaced with 4% PFA for incubation at 4°C overnight. Larvae were rinsed in PBS to remove PFA the next day. Tg(flk1:mCherry) larvae were slowly dehydrated in a PBS/Methanol series and stored in 100% methanol (VWR #BDH1135-1LP) at −20°C until staining. To generate sections for regular immunohistochemistry, larvae were sunk in a 30% sucrose solution overnight at 4°C after removing PFA. Animals were then embedded in an embedding block (EMS #62534-15) containing O.C.T compound (EMS #62550-0) and flash frozen below a cold alcohol slurry. Blocks were stored at −80°C until thin 10–12 μm serial sections were generated with a Leica cryostat.

For Gfap WMIHC staining, larvae were rehydrated into PBS using a PBS/Methanol series and then rinsed in PBST for 3 min × 5 min. To permeabilize the tissue, larvae were incubated in Proteinase K (Invitrogen #AM2546, 1:800) for 10 min at room temperature. PK activity was quenched with 10% normal donkey serum (EMD Millipore #S30-100ML) made in PBST. Larvae were washed 3 × 5 min in PBST and then blocked in 10% normal donkey serum for 2 h at room temperature. A rabbit anti-GFAP (Dako #Z033401-2, 1:250) primary antibody was diluted in blocking solution for incubation at 4°C overnight. Negative control secondary antibody only samples were set aside in blocking solution at the same time. Larvae were rinsed 5 × 5 min and then 3 × 20 min in PBST. Secondary antibody donkey anti-rabbit Alexa Fluor 488 (Invitrogen #A21206,1:200) was prepared in blocking solution for 4°C overnight incubation. Larvae were then washed for 6 × 15 min before proceeding to confocal imaging. For IHC, sections were stained in a humidity chamber with a similar method, excluding PK treatment. Sections were counterstained with DAPI to label nuclei, coverslipped, and then imaged on a Nikon A1R confocal microscope.

To perform Caspase 3 staining, larvae were rinsed in PBST [0.03% Tx-100 (Sigma #T9284-500ML)] for 3 × 5 min. Antigen retrieval was performed by incubating animals in 150 mM HCl (pH 9.0) for 5 min at room temperature. The larvae were transferred to a 70°C heat block and incubated for another 10 min. Larvae were then washed in PBST for 3 × 5 min. To permeabilize the tissue, larvae were incubated in 0.05% Trypsin-EDTA (Thermo Fisher #25300054) on ice for 45 min. Two quick PBST rinses were performed for a total of 10 min. Larvae were then incubated in a blocking solution of 2% Normal Goat serum (Sigma #S26-LITER), 1% BSA (Fisher #BP1605-100), and 1% DMSO in PBST for 1 h at room temperature. A rabbit anti-Caspase 3 (BD Pharmingen #559565; 1:500) primary antibody was diluted in blocking solution for incubation at 4°C overnight. Negative control secondary antibody only samples were set aside in blocking solution at the same time. Larvae were rinsed multiple times in PBST for an hour before incubation in secondary antibody, goat anti-rabbit Atto 647N (Sigma #40839-1ML-F, 1:500) overnight at 4°C. Larvae were then washed for 6 × 15 min before imaging on an Olympus FV1000 confocal microscope.



Statistical Analyses

For analysis of olig2+-vessel interactions over time, a one-way ANOVA with Tukey’s multiple comparisons test was performed using GraphPad Prism software to determine p-values. For XAV939 and AV951 small molecule treatment experiments, a one-way ANOVA with Tukey’s multiple comparisons test was performed using GraphPad Prism software to determine p-values. For glut1 fluorescence analyses, a two-tailed, unpaired student’s t-test was performed using GraphPad Prism software to determine p-values. For vessel volume calculations, a one-tailed, unpaired student’s t-test was performed using GraphPad Prism software to determine p-values. For Western blot analysis, a one-way ANOVA with Tukey’s multiple comparisons test was performed using GraphPad Prism software to determine p-values. For Caspase 3 activation in MTZ-treatment WMIHC studies, a one-way ANOVA with Tukey’s multiple comparisons test was performed using GraphPad Prism software to determine p-values.



RESULTS


Olig2 and Gfap Characterize Distinct Glial Types in the Zebrafish Brain

The mammalian CNS contains a number of genetically distinct cell linages. For example, the Olig2 transcription factor characterizes NG2 glial progenitor cells that are destined to become oligodendrocytes (Rowitch, 2004). Astrocytes are characterized by a number of markers, most notably GFAP, Glutamate transporter-1 (GLT-1), Aldehyde dehydrogenase 1 family, member L1 (ALDH1L1), and Aquaporin 4 (AQP4) (Cahoy et al., 2008; Freeman, 2010). While a subset of these lineages interact with the CNS vasculature, the expression of astrocytic markers in parallel with CNS vessel development has not been well studied. We first assessed the presence of commonly expressed mammalian glial genes over critical time points during zebrafish brain development. As shown through RT-PCR analysis in Figure 1A, glial genes are developmentally regulated. Most genes were present by 1 day post-fertilization (dpf) and all genes amplified were more robustly expressed by 4 dpf. We also amplified the BBB transporter glucose transporter 1b (glut1b/slc2a1a) to indicate the onset of CNS angiogenesis, as it was previously shown that barriergenesis and CNS angiogenesis occur simultaneously via glut1b expression during zebrafish development (Umans et al., 2017). Through follow-up RT-qPCR, we generated a descriptive quantification of fundamental glial markers, (slc2a1a, slc1a2b, slc1a3b, aldh1l1, aqp4, kcnj10a, gfap, and glula), from 0 to 7 dpf (Supplementary Figure 1). RT-qPCR validated the increase of glial transcripts from 2 to 7 dpf, which correlates with the increase of the CNS vascular-specific glut1b/slc2a1a after the maternal to zygotic transition in development. While our PCR panel evaluated only a handful of genes, we also performed database mining in the zebrafish genome for annotated genes that are also highly expressed in human astrocytes (Supplementary Table 1) as previously reported in a transcriptomic study (Cahoy et al., 2008).
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FIGURE 1. Glial expression increases during zebrafish brain development with distinct lineages. (A) RT-PCR panel of different genes commonly expressed in glia, amplified in 0–7 dpf zebrafish cDNA samples. A water lane was used as a non-template control. (B,C) Among the amplicons from panel (A), olig2 and gfap label distinct populations at 1 dpf (B) and 4 dpf (C) of brain development. E, eye. Br, brain. Scale bar = 50 μm.


Glia do not uniformly express the same proteins, as they have discrete domains and functions (Freeman, 2010). For example, rodent studies demonstrated the transcription factor Olig2 labeled cells with distinctive lineages for both the myelinating glial progenitors cells (OPCs) and GFAP-negative astrocytes (Tsai et al., 2016; Tatsumi et al., 2018). While spatiotemporally regulated, both sets of glia also interact with the brain vasculature (Sofroniew and Vinters, 2010; Tsai et al., 2016). To first test whether these olig2+ and gfap+ cells have distinct lineages in the zebrafish brain, we crossed Tg(olig2:dsRed) animals with the Tg(gfap:GFP) line. Live confocal imaging at 1 dpf and later at 4 dpf revealed these glial cells label distinct populations with no overlap in fluorophore expression (Figures 1B,C). Therefore, olig2+ and gfap+ cells represent distinct sets of glia in the zebrafish brain for which we could investigate whether they also interact with blood vessels during development.



Wnt Signaling Regulates olig2+ Cell Number and Migration Along Vessels

As both Olig2+ and GFAP+ glia have relationships with blood vessels in the mammalian brain, we next wanted to determine whether olig2+ and gfap+ glia contacted blood vessels during zebrafish brain development. We first assessed olig2+ glia development with daily live confocal imaging of the Tg(olig2:dsRed) line crossed to the vascular line Tg(fli1a:eGFP)y1 from 1 to 6 dpf (Figures 2A–F). Single olig2+ cell populations migrated out of the ventral brain after the onset of CNS angiogenesis (Supplementary Movie 1). Furthermore, olig2+ glia co-opted vessels during migration (Figure 2G) and these interactions increased over 3–6 dpf (Figure 2H).
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FIGURE 2. Zebrafish migratory olig2+ glia expand during CNS angiogenesis and co-opt the developing vascular network. (A–F) Daily live confocal images of the Tg(olig2:dsRed) line (red) crossed to the Tg(fli1a:eGFP)y1 line (green) from 1 to 6 dpf. Red olig2+ glia move out from the ventral brain and migrate along green blood vessels during brain development. Scale bar = 50 μm. (G) A representative maximum intensity projection of a single olig2+ cell (red) sitting on a vessel (green) in the developing zebrafish forebrain (left panel). The orthogonal horizontal (XZ) and vertical (YZ) views (middle and right panel) from the crosshairs where the olig2+ cell sits on a vessel. The orthogonal views are displayed above their corresponding fluorescence line profiles whereby an arrow denotes an olig2+ -vessel interaction and an asterisk shows signal from a nearby vessel without an olig2+ cell. Scale bar = 10 μm. (H) olig2+-vessel interactions quantified from 3 to 6 dpf. A one-way ANOVA with Tukey’s Multiple comparisons test was performed. *p ≤ 0.05, **p ≤ 0.005, ****p ≤ 0.0001. Error bars represent standard error of the mean. n = 7–11 per group.


Previous developmental studies in mice demonstrated the necessity of Wnt signaling during Olig2+ OPC single cell migration along the brain vasculature (Tsai et al., 2016). To evaluate whether Wnt signaling is a conserved pathway for olig2+ glia-vessel interactions in zebrafish brain, we treated 3 dpf Tg(olig2:dsRed;fli1a:eGFP) animals by bath application with the Wnt inhibitor XAV939 for 72 h and performed live confocal imaging at 6 dpf. Compared to DMSO vehicle controls, XAV939 treatment significantly reduced the number of olig2+-vessel interactions after 72 h (Figure 3A). As Wnt signaling is important for both CNS angiogenesis and barriergenesis (Daneman et al., 2009), we teased these processes apart by using the VEGF inhibitor, AV951, during this same time frame of development to solely inhibit new blood vessel formation. Zebrafish Vegf inhibition also reduced olig2+ cell-vessel interactions as would be expected when fewer vessels are present (Figure 3A). With these treatments we were also able to dissect whether single olig2+ cell migration was also affected. Quantification of single olig2+ cells during XAV939 and AV951 treatment from 3 to 6 dpf showed that Wnt inhibition and not reduced CNS angiogenesis through Vegf inhibition significantly reduced olig2+ cells (Figure 3B) as previously demonstrated in mice (Tsai et al., 2016). Comparison of the number of interactions as a percentage of total olig2+ cell numbers showed a decrease after Vegf inhibition (Figure 3C). These results suggest Wnt inhibition reduces olig2+ cell number irrespective of lower brain vessel density. Fewer vessels present due to Vegf inhibition affected olig2+ glial-vascular interactions.
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FIGURE 3. Wnt inhibition decreases olig2+ cell vessel migration and brain endothelial cell signaling. (A) Tg(olig2:dsRed;fli1a:eGFP) animals were treated for 72 h from 3 to 6 dpf with DMSO vehicle, the Wnt inhibitor, XAV939, or the Vegf inhibitor, AV951. olig2+ cell-vessel interactions were quantified after 72 h of each treatment. A one-way ANOVA with Tukey’s Multiple comparisons test was performed (****p < 0.0001). Error bars represent standard error of the mean. n = 7–8 animals per group. (B) Quantification of individual cells from animals treated in panel (A). A one-way ANOVA with Tukey’s Multiple comparisons test was performed (**p < 0.005). Error bars represent standard error of the mean. n = 6–7 animals per group. (C) Quantification of the total number of olig2+ cell-vessel interactions divided by total number of olig2+ cells per condition. A one-way ANOVA with Tukey’s Multiple comparisons test was performed (*p < 0.005). Error bars represent standard error of the mean. n = 10 animals per group. (D) Representative live confocal images of Tg(glut1b:mCherry) animals treated with either DMSO vehicle control or XAV939 from 3 to 6 dpf. The right panels are the zoomed in areas from the corresponding white boxes in the left panels. Scale bar = 20 μm. (E) Quantification of glut1b:mCherry fluorescence after 72 h of XAV939 treatment. A two-tailed, unpaired t-test was performed (***p < 0.001). Error bars represent standard error of the mean. n = 9–11 animals per group.


Wnt signaling is known to affect mouse brain blood vessel development as well as protein expression of the BBB protein, GLUT1 (Daneman et al., 2009). Because the reduction in zebrafish olig2+-vessel interactions was not solely due to a lack of vessels, we asked whether Wnt signaling during this period of CNS angiogenesis also affects brain endothelial cell properties via expression of the BBB marker glut1b. To test this, we treated the Tg(glut1b:mCherry) line with XAV939 from 3 to 6 dpf, the same time frame of treatment in the olig2+ cell migration experiments. After live confocal imaging and fluorescence analysis, we saw a striking reduction in the glut1b:mCherry signal after Wnt inhibition compared to DMSO vehicle control treated siblings (Figures 3D,E). To corroborate the results from our XAV939 Tg(glut1b:mCherry) imaging experiments, we also assessed Wnt pathway genes via RT-qPCR. Transcript analysis after 3–6 dpf of XAV939 treatment revealed a twofold reduction in transcript for the canonical Wnt target lef1 as well as glut1b (Supplementary Figure 2). These results demonstrate that olig2+ glia migrate along the zebrafish brain vasculature during development and that this process requires Wnt signaling. Accordingly, Wnt inhibition during 3–6 dpf alters brain endothelial cell expression of the BBB transporter glut1b in transgenic reporter lines and at the transcript level and supports that Glut-1 is a Wnt signaling target gene at the zebrafish BBB as it is in mammals (Daneman et al., 2009).



gfap+ Glia Have a Close Association With the Developing Zebrafish Brain Vasculature

As we examined how olig2+ glia utilized the brain vasculature as a scaffold during brain development, we next wanted to assess whether zebrafish glia could conversely support vessel growth. In the mammalian brain, GFAP+ cells outline vessels and cover most of their surface. Consequently, we first asked whether zebrafish gfap+ cells similarly embrace the zebrafish brain vasculature. While we did note a close association of Gfap+ labeled cells with vessels via immunocytochemistry experiments in the Tg(flk1:mCherry) vascular line (Supplementary Figure 3), we wanted to more thoroughly follow this line of inquiry with live in vivo imaging. We crossed the Tg(gfap:GFP) line to the vascular reporter line Tg(kdrl:mCherry), whereby glia are labeled in green and vessels are labeled in red. As a recent study showed zebrafish spinal cord glia mature by 6 dpf (Chen et al., 2020), we assessed gfap+ cell-vessel morphology at 7 dpf through multi-photon laser scanning microscopy. Live imaging of 7 dpf vessels revealed stunning outlines and points of contact from gfap+ cells as denoted in 3D rendered views and orthogonal projections (Figure 4) (n = 5 animals, both hemispheres, 20 vessels). These results indicate zebrafish gfap+ glia associate with the developing brain vasculature.
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FIGURE 4. Zebrafish gfap+ glia outline the developing brain vasculature. (A) The front-facing view of a volumetric 3D reconstruction showing the interaction (white arrow) of a gfap cell process (green) with a brain vessel (red). (B) A lateral-view of the same image in panel (A). (C,D) White and black images of each channel in panel (A). (E,F) White and black images of each channel in panel (B). (G) A view of the image in panel (A) showing the interaction of the green fluorescent signal with the red fluorescent signal (white) at the crosshairs. (H) Orthogonal views and line profiles for the vertical (YZ) and horizontal (XZ) crosshairs intersecting (white arrow) where the gfap cell meets the vessel in (G). n = 5 animals, both hemispheres, 20 vessels total. Scale bar = 15 μm. (I,J) White and black images of each channel in panel (G).




gfap+ Glia Support Brain Vessel Development via Vegf Signaling

We next wanted to examine whether vessel development depended on the presence of gfap+ cells. To determine this, we crossed the Tg(gfap:nfsB-mCherry) line to Tg(fli1:eGFP)y1 to assess whether nitroreductase-mediated depletion of gfap+ glia affects vessel structure during CNS angiogenesis. This conditional and inducible cell death occurs when nitroreductase expressed in the cell of interest metabolizes MTZ and generates a cytotoxic metabolite (Curado et al., 2008). We maintained the Tg(gfap:nfsB-mCherry) line with heterozygous carriers so we could control for MTZ treated siblings without the gfap:nfsB-mCherry transgene (Curado et al., 2008). As Johnson et al. (2016) noted brain hemorrhage in 50% of animals after gfap+ cell ablation from 8 to 72 hpf, we used this period to look at vessel morphology and development. Through bright field microscopy, we observed 9% of gfap:nfsB-mCherry transgenic animals that were MTZ-treated from 8 to 72 hpf had brain microbleeds (n = 33). Live confocal imaging at 3 dpf revealed an impairment in vessel growth in MTZ treated gfap:nfsB-mCherry transgenic animals (right panel) compared to DMSO and MTZ treated non-transgenic control siblings (left and middle panels) (n = 6–11 animals per group) (Figure 5A). While MTZ-treated, gfap:nfsB-mCherry transgenic animals had the greatest vessel defects, we did note MTZ-treated non-transgenic siblings had slightly aberrant vessel growth (Figure 5A, middle panel). We also performed WMIHC for the apoptotic marker activated Caspase 3 in all groups to confirm cell death. 10 mM MTZ treatment from 8 to 72 hpf did induce cell death in gfap:nfsB-mCherry transgenic larvae as previously reported (Johnson et al., 2016), however, we noticed additional 10 mM MTZ off-target effects through cell death induced in non-transgenic treated controls compared to DMSO vehicle treated siblings (Supplementary Figure 4). We further assessed vessel volume in non-carrier transgenic siblings and transgenic carriers that were both MTZ treated. Through binary 3D threshold analysis, we found that there was a reduction in vessel volume in MTZ-treated transgenic carriers compared to non-transgenic MTZ-treated siblings (Figure 5E).
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FIGURE 5. Ablation of gfap glia impairs CNS angiogenesis via a reduction in Vegfa. (A) Live confocal images of 3 dpf animals in the following treatment groups; gfap:nfsB-mCherry+ treated with DMSO treated (left), gfap:nfsB-mCherry- treated with MTZ (middle), and gfap:nfsB-mCherry+ treated with MTZ (right). MTZ treatment in the transgene containing group reduces vessel outgrowth in the brain. n = 6–11 animals per group. (B) RT-PCR of Vegfa isoforms during 0–4 dpf development. (C) WMIHC of 1 dpf Tg(gfap:GFP) (green) stained for Vegfa protein (red). Vegfa is widely expressed during gfap cell development. E, eye. Br, brain. (D) Western blot analysis of Vegfa protein levels in the same treatment groups in (A). A two-way ANOVA with Tukey’s Multiple comparisons test was performed (***p < 0.0005). Error bars represent standard error of the mean. n = 5 biological replicates/groups per condition. (E) Volumetric analysis of vessels from non-transgenic control siblings treated with MTZ (left) show a reduction in vessel volume in transgenic animals treated with MTZ (right). A one-tailed, unpaired t-test was performed (*p < 0.05). Error bars represent standard error of the mean. n = 8–9 animals per group.


We also assessed vessel growth at a later time window when gfap+ cells were ablated from 1 to 4 dpf, starting closer to the onset of CNS angiogenesis. However, we saw less severe vessel impairment through live confocal microscopy at 4 dpf, even though 25% of animals (n = 25) had some form of microbleed or brain hemorrhage (Supplementary Figure 5C). Through live confocal microscopy, we assessed large vascular landmarks such as the posterior communicating segment (PCS) and basal communicating artery (BCA) (Supplementary Figures 5D–F) (Isogai et al., 2001). We measured vessel distances between the PCS and connecting BCA vasculature, and found a reduction in the distance between the PCS to the BCA (Supplementary Figure 5H). Conversely, inhibition of CNS angiogenesis with VEGF inhibitor AV951 in Tg(gfap:GFP; kdrl:mCherry) animals from 1 to 2 dpf did not affect the outgrowth of gfap+ cells, suggesting initial vessel development does not affect gfap+ cell development (Supplementary Figure 6).

We next wanted to determine what signaling pathways could be disrupted after gfap+ cell ablation during 8–72 hpf when we saw a more dramatic impairment in vessel growth. Taking a candidate approach, we assessed zebrafish Vegf, as it has been shown that astrocytes release VEGF in other highly vascularized tissues like the retina to stabilize growing vessels (Scott et al., 2010). We first evaluated Vegf expression in the developing zebrafish through RT-PCR and WMIHC. Zebrafish express two Vegfa paralogs from 0 to 4 dpf (Figure 5B) and the brain and eye ubiquitously express Vegfa protein when gfap+ glia are present at the onset of neural development (Figure 5C). Through Western blot analysis, we saw a robust and significant reduction in Vegfa protein after gfap+ cell ablation from 8 to 72 hpf (Figure 5D and Supplementary Figure 7). While we did note off-target Caspase 3 activation due to MTZ treatment (Supplementary Figure 4), this cell death did not cause a robust reduction of Vegfa protein like we saw in MTZ treated gfap:nfsB-mCherry transgenic carriers. Therefore, zebrafish gfap+ glia are necessary for proper CNS angiogenesis and this process is partially mediated through Vegf signaling.



Human Glia Make Contact With the Zebrafish Brain Vasculature

We previously demonstrated in a model of perivascular glioma invasion, that glial-derived tumor cells associate with the developing zebrafish brain vasculature (Umans et al., 2020). However, we wanted to assess whether non-malignant glia would similarly contact zebrafish brain vessels. Cultured human astrocytes were transduced to express GFP and identified by GFAP, GLT-1, Kir4.1, and Aldh1L1 (Figures 6A–E). We then intracranially implanted these GFP expressing human astrocytes at the midbrain-hindbrain boundary of 6 dpf Tg(kdrl:mCherry) larvae, whereby blood vessels are labeled with a red fluorophore. 24 h post implantation, we noted contacts between human glia and zebrafish blood vessels in 87% of the imaged animals (n = 8). We followed the same animals 48 h post-implantation and witnessed that 80% of animals displayed glial-vascular contacts between implanted human cells and zebrafish vessels (n = 5) (Figures 6F–H). While it should be noted that fewer human glia were present in each animal compared to their images from 24 h post-implantation (Figure 6I), we did not see a decrease in the percentage of human glia that made contact with a zebrafish vessel (Figure 6J). These results suggest that the attraction to blood vessels is shared between human astrocytes and malignant gliomas, likely mediated by shared signals between endothelial cells, glia, and gliomas. Furthermore, these implantation studies suggest conserved signals support these interactions across vertebrates and thus could be dissected within the genetically tractable zebrafish model.
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FIGURE 6. Mature human astrocytes contact developing zebrafish brain vessels. (A–E) Immunocytochemistry of GFP-expressing human astrocytes (green), with DAPI counterstained nuclei (blue) (A), the common marker GFAP (B), and mature markers ALDH1L1 (C), Kir4.1 (D), and GLT-1 (E) (red). Scale bar = 30 μm. (F) 48 h post-implantation, human astrocytes (green) reach out to the surrounding brain vasculature (red) of a 6 dpf Tg(kdrl:mCherry) zebrafish larvae. (G) Green channel highlighting the astrocyte’s morphology. (H) A zoomed in view from the white dotted box in panel (F) showing the astrocyte reaching out to a vessel. n = 5 animals. Scale bar = 10 μm. (I,J) Quantification of human glia-zebrafish vessel interactions. While there was a decrease in human glia present in the brain from 24 to 48 h post-intracranial injection (I), the amount of glial-vessel contacts did not subsequently decrease (J). n = 4 animals in (I) and n = 3–7 animals in (J). A paired, two-tailed t-test was performed (*p < 0.05) in (I) and an unpaired, two-tailed t-test was performed in (J).




DISCUSSION

Our present study adds to a body of glial biology literature by capitalizing on the strengths of the zebrafish model system, whereby we examined glial-vascular interactions in the developing zebrafish brain. Out of the various candidate glial genes we amplified during development, we identified olig2+ and gfap+ cell populations with distinct glial lineages, which is consistent with observations in the mammalian CNS. We also observed that zebrafish olig2+ glia require Wnt signaling to migrate along the vasculature during brain development. In terms of vessel support, gfap+ glia are necessary to stabilize nascent brain vessels through Vegf expression. Furthermore, intracranially implanted human glia reach out to developing zebrafish blood vessels, suggesting conserved signals mediate glial-vascular interactions in zebrafish brain. These results demonstrate the feasibility to dissect endogenous zebrafish glia-blood vessel relationships and the potential of the zebrafish model to uncover novel molecules during vertebrate brain development.


Wnt Signaling During Zebrafish olig2+ Cell Vessel Migration

Of their many roles in the CNS, glia have evolved to make contacts with the cerebral vasculature. These relationships are present among Olig2+ OPCs that migrate out of the subventricular zone (SVZ) and onto blood vessels (Tsai et al., 2016) and mature GFAP+ astrocytes that enwrap the mature BBB (Sofroniew and Vinters, 2010). While we amplified a variety of candidate glial genes during zebrafish CNS angiogenesis (Figure 1A), we characterized vascular associations with glia of distinct olig2+ and gfap+ lineages. In the context of the Olig2 cell population, when blood vessels are abolished through loss of Wnt signaling, OPCs fail to migrate out of the SVZ (Tsai et al., 2016). Tsai, H-H. et al. demonstrate with a G-protein-coupled receptor (Gpr124) knockout mouse, normal CNS angiogenesis is necessary for proper Olig2+ cell migration (Tsai et al., 2016). However, Gpr124 signaling is also important for barriergenesis, and these conclusions may suggest the importance of vessel properties versus the just presence of vessels during OPC migration (Chang et al., 2017; Umans et al., 2017). To assess conservation in the zebrafish and further tease this a part, we established that zebrafish olig2+ cells migrated along the brain vasculature (Figure 2).

We then added either the Wnt inhibitor XAV939 or the VEGF inhibitor AV951 to Tg(olig2:dsRed;fli1a:eGFPy1) animals from 3–6 dpf when we saw a significant increase in olig2+-vessel interactions (Figure 2H) and saw both of these small molecules decreased olig2+-vessel interactions (Figure 3A). Use of these small molecules showed that a significant reduction in single olig2+ cells (Figure 3B) is mainly due to Wnt signaling inhibition and not just due to a reduction in vessel growth, as Wnt signaling controls CNS angiogenesis (Daneman et al., 2009). However, when we compared the total number of olig2+ cell-vessel interactions divided by the total number of olig2+ cells present, we did not see a significant difference after XAV939 treatment (Figure 3C). It may be feasible that not every olig2+ cell is destined to interact with a blood vessel, as we saw only 24 interactions on average and 1,006 average single cells total in the DMSO condition (2% cell interaction/total cells). For example, in the Tsai, H-H. et al. study, they quantified interactions in the E12 brain using 4 mice, counted 1,056 cells, and found 60% cell interactions or 633 cells interacting at the vasculature (Tsai et al., 2016). Zebrafish olig2+ cells during this 3–6 dpf window may differ in the cell biology compared to an E12 mouse brain in utero. Other factors expressed by these olig2+ cells and topographically where the cells are destined to migrate to within the brain, may dictate whether they need to interact with and use the vasculature as a highway. As seen in Figure 2, the olig2+ zebrafish cells populate the brain in distinct patterns from 1–7 dpf.

Furthermore, Wnt signaling is important during barriergenesis via the expression of GLUT1 in mammals (Daneman et al., 2009). Because CNS angiogenesis and barriergenesis occur simultaneously in the zebrafish (Umans et al., 2017), we also questioned if Wnt inhibition could regulate zebrafish glut1b expression after the onset of barriergenesis from 3 to 6 dpf. Wnt signaling inhibition in Tg(glut1b:mCherry) animals showed a dramatic reduction in glut1b fluorescence (Figures 3D,E), indicating a change in brain endothelial cell properties during the same time frame olig2+-vessel interactions were reduced. RT-qPCR also confirms a reduction in glut1b transcript after XAV939 treatment (Supplementary Figure 2). These results suggest Wnt inhibition causes olig2+ glia to reduce their migration along vessels that lose BBB proteins. This result may corroborate why fewer olig2+ cells interacted at the vasculature, as the BBB is under a specialized set of signaling conditions than the peripheral vasculature (Daneman et al., 2009). However, this was a limitation of our current studies and future experiments would need to elucidate if these processes are consequential or mutually exclusive.



Zebrafish gfap+ Glia Contact the Brain Vasculature

Olig2+ lineage astrocytes are a distinct subtype from GFAP+ astrocytes in mouse brain and the zebrafish spinal cord (Park et al., 2007; Tatsumi et al., 2018). Even though GFAP is a hallmark astrocyte label, not all glia express this intermediate filament protein even though it is commonly used to show glial-vascular interactions in mammals (Simard et al., 2003). Therefore, we wanted to evaluate whether zebrafish gfap+ glia have the potential to associate with and stabilize the vasculature in the developing zebrafish brain. Indeed, we demonstrate for the first time in live zebrafish larvae that gfap+ cells have a close relationship with the vasculature in the brain (Figure 4). Whether these gfap+ cells are mature astrocytes or radial glia-like cells at this developmental stage remains unknown and still needs to be investigated. Previously, the consensus in the glial biology community was that zebrafish glia were radial-glia like and not bona fide astrocytes (Lyons and Talbot, 2014). However, recent studies indicate morphological maturation of glia in the developing zebrafish brain and spinal cord, suggesting an understudied and exciting biology yet to be explored in the zebrafish model system (Chen et al., 2020). While we did observe 7 dpf vessels outlined with gfap+ glia (Figure 4), we did not see a complete ensheathment of the vessel wall as it appears in rodent brain (Simard et al., 2003). While we looked at gfap+ glia along vessels during development, Jeong et al. (2008) also saw an outline but incomplete covering of Gfap+ cells around adult zebrafish brain vessels. This could be due in part to the use of antibodies, as studies with organotypic slice culture have demonstrated that GFAP antibody labeling does not fully capture the complex cytoarchitecture of a differentiated astrocyte (Benediktsson et al., 2005). Future zebrafish studies should be aimed at following the lifespan of these gfap+ glia into adulthood with the use of transgenic cell membrane labeling.



gfap+ Zebrafish Glia Stabilize Nascent Vessels Through Vegf

Moreover, through this study we demonstrate the necessity of zebrafish gfap+ cells for brain blood vessel development. Larvae with gfap+ cells ablated from 8 to 72 hpf had impaired CNS angiogenesis and areas with collapsed vessels (Figure 5A, right panel). Similar to other mutants that exhibit abnormal vessel patterning, Tg(gfap:nfsB-mCherry) MTZ treated animals displayed edema around the pericardium and yolk sac (Roman et al., 2002) (Supplementary Figure 5B). As we determined through Western blot analysis, gfap+ ablated animals have a significant reduction in Vegfa protein (Figure 5D). The Vegfa isoform is important for vessel dilation and could be why we saw collapsed vessels in our MTZ treated transgenic animals (Nakatsu et al., 2003). A similar study demonstrated zebrafish gfap+ cells modulate vascular patterning in the spinal cord through Vegf signaling (Matsuoka et al., 2016). A reduction in mouse VEGF-A also disrupts vascular plexus patterning in the developing brain and GFAP–/– mice have poorly vascularized white matter (Liedtke et al., 1996; Haigh et al., 2003). Regardless if zebrafish gfap+ glia are more radial glia-like versus a mature astrocyte, immature radial glia help stabilize the vasculature during development and mature astrocytes maintain the BBB (Ma et al., 2013; Heithoff et al., 2020). The incidence of brain hemorrhage (25%) in animals from 1–4 dpf (Supplementary Figure 5C) seen in our study in addition to that witnessed by Johnson and colleagues further suggests a disruption in vessel integrity (Johnson et al., 2016). However, the mechanism responsible for this break down (i.e., loss of tight junctions, etc.) is unknown and would be interesting for future investigations. Furthermore, Vegfa was only one candidate we assessed upon gfap+ cell ablation and other ligands such as Wnt7a is important for maintaining gfap+ cells during neurogenesis and BBB development (Qu et al., 2013; Wang et al., 2018).

A limitation of this gfap+ cell ablation model is that it utilized the nitroreductase system in which we do not get a complete ablation of gfap+ cells. Additionally, we noticed some off-target effects of MTZ on vessel development in our transgene negative treated control siblings (Figure 5A, middle panel), yet this biology was robustly worsened in MTZ treated animals with the gfap:nfsB-mCherry transgene (Figure 5A, right panel). Interestingly, unlike a previous study that dechorionated 8 hpf embryos prior to MTZ treatment, we did not perform this and still saw biological effects. An additional limitation of our study was not all MTZ treated carriers of the gfap:nfsB-mCherry transgene were homozygous. This could be why we did not see as high of a brain hemorrhage percentage in animals compared to the study performed by Johnson et al. (2016) whereby they saw 50% hemorrhage after 8–72 hpf MTZ treatment. While brain hemorrhage was not 100% penetrant in the animals they treated, we noted a similar rate, whereby 25% of animals would be homozygous carriers and close to half of that percentage (9%, 33 animals) had brain hemorrhage after treatment. We chose to maintain heterozygous transgene crosses so we could incorporate an important control for MTZ treatment in non-transgenic siblings (Curado et al., 2008) as MTZ has been shown to have some neurotoxicity in human brain (Kuriyama et al., 2011). These potential off-target effects could also be why we saw substantial Caspase 3 staining in non-transgenic MTZ treated control siblings, although it was not statistically significant from DMSO vehicle treated siblings (Supplementary Figure 3D).



Glial Cell Diversity and Signaling Across Species

Significant glial biology has been uncovered with a breadth of model organisms. The field has traditionally utilized mammals to study glial cells but other model systems have emerged such as Caenorhabditis elegans (Oikonomou and Shaham, 2011), Drosophila melanogaster (Freeman, 2015), and zebrafish (Johnson et al., 2016; Chen et al., 2020). Zebrafish are vertebrates that possess high genetic conservation to mammals and are suitable for live imaging experiments during development, but their glial identity has been controversial as to whether they possess bona fide astrocytes (Lyons and Talbot, 2014; Muñoz-Ballester et al., 2020). However, a recent study indicated that larval zebrafish possess similar glial proteins, morphology, and biological responses as mature mammalian astrocytes (Chen et al., 2020). Furthermore, a recent toxicity study showed Aflatoxin B1 was toxic to human astrocytes in vitro and to the development of glial cells in zebrafish in vivo (Park et al., 2019). It is also possible that differences between mammalian and zebrafish glia have redundant roles based on evolutionary divergence, but this is not yet fully understood.

A better understanding of glial cell diversity in multiple model organisms would further elucidate the roles glia play during brain development, CNS homeostasis, BBB maturation, and their importance from an evolutionary perspective (Bundgaard and Abbott, 2008). Zebrafish are advantageous for use in genetic and developmental studies, yet their glial cell maturity is still actively in question (Muñoz-Ballester et al., 2020). While there are differences between mammals and zebrafish, this diversity may enhance our overall understanding of biological processes. For example, zebrafish retain a regenerative capacity that is not present in mammals and the differences in these glial cells may give clues as to why the human CNS does not have this function (Goldshmit et al., 2012). Therefore, more detailed zebrafish studies will answer questions that remain regarding the model system while simultaneously dissecting glial biology.

GFAP is one of the most popular markers to label mature astrocytes, but it is does not uniformly label all healthy cells and is a robust marker of reactive gliosis (Sofroniew and Vinters, 2010). Radial glia also express GFAP during development but mature GFAP+ human astrocytes later retain specific proteins such as GLT-1 after differentiation (Sofroniew and Vinters, 2010; Roybon et al., 2013). While various astrocyte preparations have their strengths and limitations regarding protein expression (Lange et al., 2012), we wanted to demonstrate cultured human cells were differentiated and whether they would interact with zebrafish brain vessels. Our human astrocyte cultures expressed GFAP, possibly due to being cultured with media containing serum. However, these cultured astrocytes expressed additional proteins that would deem them differentiated, such as Kir4.1, GLT-1, and ALDH1L1 (Figures 6B–E). Expression of these markers was important to denote because a mature astrocyte may utilize similar pathways to make contact with the vasculature in the developing and mature brain. We chose to inject 6 dpf animals as Chen et al. (2020) recently demonstrated the maturity of zebrafish spinal cord glia around this time point. Unlike tumor cells that are mis-programmed to sustain uncontrolled cell growth, we noted that 6 dpf animals implanted with cultured astrocytes had fewer cells 48 h post-implantation compared to 24 h post-implantation. This could be due in part to the environment of a developing brain as well as the compact space in which the human cells had to survive. It is possible that normal astrocytes cannot shrink their cell size as glial derived tumors can (Watkins and Sontheimer, 2011). If our cultured cells were reactive, they may also not survive because that function is not compatible inside a developing brain. As these human astrocytes made contacts with the zebrafish vasculature (Figures 6F–H), this suggests that mechanisms that support survival of human astrocytes in the developing zebrafish brain differ from the mechanisms that establish glial-vascular interactions. Nonetheless, because these human cells made close contact with zebrafish vessels, these experiments substantiate studying endogenous glial-vascular interactions in the developing zebrafish brain.



Future Directions

Developmental biology provides a framework for the mechanisms required to generate healthy tissues and these pathways typically are dysregulated in disease. For example, gliomas possess invasive olig2+ cell populations that migrate along blood vessels during tumor expansion just as olig2+ OPCs migrate during brain development (Tsai et al., 2016; Griveau et al., 2018). Furthermore, glial-vessel relationships hold great importance as cerebral vascular health is tightly linked to neurological diseases. For example, Gfap-mediated deletion of Cerebral cavernous malformation 3 (Ccm3) in mice demonstrate cell non-autonomous effects on vascular development similar to Cerebral cavernous malformation disease in humans (Louvi et al., 2011). Additionally, a recent study with a 16p11.2 deletion autism syndrome mouse model displays cerebral angiogenesis impairments that lead to future neurovascular detriments (Ouellette et al., 2020). While Ouellette et al. (2020) did not see any changes in astrocytes surrounding postnatal and adult blood vessels, it would be interesting to look at embryonic stages and assess the radial glial that may stabilize the nascent vessels that develop abnormally. Therefore our developmental biology studies raise an interesting and open-ended question; are there common pathways in developing glia that stabilize nascent vessels and differentiated glia that maintain mature vessels in the healthy brain? While our studies were limited to a small portion of amplified glial genes and the olig2+ and gfap+ transgenic lines, an array of glia have yet to be studied in zebrafish (Supplementary Table 1) and novel genes are likely to be discovered. Taking advantage of pharmacological studies, live imaging, fast development, and genetic manipulation studies over short periods of time, we demonstrate the feasibility and attractiveness of using zebrafish to study glial-vessel interactions. Therefore, additional zebrafish studies could clarify glial diversity in the CNS, elucidate novel mechanisms important for CNS and vascular development, and illuminate the associated molecular cues vital for glial-vascular biology.
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Neurovascular coupling is a crucial mechanism that matches the high energy demand of the brain with a supply of energy substrates from the blood. Signaling within the neurovascular unit is responsible for activity-dependent changes in cerebral blood flow. The strength and reliability of neurovascular coupling form the basis of non-invasive human neuroimaging techniques, including blood oxygen level dependent (BOLD) functional magnetic resonance imaging. Interestingly, BOLD signals are negative in infants, indicating a mismatch between metabolism and blood flow upon neural activation; this response is the opposite of that observed in healthy adults where activity evokes a large oversupply of blood flow. Negative neurovascular coupling has also been observed in rodents at early postnatal stages, further implying that this is a process that matures during development. This rationale is consistent with the morphological maturation of the neurovascular unit, which occurs over a similar time frame. While neurons differentiate before birth, astrocytes differentiate postnatally in rodents and the maturation of their complex morphology during the first few weeks of life links them with synapses and the vasculature. The vascular network is also incomplete in neonates and matures in parallel with astrocytes. Here, we review the timeline of the structural maturation of the neurovascular unit with special emphasis on astrocytes and the vascular tree and what it implies for functional maturation of neurovascular coupling. We also discuss similarities between immature astrocytes during development and reactive astrocytes in disease, which are relevant to neurovascular coupling. Finally, we close by pointing out current gaps in knowledge that must be addressed to fully elucidate the mechanisms underlying neurovascular coupling maturation, with the expectation that this may also clarify astrocyte-dependent mechanisms of cerebrovascular impairment in neurodegenerative conditions in which reduced or negative neurovascular coupling is noted, such as stroke and Alzheimer’s disease.
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NEUROVASCULAR COUPLING

The brain is an energy-hungry organ; it comprises only 2% of body weight but uses about 20% of the body’s resting energy (Attwell and Laughlin, 2001; Howarth et al., 2012). This high energy demand is met by a constant supply of energy substrates delivered via extensive cerebral vascular networks (Blinder et al., 2013). An increase in the metabolic demand of neurons during activity induces a further increase in cerebral blood flow (CBF): this coupling between neuronal activity and CBF is termed neurovascular coupling (NVC). NVC is a fundamental aspect of healthy brain function and underlies the basis for non-invasive brain imaging techniques used in clinical and research settings. Such techniques, including blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI) (Howarth et al., 2021), positron emission tomography (Cecchin et al., 2021), and the more recent functional ultrasound (Mace et al., 2011), use changes in CBF or the subsequent changes in energy substrates as a proxy for neuronal activity. Research in the last two decades has taught us much about the cellular mechanisms underlying NVC. However, these mechanisms are not yet fully characterized. Notably, neural activity does not reliably correlate with increases in CBF in the developing brain in rodent models or humans, nor in the context of neurodegenerative diseases. Despite their importance, the mechanisms underlying reduced NVC in development and disease are understudied. In this review, we introduce the components of the neurovascular unit (NVU), briefly summarize known signaling mechanisms that mediate NVC, describe the changes that occur in NVC and NVU components during development and during neurological disorders, and end by suggesting future research directions to elucidate the mechanisms that underpin these NVC changes. We pay particular attention to astrocytes, the major glial component of the NVU that contributes to NVC. Similarities between immature astrocytes in the developing brain and reactive astrocytes in disease contexts, including in ischemic stroke and Alzheimer’s disease (AD), suggest parallel astrocyte-dependent pathways may underlie reduced NVC in both development and disease. Thus, a comprehensive understanding of how NVC is regulated during development and neurological disorders will not only improve our understanding of these biologically important processes, but potentially also guide new therapeutic interventions in disease conditions characterized by cerebrovascular dysfunction.



NEUROVASCULAR UNIT: COMPONENTS AND DEVELOPMENT

The NVU is an integrated and interactive entity comprised of neurons, glia (astrocytes and microglia), and cerebral vascular cells (vascular smooth muscle cells (VSMCs), pericytes, and endothelial cells). The NVU is important for maintaining the blood-brain barrier (BBB), a structure crucial for maintaining brain homeostasis that tightly controls the transport of molecules and immune cells into and out of the central nervous system (CNS) (Abbott et al., 2010). Breakdown of the BBB is evident in disease and results in exposure of brain tissue to harmful blood components such as fibrinogen and albumin (Schachtrup et al., 2010; Weissberg et al., 2015), which can exacerbate or cause neurological dysfunction. NVU components are important for BBB establishment and maintenance. This is extensively reviewed elsewhere (Sweeney et al., 2019). In this review, we focus on the role of the NVU components in activity-dependent changes in CBF, that is, NVC.

Changes in NVC manifested during development and NVU maturation may explain conflicting findings reported by numerous groups. During development, the vasculature, neuronal circuits, and astrocyte networks must integrate to form the NVU, maintain a healthy BBB, and engage NVC mechanisms. The complete NVU is closely linked in activity beginning in the early stages of development and into adulthood.

Though neural cells and the vasculature have distinct embryonic origins, they have strikingly intertwined time courses of proliferation, migration, and terminal differentiation, and a common array of signaling molecules that regulate both brain and vascular development (Raab and Plate, 2007; Walchli et al., 2015b). Even in the adult brain, neurogenesis occurs in regions of angiogenesis, suggesting a close relationship between the two (Palmer et al., 2000). Indeed, vascular endothelial cells synthesize brain-derived neuronal growth factor (BDNF) to precisely guide the migration of adult neuronal progenitors from the subventricular zone to the olfactory bulb (Snapyan et al., 2009). The relationship between neural and vascular development is not just limited to proliferation cues. Early (P0-P5) in mouse barrel cortex development, neural activity drives vascular formation and patterning (Lacoste et al., 2014). Thus, vasculature-derived signals can drive proper neuronal migration and positioning, while neural activity can, conversely, drive proper branching and vascular patterning.

NVU development further depends on reciprocal feedback signaling between blood vessels and astrocytes. Astrocytes are required for proper blood vessel density and branching throughout development, and inhibition of astrogliogenesis leads to a significant decrease in vessel density and branching in both the cortex (Ma et al., 2012) and the retina (O’Sullivan et al., 2017). Thus, astrocyte and cortical vessel development coincide and are interdependent, and the mechanisms driving NVC could also vary as the system matures. Microglia also play a role in vasculogenesis (Arnold and Betsholtz, 2013; Reemst et al., 2016) and use blood vessels as migration highways in the developing brain (Mondo et al., 2020). Although the complete NVU is not fully established for the first few weeks after birth in rodents, neuronal activity can regulate cerebral vessels via astrocytes as early as P9 (Zonta et al., 2003). Apparent morphological maturation of the NVU occurs by the third week of life (Coelho-Santos and Shih, 2020); however, the timeline over which functional NVC mechanisms mature is not fully elucidated.


Neurons

The stages of brain development on the level of neurons have been very well characterized in humans and rodents. The major timeframe within which neurogenesis occurs in rodents is embryonic day 9.5 (E9.5) to postnatal day 15 (P15) (Altman and Bayer, 1990a,b; Letinic et al., 2002; Sillitoe and Joyner, 2007; Sudarov and Joyner, 2007), while the comparable period in humans is ∼10–28 gestational weeks (Letinic et al., 2002). Synaptogenesis and myelination occur after birth and continue throughout adolescence, coinciding with the generation and growth of astrocytes and oligodendrocytes, respectively. In the case of myelin, this process continues into adulthood (Andersen, 2003; Watson et al., 2006; Semple et al., 2013).

Neurons are integral within the NVU as the driving agents initiating increases in CBF during functional hyperemia, and as the cells that consume most of the energy used by the brain (Howarth et al., 2021). Neurons interact with astrocytes, microglia, and blood vessels, and their communication at each of these interfaces influences how the NVU responds to neural activity to induce NVC and mediate changes in CBF (Attwell et al., 2010). When research into NVC first began, it was believed to be a process mediated by feedback regulation, such that a decrease in energy substrates signaled an increase in blood flow for energy production (Attwell et al., 2010). However, a lack of oxygen and glucose, the primary substrates necessary for adenosine triphosphate (ATP) production via glycolysis and oxidative phosphorylation, does not fully explain the hemodynamic response, as the response persists even under conditions wherein both substrates are present at high concentrations (Powers et al., 1996; Wolf et al., 1997; Lindauer et al., 2010). Instead, these data support the notion that NVC is engaged in a feed-forward manner wherein, regardless of the available energy substrates, CBF is increased (at least in adult animals) following synaptic activity via intercellular signaling between NVU components (reviewed in Arthurs et al., 2000; Attwell et al., 2010; Mishra, 2017). This feed-forward process likely ensures an oversupply of substrates to preemptively prohibit a situation where neural tissue might receive an insufficient energy supply (Leithner et al., 2010; Buxton, 2021). Indeed, even when several identified NVC signaling pathways are inhibited in combination, this response cannot be entirely blocked (Liu et al., 2012; Hosford and Gourine, 2019). It is also possible that the large increase in blood flow relative to the metabolic needs of the tissue exists to wash away metabolic by-products such as carbon dioxide and lactate or is a result of the consequent acidosis. However, several papers suggest that pH in the extracellular space remains constant despite increases in lactate (Ueki et al., 1988) or even rises due to the activity of plasma membrane Ca2+-ATPases (Makani and Chesler, 2010) and extracellular carbonic anhydrase (Chen and Chesler, 1992). Furthermore, preventing acidosis did not reduce neurovascular coupling despite reducing vascular reactivity to hypercapnia (Liu et al., 2012). Another potential but under-examined reason for NVC may be that the increased blood flow serves as a sink for the heat generated during intense brain activity. In our view, the persistence of NVC stresses its importance for healthy brain function and underscores the myriad parallel and compensatory mechanisms in place to maintain it. It also strongly indicates that the pathways underlying NVC have not been comprehensively elucidated.

Neuronal activity can trigger local changes in CBF directly by releasing vasoactive molecules onto arterioles to engage VSMCs or indirectly via signaling to astrocytes, which then release vasoactive molecules onto capillary pericytes (details to be discussed below; Biesecker et al., 2016; Mishra et al., 2016; Mishra, 2017). Neuron-derived vasoactive molecules include cyclooxygenase-2-derived prostanoids (Niwa et al., 2000a) and nitric oxide (NO) (Dirnagl et al., 1993; Akgören et al., 1994, 1996; Gotoh et al., 2001; Lourenço et al., 2014; Mapelli et al., 2017; Echagarruga et al., 2020). The relative contributions of excitatory and inhibitory neurons to NVC is still a field of intense research (reviewed by Howarth et al., 2021), with current evidence supporting a potentially more important and predominant role for inhibitory neurons, particularly NO synthase-positive interneurons (Echagarruga et al., 2020; Howarth et al., 2021). Projection neurons from subcortical regions such as the basal ganglia (e.g., cholinergic neurons) and brainstem nuclei (e.g., noradrenergic neurons in the locus coeruleus) can also regulate cortical blood flow by mediating widespread change in vascular tone (Hamel, 2006) and modulating local NVC response via their actions on cortical neurons, astrocytes, and the vasculature (Scremin et al., 1973; Cauli and Hamel, 2010; Lecrux et al., 2017; see Lecrux et al., 2019; Howarth et al., 2021 for comprehensive reviews).



Astrocytes

During development, astrocytes are derived from radial glia and generated after neurons. Astrocyte proliferation rates differ throughout life and in response to injury (Bardehle et al., 2013). During human fetal development, astrocytes are one of the last cells to be generated, and white matter fibrous astrocytes are generated earlier than gray matter protoplasmic astrocytes (Marin-Padilla, 1995). Interestingly, both white and gray matter astrocytes form in parallel with vasculature ingrowth in those regions; these growth patterns are so interconnected they have been described as “inseparable” from each other (Marin-Padilla, 1995). Less is known about astrocyte postnatal development in humans (de Majo et al., 2020), but it is speculated that astrocytes continue to proliferate and cover the vasculature with their endfeet in step with the expanding brain.

In rodents, developmental proliferation of astrocytes occurs mostly within the week prior to and following birth, followed by differentiation and maturation during the first few weeks (Tien et al., 2012). Endfeet formation on the cerebral vasculature begins during the first week after birth alongside astrogliogenesis (Figures 1, 2; Lunde et al., 2015; de Majo et al., 2020). Formation of this gliovascular interface correlates with the expression of many proteins that characterize mature astrocytes and appears to drive their polarization (Ge et al., 2012; Lunde et al., 2015; Farmer et al., 2016; Clavreul et al., 2019). Hallmark features of mature astrocytes, including aquaporin 4 (AQP4), glial fibrillary acidic protein (GFAP), calcium-binding protein S-100β, glutamate-aspartate transporter GLAST, aldehyde dehydrogenase 1A1 (ALDH1A1), and the inward-rectifying K+ channel Kir4.1 increase progressively during the first few weeks of life (Shibata et al., 1997; Araque and Navarrete, 2010; Clarke et al., 2018). Expression of Kir4.1 in astrocytes is associated with a shift in their resting membrane potential from −50 to −80 mV, which reflects the reversal potential of K+ and is a physiological characteristic of mature astrocytes. Kir4.1 expression is also necessary for loss of proliferative properties and enhanced differentiation of astrocytes (Bordey et al., 2001; Higashimori and Sontheimer, 2007).
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FIGURE 1. Astrocyte coverage of arterioles during development, adulthood and after stroke. (A,B) In the cortex of developing rats, angiogenesis and astrogliogenesis is occurring concurrently. Although astrocytes begin enwrapping the vasculature immediately, this coverage is incomplete (arrowheads). GFAP expression can sometimes also be detected in the endothelium of very young rats (arrows). (C) An astrocyte with immature morphology lacking many processes is shown with a primary process extending to form an endfoot on a nearby capillary. (D,E) By mature adulthood (P60), astrocyte endfeet coverage of the blood vessels is complete. (F) Following middle cerebral artery occlusion (MCAO, a model of ischemic stroke), increased expression of GFAP and thickening of astrocyte endfeet on vessels is evident. Green = rat endothelial cell antigen-1 (RECA-1), magenta = glial fibrillary acidic protein (GFAP), blue = 4’,6-diamidino-2-phenylindole (DAPI). Scale bars = 10 μm. [Panels D,F are reproduced, with permission, from McConnell et al. (2019)].
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FIGURE 2. Schematic illustration of the neurovascular unit (NVU) at various life stages. (A) During early post-natal development, all the component cells of the NVU are present but the NVU is not yet mature. This stage is characterized by continuing vasculogenesis and astrogliogenesis and an incomplete coverage of the vasculature by astrocyte endfeet. Neuron density and synapse number is high, while synaptic pruning by microglia to tune the neuronal circuits is continuing. Many microglia are present directly on the vessels, which they use as as migration routes while also guiding angiogenesis. Although cerebral vessels grow and develop with an intact barrier function, it is incomplete without full coverage by astrocyte endfeet, which are necessary for blood-brain barrier maintenance. (B) In the adult (> at least P21), this system has matured with distinct tiling of astrocytes within the neural tissue and complete endfeet coverage of the cerebral vasculature. An estimated 99.7% of vasculature is covered by astrocyte endfeet in adults, with some spots in contact with microglia. Neuronal density is reduced compared to early development and synaptic pruning is complete. (C) In the context of neurological diseases or injuries, degenerating neurons are physically separated from healthy neuronal tissue by an astrocyte glial scar, composed of overlapping processes of reactive astrocytes that proliferate and lose their territorial properties. Microglia are activated, taking on a phagocytic phenotype at the site of tissue damage. Astrocyte endfeet appear thicken due to an increase in GFAP and vimentin expression and may retract from the basal lamina, which diminishes blood-brain barrier integrity and may interfere with neurovascular coupling and paravascular flow. Insets in circles show a cross section of a capillary in each condition. Created with BioRender.com.


Astrocytes are a crucial component of the NVU (McConnell et al., 2019) but, besides this, they also play key roles in synapse formation and function (Christopherson et al., 2005; Allen and Eroglu, 2017). Within the neuropil, astrocytes evenly tile the parenchyma with few overlapping processes but are connected to neighboring astrocytes via gap junctions to form a syncytium (Bushong et al., 2002; Kofuji and Newman, 2004; Tsai et al., 2012). Peri-synaptic processes of astrocytes closely interdigitate and communicate with neurons (Spacek, 1985; Ventura and Harris, 1999; Witcher et al., 2007, 2010). These peri-synaptic astrocyte processes mature alongside the pre- and post-synaptic structures of neurons during early developmental periods and contribute to synaptic plasticity in adulthood (Trotter et al., 2020, preprint). Astrocytes perform multiple specialized housekeeping tasks to maintain healthy brain function, such as K+ uptake (Kuffler et al., 1966; Olsen and Sontheimer, 2008), neurotransmitter clearance (Hertz, 1979; Brew and Attwell, 1987) and recycling (Norenberg and Martinez-Hernandez, 1979; Sonnewald et al., 1993; Bak et al., 2006), as well as bicarbonate transport to buffer extracellular pH (Theparambil et al., 2020). Astrocytes can sense neuronal signals and, in response, regulate synaptic function and plasticity (for further review on this topic, see Araque et al., 2014; Bazargani and Attwell, 2016).

Processes of a single astrocyte can directly contact neuronal synapses, via peri-synaptic processes, as well as cerebral vessels, via endfeet processes; different subsets of proteins are enriched in each of these compartments (Stokum et al., 2021). The astrocyte-vessel interaction is extensive: an estimated 99.7% of brain vasculature is covered by astrocyte endfeet (Simard et al., 2003; Mathiisen et al., 2010). This polarity of astrocyte structure—their near-complete vascular ensheathment on the one hand and their close relationship with neurons on the other—allows astrocytes to relay signals between neurons and blood vessels in a bidirectional manner (Mishra, 2017; Presa et al., 2020). It is now well established that synaptic release of neurotransmitters (e.g., glutamate and ATP) can trigger increases in internal astrocyte Ca2+ (Porter and McCarthy, 1996; Winship et al., 2007; Mishra et al., 2016) and result in downstream release of vasoactive molecules onto the vasculature, thereby driving NVC (Zonta et al., 2003; Peng et al., 2004; Gordon et al., 2008; Mishra et al., 2016). A major class of astrocyte-derived vasoactive molecules include metabolites of arachidonic acid such as prostaglandin E2 (PGE2), epoxyeicosatrienoic acids (EETs), and 20-hydroxytetraenoic acid (20-HETE). PGE2 can have bidirectional effects on vascular tone depending on the receptor, however, in the cerebral circulation, it acts via the EP4 receptor on vascular mural cells to induce vasodilation (Davis et al., 2004; Hall et al., 2014; Mishra et al., 2016). EETs are known to be vasodilatory signals and act through the high-conductance Ca2+- and voltage-dependent K+ channel, BK, (Archer et al., 2003; Larsen et al., 2006), or by antagonizing the thromboxane receptor (Behm et al., 2009) on smooth muscle cells. 20-HETE is a strong vasoconstrictor that inhibits K+ currents, mainly through BK channels, on smooth muscle cells, resulting in depolarization of VSMCs (Lange et al., 1997; Fan et al., 2013; Toth et al., 2013), but it may also act via the recently identified G-protein coupled receptor GPR75 (Garcia et al., 2017) or by increasing Ca2+ entry into vascular mural cells via L-type Ca2+ channels, TRPC6, and TRPV4 (Basora et al., 2003; Rousseau et al., 2005). Astrocytes can also release K+ ions via BK channels on their endfeet, which can exert bidirectional effects on vessel tone by acting on various inwardly rectifying K+ channels depending on extracellular K+ concentration (Knot et al., 1996; Zaritsky et al., 2000; Filosa et al., 2006; Longden and Nelson, 2015). Astrocyte-derived ATP and its metabolite adenosine can also exert opposing effects on cerebral vessels, depending on the site of action (astrocytes, endothelial cells, or VSMCs) and the receptors involved. ATP generally constricts vessels (Kur and Newman, 2014; Kim et al., 2015) but, in some cases, it is also capable of dilating them (Horiuchi et al., 2001), potentially by enhancing the release of dilating agents from other nearby astrocytes (Wells et al., 2015) or endothelial cells (Toth et al., 2015). On the other hand, adenosine generally dilates vessels (Ngai and Winn, 1993; Gordon et al., 2008; Wang and Venton, 2017) but may also cause or modulate constrictions (Meno et al., 2001). In addition to NVC, astrocytes also play a role in maintaining the resting tone of the cerebral vasculature and set basal CBF levels (Kur and Newman, 2014; Rosenegger et al., 2015), which could affect the amplitude of activity-dependent CBF changes (Blanco et al., 2008).

Astrocytes can also signal in the opposite direction: they can receive signals regarding the overall physiological state of the body (e.g., blood pressure, CO2 levels, or osmolality) from blood vessels and, in turn, activate neurons to induce homeostatic neural control of peripheral organs (Gourine et al., 2010; Filosa et al., 2016; Wang and Parpura, 2018). Indeed, astrocytes seem capable of changing neuronal firing properties in response to changes in vascular flow and pressure (Kim et al., 2015, 2016). This novel concept, termed the vasculo-neuronal hypothesis (Moore and Cao, 2008; Filosa et al., 2016; Presa et al., 2020), may be a mechanism via which body state can dictate, or at least modulate, brain function.

Mature astrocytes vary in density by brain region (Emsley and Macklis, 2006) and display regional heterogeneity in morphology and gene expression (Farmer et al., 2016; Bayraktar et al., 2020). The intermediate filament protein GFAP is often used as an identifying marker for astrocytes but, as a structural protein, it is only useful in visualizing portions of the astrocyte cytoskeleton. For example, mature protoplasmic astrocytes within the gray matter have hundreds of fine spongiform processes that do not contain GFAP (Bushong et al., 2004). White matter astrocytes have thicker processes with typically denser GFAP and contact neurons most often at nodes of Ranvier (Bayraktar et al., 2014; Lundgaard et al., 2014). Hippocampal astrocytes also generally appear to have higher GFAP levels than cortical astrocytes. In addition to this difference in GFAP expression in different astrocyte populations, GFAP levels also change in a variety of contexts, including during development, aging, learning, and in response to injury (Arnold et al., 1996; Walz and Lang, 1998; Kamphuis et al., 2015; Huang et al., 2020). Multiple recent analyses show that astrocytes within the same general region can display sub-regional heterogeneity, for example in the cortex (Bayraktar et al., 2020) and cerebellum (Farmer et al., 2016), which likely reflects parcellation of function. Functional studies have also found that astrocytes in different sub-regions can have different mechanisms underlying similar intracellular signals; for example, Ca2+ transients in hippocampal stratum radiatum astrocytes depend on TRPA1 channels (Shigetomi et al., 2013), whereas in the stratum lucidum they do not (Haustein et al., 2014). More information on the regional variety of astrocyte properties and function, particularly in subcortical and brain stem regions, have yet to be discovered. Likewise, whether heterogeneity of astrocytes contributes to regional variations in neurovascular coupling (Ekstrom, 2021), such as that reported between the visual cortex and hippocampus (Shaw et al., 2021), is also unknown and a question that demands further attention.



Microglia

Microglia originate very early in embryogenesis from yolk sac-derived myeloid precursor cells and infiltrate the brain by E8 (Alliot et al., 1999; Ginhoux et al., 2010). During development and continuing into the first week of life, microglia migrate along the cerebral vasculature to spread widely throughout the neuropil (Figure 2), where they proliferate and tile the tissue (Mondo et al., 2020).

Microglia are incredibly motile cells that extend and retract processes on the order of minutes to surveil their environment (Prinz et al., 2019). They frequently contact neurons, synapses, astrocytes, oligodendrocytes, and the microvasculature (Prinz et al., 2019), indicating an active role within the NVU. They play an important role in developmental refinement of neuronal circuits by engulfing dying neurons (Marin-Teva et al., 2004), pruning synapses (Stevens et al., 2007; Schafer et al., 2012; Stephan et al., 2012), and promoting mature, functional synapse formation (Ji et al., 2013; Pierre et al., 2017).

Within the NVU, microglia interdigitate with astrocytes to cover non-overlapping regions on CNS vessels (Mondo et al., 2020). This non-overlapping contact of the vasculature by astrocytes and microglia indicates that each cell type might have distinct roles within the NVU. Microglia play a crucial role in angiogenesis within the developing brain (Arnold and Betsholtz, 2013; Reemst et al., 2016). This vasculogenic role of microglia is underscored by the finding that microglia-deficient mice display impaired angiogenesis (Fantin et al., 2010). A recent study has also discovered an as-yet unappreciated role for microglia in regulating CBF; depletion of microglia or a microglia-specific knock-out of P2Y12R, a purinergic receptor characteristic of “resting” microglia in adult animals, resulted in a small but significant decrease in NVC and cerebrovascular reactivity (Császár et al., 2021, preprint). As monocyte-related cells, microglia also serve essential functions as the resident immune cells of the brain. Their processes dynamically surveil the brain microenvironment in healthy conditions (Madry et al., 2018). Following injury or in disease, microglia display a strong reactive response in which they retract their processes, reduce expression of resting phenotype proteins (such as P2Y12R, Cx3CR1, and TMEM119), and take on the amoeboid morphology and phagocytic characteristics of tissue macrophages (Lee et al., 2010; Salter and Stevens, 2017; van Olst et al., 2021). In this activated state, microglia can also release cytokines and other signaling molecules that induce reactive astrogliosis with a range of beneficial (Fukumoto et al., 2019) or detrimental (Liddelow et al., 2017) outcomes. Activated microglia also exert effects specific to the NVU, in particular by regulating the integrity of the BBB in a context-dependent manner (Halder and Milner, 2019; Haruwaka et al., 2019) and sometimes even engulfing segments of the vasculature (Jolivel et al., 2015). Thus, microglia play a multifaceted role in brain health. Although their association with blood vessels is established in both developing and mature brains, the exact role(s) of microglia within the NVU, in the context of the BBB as well as NVC, is underappreciated and has yet to be fully revealed.



Vasculature

In humans, the large vessel architecture of the brain is established by birth (Streeter, 1921) though the intracerebral vascular network continues to grow during the initial part of postnatal development, with capillary angiogenesis (and new penetrating vessel formation, as necessary) matching cortical expansion to evenly supply the whole brain (Marin-Padilla, 2012). In rodents, the major pial arteries and penetrating arterioles are established during embryogenesis (Ruhrberg and Bautch, 2013; Shapiro and Raz, 2014; Coelho-Santos and Shih, 2020), but extensive growth and maturation of the microvasculature extend throughout the first weeks of life (Tata et al., 2015; Walchli et al., 2015a; Coelho-Santos and Shih, 2020). Highly branched capillary beds reach about 90% of total brain vessels, with proliferation sharply decreasing between P15-25, indicating maturation of the capillary structure around the third week of life (Harik et al., 1993). Astrocytes undergo massive proliferation and maturation within a similar timeframe, coinciding with postnatal angiogenesis and maturation of the capillary network. During vascular infiltration into the brain, the basal lamina of blood vessels and the astrocyte-secreted basal lamina of the brain merge to form an interconnected cerebrovascular basal lamina, to which both the vessels and the astrocyte endfeet are anchored (Figure 2; Marin-Padilla, 2012). This anchoring gives rise to the close physical relationship between these important NVU components and enables their concerted functions in BBB maintenance and NVC regulation.

All vasculature is composed of at least two main cell types—endothelial cells, which line the vessel wall and form the tube within which blood flows, and vascular mural cells, which are located abluminally on vessels, encircling the endothelial tube. During development, endothelial cells may also express GFAP, a protein associated primarily with astrocytes (Virgintino et al., 1993; Osman et al., 2020); thus, interpretation of endfeet coverage of the vasculature during development must be made using double labeling techniques to ensure that the endothelial tube is not being mistaken for astrocyte endfeet (Figure 1). Endothelial cells are crucial for maintaining the BBB, with their tight junctions forming the physical barrier and their expression of an array of transporters and trans-/para-cellular transport machinery tightly controlling the movement of substances across the BBB (Sweeney et al., 2019). Beyond the BBB, they are important for sensing mechanical signals in the blood, such as pressure/flow and shear stress, as well as endocrine signals, such as adrenaline and acetylcholine (Godo and Shimokawa, 2017). In response, endothelial cells can release substances to change the contractility of vascular mural cells, thus altering blood flow. For example, neuron-derived acetylcholine can increase intracellular Ca2+ in endothelial cells, triggering the production and release of NO onto VSMCs and driving vasodilation (Zuccolo et al., 2017). Shear stress can also induce Ca2+-dependent release of NO and prostacyclin from endothelial cells, both of which relax VSMCs, and dilate vessels (Hecker et al., 1993). The ability of endothelial cells to produce and release proteoglycans and glycoproteins to maintain the basement membrane and vascular integrity can also be altered by changes in intravascular pressure (for extensive review, see Tarbell et al., 2014). Upon sensing pathological signals, such as extreme shear stress, endothelial cells can secrete proteases to break up the extracellular matrix and induce vascular remodeling and neovascularization (Chatzizisis et al., 2007). Endothelial cells are interconnected via gap junctions, which allows them to propagate vasoactive signals from the nearby neuropil or vascular mural cells to adjacent endothelial cells, leading to conducted contractility changes. This allows local vascular networks to respond to mechanical or chemical stimuli as one unit (Hautefort et al., 2019). Endothelial cells may also play an active role in NVC (Hogan-Cann et al., 2019) by sensing signals from astrocytes and neurons and then releasing dilators like NO onto contractile vascular mural cells (Stobart et al., 2013; Zuccolo et al., 2017).

Vascular mural cells are divided into two main categories: VSMCs and pericytes. VSMCs are contractile mural cells that cover the endothelial cell layer on arterioles nearly completely and on venules to a lesser extent. In the brain, VSMCs on arterioles are important for the proper development of blood vessels (Hellstrom et al., 1999). Later, after the cerebrovascular network is established, their primary roles encompass maintaining resting vascular tone and enacting activity-dependent diameter changes during NVC. VSMCs can regulate resting tone of vessels throughout the body in response to autoregulation (flow/pressure changes) or when signaled by endothelial cells upon sensing shear stress. VSMCs in cerebral arterioles can also regulate tone in response to signals from astrocytes via at least two mechanisms: purinergic signals from astrocytes constrict arterioles (Kur and Newman, 2014; Kim et al., 2015) while prostaglandins from astrocytes dilate arterioles (Rosenegger et al., 2015). Together, these push-and-pull signals establish a healthy vascular tone. On top of this basal regulation, VSMCs also participate actively in NVC by relaxing or contracting swiftly in response to neuronal activity to change arteriole diameter and produce changes in CBF (Attwell et al., 2010; Iadecola, 2017; Mishra, 2017). This VSMC response can be induced by direct signals from neurons, such as prostaglandins (Lacroix et al., 2015) or NO (Lourenço et al., 2014; Mishra et al., 2016; Echagarruga et al., 2020) or in response to astrocyte-derived signals, such as PGE2, EETs, 20-HETE, and K+ (Peng et al., 2002; Mulligan and MacVicar, 2004; Filosa et al., 2006; summarized in Iadecola, 2017).

Pericytes are vascular mural cells that ensheath the capillary endothelial tube. They are easily identified by the morphology of their cell bodies, which are situated on the vessel with a “bump-on-a-log” morphology, with processes extending along and around capillaries (Attwell et al., 2016). Pericyte morphology is dependent on their location on the vascular tree: pericytes on the first capillaries branching from arterioles have a more circumferential nature with a meshwork of processes around the vessel, while those in the mid-capillary network have more elongated longitudinal processes and those closer to the venules take on almost an amoeboid mesh morphology (Hartmann et al., 2015). At least at the level of the first capillary branches coming off the penetrating arterioles, pericytes mediate precise and local changes in vessel diameter and therefore are prime candidates for controlling localized, microvascular blood flow changes (Hall et al., 2014; Cai et al., 2018; Rungta et al., 2018). These pericytes can control blood flow by changing capillary diameter in response to neurotransmitters such as noradrenaline and glutamate (Hall et al., 2014) or in response to local neuronal activity (Mishra et al., 2016; Cai et al., 2018; Rungta et al., 2018). In mid-capillary regions, contraction of the longitudinal processes of pericytes is likely to increase rigidity, thus decreasing pliability, of the endothelial tube. As capillaries are generally narrower than red blood cells, such a change in pliability could potentially have large effects on net red blood cell flux. Thus, given that capillaries have the greatest resistance in the cerebrovascular system, changes in capillary diameter or pliability are likely to be a major source of blood flow changes in the brain (Gould et al., 2017).

Pericytes are functionally coupled to endothelial cells via gap junctions in both rodents and humans (Cuevas et al., 1984; Kovacs-Oller et al., 2020). Endothelial cells are tightly coupled together by gap junctions (Hautefort et al., 2019) to allow electrotonic conduction along the vasculature (Segal and Duling, 1986; Welsh and Segal, 1998; Emerson and Segal, 2000). This relationship permits locally sensed contractile signals in one pericyte to be conducted along the endothelium and conveyed to distant pericytes (Wu et al., 2006) or upstream arterioles (Longden et al., 2017). This mechanism allows propagation of vascular responses up- and down-stream of the vasculature to mount a coordinated response to increase local CBF within a capillary network (Segal and Duling, 1986; Rungta et al., 2018; Kovacs-Oller et al., 2020).



NEUROVASCULAR COUPLING CHANGES IN DEVELOPMENT

The NVC relationship changes dramatically during development. In humans, BOLD-fMRI studies show that infants often display sensory stimulation-coupled negative BOLD signals at higher rates and positive BOLD response less often than adults (Martin et al., 1999). Interestingly, newborns have a positive BOLD response but the negative BOLD response develops after birth, around 8 weeks of age (Altman and Bernal, 2001), peaks sometime during the second to third year of life, and decreases thereafter until a stable mature positive BOLD relationship is established (Martin et al., 1999).

The BOLD signal arises from a balance of oxygenated and deoxygenated blood and is influenced by changes in both CBF and metabolism (Howarth et al., 2021). Deoxygenated hemoglobin has paramagnetic properties; therefore, if metabolism alone were to increase (oxygen consumption), the increase in deoxyhemoglobin would actually cause the BOLD signal to decrease. However, NVC results in an increase in CBF in active brain regions, thus washing out deoxyhemoglobin and perfusing the tissue with an oversupply of oxyhemoglobin. This results in the positive BOLD signals (Ogawa et al., 1998; Howarth et al., 2021). Thus, negative BOLD responses could result from either an overburden of metabolism despite a comparable increase in CBF or an absence of activity-coupled CBF increase. The negative BOLD signals in human infants coincide with a developmental period of rapid synapse formation (Huttenlocher et al., 1982); thus, one possible explanation is that the increase in metabolic demand of the neurons is not matched by CBF (Meek et al., 1998). As synapse pruning and elimination proceed during the first several years of human life (Huttenlocher et al., 1982), the metabolic demand is reduced and NVC can match, and indeed out-supply, oxygen use. However, there is also evidence to suggest that the negative BOLD in neonates might be due to a smaller increase or even decrease in CBF in response to neuronal activity. Resting CBF values are lower in neonates and reach adult levels during adolescence (Takahashi et al., 1999), reflecting the time course of the still-growing cerebrovasculature (Marin-Padilla, 2012). Furthermore, a side-by-side comparison of ages showed a visual stimulation-evoked decrease in both CBF and BOLD signals in children, while an increase in both parameters was detected in adults (Born et al., 2002). Thus, both an increased metabolic demand and decreased NVC may together contribute to the negative BOLD signal in infant humans.

A similar switch in NVC is also observed in rodents. A systematic study in rats showed that hind paw stimulation evokes a decrease in CBF in the somatosensory cortex of young rats up to P18 but switches between P21–23 to become an increase in CBF and is strengthened even further in adulthood (Kozberg et al., 2013). In this study, total hemoglobin levels were used as a proxy measure of CBF, which should reflect the combination of both deoxy- and oxyhemoglobin and thus reflect overall changes in CBF. The observed pattern matches the findings of BOLD studies in human infants (interspecies age-corrected) and further supports the idea that a decrease in CBF, rather than an increase in metabolic oxygen use alone, contributes to negative BOLD. Thus, the first three weeks of rodent life are characterized by a correlated growth of the vascular network, astrocyte proliferation and maturation, and the establishment of a healthy mature NVC response. Although incomplete, a comparable picture exists in humans.

Astrocyte-mediated changes in vascular diameter are widely recognized as a major mechanism regulating vascular tone and NVC and are expected to contribute significantly to changes in CBF (Mishra, 2017). In response to neural activity, astrocytes can regulate the diameter of cerebral vessels in a Ca2+-dependent manner via several mechanisms. They can synthesize and release arachidonic acid metabolites such as EETs and PGE2 to dilate vessels, or 20-HETE to constrict vessels. They also take up excess extracellular K+ during neuronal activity, which depolarizes them and leads to Ca2+ increases via an as-yet unknown mechanism. This ultimately activates BK channels and releases K+ onto vascular mural cells (Filosa et al., 2006). Depending on the amount of K+ released, vascular cells can hyperpolarize (up to ∼15 mM) or depolarize (>20 mM), thus producing vascular dilation or constriction, respectively (Girouard et al., 2010). Astrocytes can also release ATP directly onto vascular cells in a tonic manner (Kur and Newman, 2014) or in response to increases in intravascular pressure (Kim et al., 2015). ATP can act on P2X receptors on the vascular cells to constrict them or it can be converted by extracellular ectonucleotidases to adenosine, which dilates vessels (Gordon et al., 2008). ATP from astrocytes can also drive vasodilation through ATP-mediated activation of endothelial NO synthase (eNOS) via P2Y1 receptors (Toth et al., 2015). Astrocytes and glial cells with similar properties (such as retinal Müller glia and cerebellar Bergmann glia) have been shown to release ATP in a Ca2+-dependent manner (Xiong et al., 2018), however, this has yet to be established in the context of NVC.

Most data support the idea that many astrocyte-dependent NVC mechanisms are, or theoretically could be, regulated by intracellular Ca2+ level within astrocytes. Two concepts have remained controversial: firstly, the source of the Ca2+ signals within astrocytes, and secondly, whether astrocyte engagement results in dilation or constriction. We suggest that the seemingly conflicting observations reported by different groups reflect developmental changes in NVC and therefore might offer a more nuanced insight into NVC maturation mechanisms than is appreciated. The first study to suggest a role for astrocytes in NVC was performed in adult rats and showed that a glutamate-evoked increase in CBF measured by laser Doppler flowmetry relied on the release of EETs from astrocytes (Alkayed et al., 1997; Peng et al., 2004). Later, metabotropic glutamate receptor 5 (mGluR5) dependent increases in astrocyte Ca2+ signals were found to underlie neural activity-evoked arteriole dilation in the cortex of P9–15 rats (Zonta et al., 2003). Although only the mechanism of dilations was probed in this study, only half of the vessels studied dilated, suggesting that the other half either did not respond or constricted. Another study performed in the hippocampus of P13–18 rats and mice showed that exogenously increasing astrocyte Ca2+ by activating mGluR5 or uncaging Ca2+ evoked arteriole constrictions (Mulligan and MacVicar, 2004). Thereafter, an in vivo study found that activity-evoked increases in CBF depended, at least partly, on mGluR5 in two-month-old mice (Takano et al., 2006). Thus, although it seemed that mGluR5-driven Ca2+-dependent mechanisms in astrocytes played a prominent role in cerebrovascular regulation, the response evoked was inconsistent, sometimes resulting in dilations (or an increase in CBF) and sometimes constrictions.

It soon emerged that mGluR5 expression in astrocytes decreases as early as the second postnatal week and is essentially absent in adults (Rusnakova et al., 2013; Sun et al., 2013; Clarke et al., 2018). Indeed, mGluR5 had previously been shown to be functionally absent in astrocytes in P21 rat hippocampal slices as early as 1995 (Duffy and MacVicar, 1995), and it was shown to decrease at the protein level with age and disappear between P20–25 in 2000 (Cai et al., 2000). Thus, much of the work showing a role for astrocytic mGluR5 in NVC may entirely be a factor of developmental age. In line with this, at least two studies performed in rats older than P21 showed no effect of mGluR5 inhibition on NVC, either in vivo (Calcinaghi et al., 2011) or in vitro (Mishra et al., 2016). Furthermore, mGluR5 is expected to increase Ca2+ in astrocytes via release from internal stores in an inositol trisphosphate (IP3) receptor (IP3R)-dependent manner. However, mice older than P45 lacking IP3R2, which is the primary IP3R type in astrocytes, failed to block both neurally evoked arteriole dilation (Bonder and McCarthy, 2014) and BOLD signals (Jego et al., 2014), further supporting the idea that NVC in adults does not rely on astrocytic mGluR5 or indeed any Gq-coupled internal store dependent Ca2+ release mechanism. New evidence suggests that astrocyte Ca2+ can be raised by several channels and receptors in an IP3-independent manner (Bazargani and Attwell, 2016). One such mechanism appears to involve neuron-to-astrocyte ATP-dependent signaling, which activates P2X1/5 in astrocytes and causes Ca2+ influx across the plasma membrane from the extracellular space (Lalo et al., 2008). This purinergic signaling pathway via P2X1 was shown to be a key pathway in astrocyte-mediated NVC at the capillary level (Mishra et al., 2016). It is likely these are P2X1/5 receptors, as the antagonists used in this study inhibits both the homotrimeric P2X1 and heterotrimeric P2X1/5 receptors, and the kinetics of the evoked Ca2+ signals were reflective of the heterotrimer.

Thus, during development, astrocytes are associated with both activity-dependent vasodilation and, more often, vasoconstriction. This variability in response may underlie the decrease in CBF and BOLD signals during early development. By adulthood, astrocyte-mediated NVC rarely results in vasoconstriction. Therefore, the consistent and reliable functional hyperemia observed in adults appears to be driven by maturation of the NVU system and NVC mechanisms. The specific mechanisms underlying these differences are not known, although a clue might be in the amount of astrocyte Ca2+ produced in response to neural activity at different ages. Large increases in astrocyte Ca2+ can drive constrictions, while more moderate amounts tend to drive dilations (Girouard et al., 2010). The type and amplitude of astrocyte Ca2+ signal evoked by neural activity are determined by the type of astrocyte receptor activated. Being a cation channel, P2X1 (or P2X1/5) receptor activation may produce a relatively small increase in astrocyte Ca2+, whereas the developmental pathway engaging mGluR5 would, due to the nature of Gq-coupled Ca2+ signals, induce a large increase in astrocyte Ca2+. Could such differences in the mechanism and size of astrocyte Ca2+ signal generation be responsible for developmental differences in NVC? This is a question that has yet to be conclusively answered. However, some evidence in support of the idea exists: rapid and short-latency Ca2+ responses in vivo are correlated with functional hyperemia (Winship et al., 2007) and appear to enhance the early hemodynamic response (Gu et al., 2018; Tran et al., 2018). On the other hand, slower Ca2+ responses may be more reliable for modulating resting tone (Kur and Newman, 2014; Kim et al., 2015; Rosenegger et al., 2015) or inducing vessel constriction following hyperemia to restore basal CBF (Gu et al., 2018; Tran et al., 2018). Furthermore, resting vessel tone itself can also influence the polarity of the response evoked by vasoactive stimuli, whereby more constricted vessels exhibit a larger dilatory response (Blanco et al., 2008). How strong of a role such an indirect modulatory function of astrocyte-dependent vascular tone could play in the developmental maturation of NVC is unknown.



NEUROVASCULAR COUPLING IN DISEASE

The evolutionary conservation of NVC in vertebrates and the robustness of the response indicate that it is required to support healthy brain metabolism. The increase in CBF in response to neural activity is also suggested to play a role in clearing the brain of waste by-products of normal function and metabolism, either via the blood itself or via perivascular mechanisms (Iliff et al., 2012; Ramanathan et al., 2015; Bacyinski et al., 2017). Such by-products include, among others, CO2, amyloid-β (Aβ), and tau (Sagare et al., 2007; Iliff et al., 2012; Dadas et al., 2016; Kisler et al., 2017a). A decrease in CBF or a loss of normal, robust NVC could theoretically starve neurons of necessary energy requirements while also creating a toxic environment due to lack of clearance. Reduction in CBF or diminished NVC are common clinical features of various neurological disorders such as multiple sclerosis (MS), spinal cord injury, traumatic brain injury, stroke, and several types of dementias including AD and AD-related mixed dementias (Joo Turoni et al., 2011; Lin et al., 2011; Tarantini et al., 2017; Stickland et al., 2019; Sachdeva et al., 2020; Sharma et al., 2020). It is clear that NVC is a component of healthy brain function, but whether NVC deficits drive pathology or if pathology drives NVC deficits is largely unknown and needs more focused study.

In this section, we will cover NVC dysregulation in two specific contexts: stroke and AD-related dementias. Of importance, patients with AD are more likely to have a history of silent brain infarcts and microinfarcts, while patients with strokes or even transient ischemic attacks have increased incidence and progression of dementia (Snowdon et al., 1997; Kalaria, 2000; Miklossy, 2003; Vermeer et al., 2003, 2007; Yang et al., 2015; Korte et al., 2020). Although the link between stroke and dementia is not completely understood, diminished NVC in both instances could be a clue. In fact, most cases of dementia are classified as mixed dementias that present most commonly with a pure AD component compounded by vascular impairments, often due to ischemic injuries (Kapasi et al., 2017; Gladman et al., 2019). Another common factor in neurological disease including AD and stroke is reactive astrogliosis —a response of astrocytes to non-physiological changes in their microenvironment (Sofroniew, 2020). This response produces myriad morphological, transcriptional, and functional changes within astrocytes over days and weeks in a context dependent manner (Sofroniew, 2009; Zamanian et al., 2012). In a study comparing stroke (middle cerebral artery occlusion, MCAO) and infection-related inflammation (intraperitoneal lipopolysaccharide, LPS) models, transcriptional changes in astrocytes differed starkly by paradigm (Zamanian et al., 2012). For example, increases in intermediate filament proteins like GFAP and vimentin were increased in both conditions, but nestin, another intermediate filament protein, was only increased in the MCAO model. Overall, this study identified 263 genes whose expression was significantly induced by at least 4-fold 1 day after injury with 206 after MCAO, 113 after LPS, and 56 in both conditions. These widespread transcriptional changes could alter astrocyte function; however, little is known about such functional consequences, especially in the context of vascular regulation (McConnell et al., 2019).


Stroke

Nearly 800,000 patients suffer a stroke in the United States every year. Approximately 87% of these are ischemic strokes, where blood flow to neural tissue is blocked or reduced, with the remaining comprised of hemorrhages (intracerebral, intraventricular, and subarachnoid) (Virani et al., 2020). In ischemic strokes where a blood vessel is blocked by a clot or emboli, recanalization of the vessel alone is insufficient for positive prognosis (Levine et al., 2015) and a decrease in CBF in the stroke adjacent tissue, determined as a decrease in capillary flow, predicts worse outcomes (Jagani et al., 2017). Ischemic strokes may also occur following stenosis of a large artery in the absence of a clot. If the stenosis occurs in a vessel supplying a territory with poor collateral flow, typically called “watershed” territories, the drop in blood pressure distal to the stenosis may reduce blood flow to such an extent that ischemic injury ensues (Naritomi et al., 1985). Following hemorrhagic stroke also, the disruption in blood flow by the bleed can give rise to ischemic conditions in the downstream territory of the vessel. In both ischemic and hemorrhagic strokes, vascular dysfunction is clinically well established. Diminished NVC is observed in ischemic stroke patients for at least up to a decade following initial infarct (Krainik et al., 2005; Lin et al., 2011). This long-term impairment was evidenced by a variety of techniques (laser Doppler flowmetry, cerebral angiography, and BOLD), underscoring the robustness of the finding. It is also widespread, such that multiple regions distant from the infarct exhibit diminished NVC (Krainik et al., 2005). Following subarachnoid hemorrhage, an adverse event termed delayed cerebral ischemia can occur in a subset of patients. Although this later ischemic event was traditionally believed to be caused by delayed vasospasm of cerebral arterioles, recent evidence has failed to support this idea (Koide et al., 2012). Instead, other factors such as neuroinflammation, cortical spreading depolarization, and NVC defects have been proposed to play a more prominent role (Dreier, 2011). Cortical spreading depolarizations are common after all types of stroke and evidence suggests that under non-physiological conditions, this massive depolarization wave is concurrent with a negative NVC, such that neuronal depolarization is accompanied by a decrease in blood flow (Sukhotinsky et al., 2008) and an increase in vasoconstriction (Koide et al., 2012; Pappas et al., 2015). It should be noted that an absence of NVC may also precipitate if the vasculature is fully dilated as an adaptive mechanism to cope with lack of blood flow, particularly in regions with few collateral vessels. If this is the case, the lack of NVC would not really be a loss of function, rather it may be interpreted as having reached its maximum capacity. In such cases, the only way to restore NVC may be reestablishment of normal vascular tone following treatment of the underlying cause (for example, stenosis). This important distinction between lack of dilation and presence of maximum dilation at baseline must be resolved in the various stroke conditions despite their surface similarities.

Following stroke, both glial cells (microglia and astrocytes) and the vasculature change drastically; these changes may contribute to long term stroke-induced neurodegeneration and dementia (Lin et al., 2011). Brain injuries such as ischemic stroke contributes to microglia activation, and activated microglia can promote injury or promote repair, depending on the activation signals (Ma et al., 2017). Activated microglia can produce pro-inflammatory mediators such as tumor necrosis factor α, interleukin-1β, NO (via inducible NO synthase), and multiple proteolytic enzymes (Yenari et al., 2010), as well as tissue-restoring signals such as interleukin-10, transforming growth factor β, insulin-like growth factor, and vascular endothelial growth factor (Ponomarev et al., 2013). Microglia quickly respond to ischemic stroke by accumulation within the lesion and persist in the region for at least 7 days (Perego et al., 2011). The dual role of microglia is evident at the post-ischemic NVU; microglia may enhance BBB integrity after stroke by clustering around blood vessels and secreting pro-angiogenic molecules such as vascular endothelial growth factor (Welser et al., 2010; Zhao et al., 2018), but they may also enhance degeneration of the NVU by engulfing the vasculature, thus allowing blood proteins to leak into the brain (Jolivel et al., 2015).

Among vascular cells, capillary pericytes display a strong response to ischemic insults. Even after the clot is removed from the blocked artery and the vasculature is recanalized, perfusion through the capillary network remains perturbed (Jagani et al., 2017). This reduced capillary perfusion is attributed to narrowing of the capillary lumen, potentially due to “extrinsic compression” or obstruction of flow by platelet aggregation (micro-clots) or leukocyte adhesion (del Zoppo and Mabuchi, 2003). More recently, pericytes were observed to contract in response to ischemia and therefore constrict capillaries (del Zoppo and Mabuchi, 2003; Yemisci et al., 2009; Hall et al., 2014). This results in inadequate tissue reperfusion that can exacerbate stroke response even when reperfusion is established (Dalkara et al., 2011).

Following ischemic injury, glial scar formation by astrocytes is crucial for repairing the BBB, minimizing neuron cell death and limiting invading immune cells into the brain (Sofroniew, 2009). However, the role of reactive astrocytes in the long-term health of the brain is still in debate. Transcriptional changes in reactive astrocytes following experimental models of stroke are detectable 24 h after ischemia and persist for at least 14 days (Kindy et al., 1992; Zamanian et al., 2012; Rusnakova et al., 2013). Interestingly, transcriptional changes in these astrocytes include the typical markers of reactive astrogliosis such as increased GFAP, but also recapitulate many characteristics associated with immature astrocytes, such as vimentin, nestin, Cspg4, and Pdgfra (Zamanian et al., 2012; Rusnakova et al., 2013). One analysis of the reactive astrocyte transcriptome following an MCAO model of stroke identified a total of 263 individual genes that increased at least fourfold after injury (Zamanian et al., 2012). Another study examined a targeted subset of transcripts within reactive astrocytes following the same model of stroke and identified expression changes showing a reasonable overlap with the former study (Rusnakova et al., 2013). The differentially upregulated genes in stroke-induced reactive astrocytes included calcium binding proteins (e.g., S100b), glutamate transporters (e.g., Eaat1) and receptors (e.g., Gria2, Grin2a, Grin2b, and Grm5), potassium channels (e.g., Kcnj10 and Hcn2) and water homeostasis channels (e.g., aquaporin 4) (Rusnakova et al., 2013). These transcriptional changes could greatly alter the function of astrocytes over time. Importantly for NVC signals, upregulation of various pathways that give rise to astrocyte Ca2+, particularly metabotropic neurotransmitter receptors, are evident and persistent. Indeed, following subarachnoid hemorrhage, the inversion of NVC (meaning that neuronal activity produces vasoconstriction rather than dilation) depends on enhanced Ca2+ signaling in astrocytes leading to increased K+ release at the vasculature (Pappas et al., 2015). A potent vasoconstrictor, 20-HETE, was detected at significantly higher levels in the plasma of ischemic stroke patients and CSF of subarachnoid hemorrhage patients (Crago et al., 2011; Yi et al., 2017), which may also partially be responsible for diminished NVC. 20-HETE is a metabolite of arachidonic acid, which is largely synthesized by astrocytes in the brain, leading us to speculate that an astrocyte-dependent pathway may play a role. Further, the upregulation of various ionotropic and metabotropic glutamate receptors in astrocytes after stroke also recapitulates some of their developmental characteristics. In particular, the metabotropic receptor mGluR5 is also upregulated in reactive astrocytes in animals models of demyelination (Jean et al., 2008; Planas-Fontanez et al., 2020) and epilepsy (Aronica et al., 2000; Ulas et al., 2000; Ferraguti et al., 2001). Could these expression changes contribute to increased depolarization of the astrocyte membrane and larger Ca2+ signals from internal stores, altering the NVC response? We hope this tantalizing question attracts much future scientific investigation.



Alzheimer’s Disease and Related Dementias

Diminished NVC is seen with age, however, it is accelerated in the context of dementia and AD (Park et al., 2007; Toth et al., 2014; Tarantini et al., 2017). AD is the most common form of dementia, first described by Alois Alzheimer in 1907. It is characterized by extracellular Aβ aggregations in the neuropil and around blood vessels, and deposition of fibrillary tau protein aggregates in neurons (Alzheimer, 1907; Kosik et al., 1986; Goedert et al., 1988; Selkoe and Schenk, 2003). In AD, the hallmark loss of neurons is accompanied by a loss of microvessels, endothelial cells, and smooth muscle cells, indicating a close link between neuronal loss and cerebrovascular changes (Farkas and Luiten, 2001). Vascular disorders such as hypertension and arteriosclerosis have also been identified as risk factors for cognitive impairment and decline (Shapiro et al., 1982; Scherr et al., 1991). Indeed, AD most commonly manifests alongside other pathologies, which has given rise to the concept of mixed dementias. The most common mixed dementia type possesses the symptoms of AD combined with vascular dysfunction (Kapasi et al., 2017; Gladman et al., 2019). Loss of neurovascular coupling is prevalent in AD and recapitulated in animal models of the disease (Iadecola, 2013; Tarantini et al., 2017). Although the relationship between AD and vascular dysfunction is widely recognized, whether this is a causative or a correlative relationship is not fully understood.

Cerebrovascular dysfunction is an early event in individuals who develop cognitive impairment and progress to dementia (Iturria-Medina et al., 2016). In mouse models of AD, overexpression of amyloid precursor protein (APP) can drive Aβ deposits, and these deposits have been associated with cerebrovascular dysregulation (Zhang et al., 1997; Koistinaho et al., 2002), decreased NVC (Niwa et al., 2000b) and increased microvessel response to vasoconstrictor molecules, potentially biasing the vasculature toward constriction over dilation (Niwa et al., 2001). Aβ can directly constrict capillaries by engaging endothelin, a strong vasoconstrictor, and downstream of oxidative stress (Nortley et al., 2019). Aβ deposition around parenchymal arterioles, a common feature of AD, may also stiffen the blood vessels and reduce their ability to respond to endogenous vasoactive substances (Kimbrough et al., 2015). Although tau mutations have not thus far been associated with AD itself, animal models with mutated tau forms that give rise to neurofibrillary tangle pathology similar to AD show a reduction in NVC (Park et al., 2020). Furthermore, these vascular dysfunctions can occur prior to changes in energy utilization or neuronal function (Park et al., 2020). This mismatch in energy utilization and supply occurs early and is likely to be causative in disease progression; however, empirical data to support this hypothesis are still weak.

Neurovascular coupling changes after ischemia or in AD could be the result of impaired activity of neurons, astrocytes, or vasculature; likely, it is a combination of all three. Although neuronal dysfunction in AD has been extensively investigated over the last century, studies exploring changes in astrocyte and vascular function have only begun in the past two decades and we have yet a lot to learn about how these components of the NVU contribute to pathology. Indeed, pericytes have recently emerged as a key contributor to AD-related vascular damage. Pericyte degeneration is evident in AD patients, contributing to a decrease in vessel motility and likely influencing neurovascular coupling (Halliday et al., 2016). Transgenic mice in which pericyte degeneration is induced have a leaky BBB, reduced CBF, and diminished NVC, all of which precede neurodegenerative changes (Kisler et al., 2017b, 2020; Montagne et al., 2018). Prominent changes are also observed in glial cells – both microglia (Venneti et al., 2008; Hansen et al., 2018) and astrocytes (Phatnani and Maniatis, 2015) become reactive in AD with several significant transcriptional changes. As a key vascular regulator in the brain, astrocytes that are reactive are likely to have an effect on both basal vascular tone and NVC in AD. Functionally, increased astrocyte Ca2+ signaling has been observed in AD (Kuchibhotla et al., 2009). As the amplitude of Ca2+ signals in astrocytes can tune the polarity of the vascular response (Girouard et al., 2010), such observations entice one to conjecture that their role in NVC must be altered. Vascular intrinsic events such as neutrophil adhesion to the capillary endothelial tube may also obstruct the flow of blood and contribute to reduced CBF (Cruz Hernandez et al., 2019). These findings indicate that in addition to neuronal loss, a vast number of changes in the individual components of the NVU could drastically alter NVC and CBF in the context of AD. This is a field ripe for future research ventures.

The recently described glymphatic pathway for perivascular removal of extracellular substances may also be compromised in AD and AD-related dementias (Iliff et al., 2012). This mechanism is important in clearing Aβ (Iliff et al., 2012) and potentially also tau protein (Iliff et al., 2014; Harrison et al., 2020). Moreover, the glymphatic waste clearance pathway is more active during sleep (Xie et al., 2013) and occurs in an astrocyte AQP4-dependent manner (Iliff et al., 2012; Mestre et al., 2018). A decrease in sleep quality (Ju et al., 2013) and changes in astrocytic AQP4 expression and polarization (Boespflug et al., 2018) are observed in AD. Changes in vascular tone can also actively change the perivascular space volume and alter glymphatic flow, as shown following stroke (Mestre et al., 2020). Changes in astrocyte functions after stroke or in AD-related dementias could drive impaired perivascular clearance, either directly due to altered expression of AQP4 or other genes involved in this process or indirectly by altering vascular tone, and therefore contribute to AD. This hypothesis has been proposed (Braun and Iliff, 2020) but remains to be rigorously tested.



CONCLUSION

The close coordination of neurons, glia, and vasculature is integral to CBF regulation and therefore healthy brain function. The differences between NVC in early versus late developmental stages are striking and require extensive future research to understand the underlying molecular differences at the level of neurons, glia, and vasculature. Similarly, while dysregulation of NVC is observed in disease and injury contexts such as stroke and AD, the precise molecular mechanisms underlying these changes remain unknown. With the noted similarities in NVC and astrocytes between development and disease, a deeper understanding of NVC in the context of the former may inform the latter.
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Conditional Loss of BAF (mSWI/SNF) Scaffolding Subunits Affects Specification and Proliferation of Oligodendrocyte Precursors in Developing Mouse Forebrain
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Oligodendrocytes are responsible for axon myelination in the brain and spinal cord. Generation of oligodendrocytes entails highly regulated multistage neurodevelopmental events, including proliferation, differentiation and maturation. The chromatin remodeling BAF (mSWI/SNF) complex is a notable regulator of neural development. In our previous studies, we determined the indispensability of the BAF complex scaffolding subunits BAF155 and BAF170 for neurogenesis, whereas their role in gliogenesis is unknown. Here, we show that the expression of BAF155 and BAF170 is essential for the genesis of oligodendrocytes during brain development. We report that the ablation of BAF155 and BAF170 in the dorsal telencephalic (dTel) neural progenitors or in oligodendrocyte-producing progenitors in the ventral telencephalon (vTel) in double-conditional knockout (dcKO) mouse mutants, perturbed the process of oligodendrogenesis. Molecular marker and cell cycle analyses revealed impairment of oligodendrocyte precursor specification and proliferation, as well as overt depletion of oligodendrocytes pool in dcKO mutants. Our findings unveil a central role of BAF155 and BAF170 in oligodendrogenesis, and thus substantiate the involvement of the BAF complex in the production of oligodendrocytes in the forebrain.
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INTRODUCTION

During mammalian brain development, the telencephalic radial glial cells (RGCs) generate diverse neuronal and non-neuronal cell types; the latter includes astrocytes, and oligodendrocytes (OLs) (Rowitch and Kriegstein, 2010). Among the glial cells, OLs are the specialized myelin-producing cells required for accelerated electrical impulse transmission in the central nervous system (CNS) (Richardson et al., 2006; Peru et al., 2008; Rowitch and Kriegstein, 2010; Nave and Werner, 2014; Sock and Wegner, 2019).

Generation of mature myelinating OLs is a sequential multistep process commencing with the specification of multipotent RGCs into oligodendrocyte precursor cells (OPCs) (Richardson et al., 2006; Rowitch and Kriegstein, 2010). Further in the oligodendroglial lineage progression, the highly proliferative and migratory OPCs acquire differentiative fate to become immature OLs, which subsequently undergo maturation to become myelinating OLs (Richardson et al., 2006; Rowitch and Kriegstein, 2010). Cell-tracing studies in the forebrain revealed that OPCs are generated from the dorsal telencephalon (dTel) and ventral telencephalon (vTel) RGCs. The first cohort of OPCs is generated at E12.5 from Nkx2.1-expressing progenitors in the medial ganglionic eminence (MGE), followed by the next wave of OPC generation at E15.5 from Gsx2-expressing progenitors in the lateral and caudal ganglionic eminences (LGE and CGE). The latest group of newly born OPCs are derived from Emx1-expressing progenitors in the neocortex at birth, and constitute the OPC pool in adulthood (Kessaris et al., 2006; Richardson et al., 2006; Naruse et al., 2017).

The progression of the OL lineage during brain development is under the control of key molecular regulation. The regulatory landscape of oligodendroglia is also characterized by enrichment with transcriptional and epigenetic factors, which are known to cooperate to bring about oligodendrogenesis (Emery and Lu, 2015; Koreman et al., 2018; Sock and Wegner, 2019). Notably, several studies have shown that chromatin regulators play important roles in the genesis and regeneration of OL in the developing vertebrate CNS (Marie et al., 2018; Elsesser et al., 2019; Parras et al., 2020).

In this study, we found that the conditional deletion of the ATP-dependent chromatin remodeling BRG1/BRM-associated factor (BAF) complex scaffolding subunits BAF155 and BAF170 in the developing forebrain resulted in improper specification and proliferation of OPCs leading to impairment of oligodendrogenesis. The observed defective oligodendrogenesis may have implication for abnormal myelination in the BAF155 and BAF170-deficient brain. In all, we provide evidence which consolidates the essential role of these two scaffolding BAF subunits in brain development by describing their involvement in the production of OLs in the CNS.



RESULTS


Deletion of BAF155 and BAF170 in dTel Progenitors Perturb Oligodendrogenesis in the Postnatal Neocortex

We found in our previous investigations that inactivation of BAF complex by ablation of its scaffolding subunits BAF155 and BAF170 during early or late corticogenesis impairs the cortical progenitor pool, with concomitant disturbance of neurogenesis in the prenatal and early postnatal mouse cortex (Narayanan et al., 2015; Nguyen et al., 2018). Since neurons and glial cells are generated from a common RGC population (Zhuo et al., 2001; Gorski et al., 2002; Rowitch and Kriegstein, 2010), we predicted the likelihood of abnormal generation of glial cells in the absence of BAF155 and BAF170.

To ascertain this possibility, we examined the transcriptome of the mouse cortex at P3 following hGFAP-Cre-mediated deletion of BAF155 and BAF170 in the neocortex (Supplementary Table 1). In the hGFAP-Cre transgenic mice, the recombinase activity is reported to be prominently active in dTel RGCs by E15.5 (Figure 1A; Zhuo et al., 2001; Nguyen et al., 2018). In dcKO_hGFAP cortex at P3, there were 3199 down- and 2804 up-regulated genes as compared with control cortex (Figures 1B,C and Supplementary Table 1, p < 0.05). A closer look at the differentially expressed genes revealed decrease in the expression key genes (e.g., Olig2, Olig1, PDGFRα, Mbp, Mag, Sox10, Myrf, ZFP488, CNP) involved in oligodendroglial development in the P3 mutant (dcKO_hGFAP-Cre) cortex as compared with control (Figure 1C). Indeed, histological investigation showed that PDGFRα-immunoreactive oligodendrocyte precursor cells and nascent oligodendrocytes, are demonstrably lost in the dysgenic P3 dcKO_hGFAP-Cre neocortex as compared with control (Figures 1D,E).
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FIGURE 1. Cortex-specific loss of BAF155 and BAF170 led to decreased number of OPCs in postnatal cortex. (A) Coronal brain sections of hGFAP-Cre, Rosa-tdTom transgenic mouse embryo revealing the cortex-specific hGFAP-Cre recombinase activity pattern at E15.5 (Nguyen et al., 2018). (B) Graph showing the variance distribution or clustering in a principal component (PC) analysis of the four control and four mutants P3 hGFAP-Cre dcKO cortices used for the RNA sequencing. In a principal analysis (C) Volcano plot showing the distribution of genes upregulated and downregulate in the P3 hGFAP-Cre dcKO cortices compared with control. Examples of key oligodendrogenesis-related genes downregulate in the BAF155 and BAF170 mutant cortex are indicated. (D) Immunostaining of PDGFRα (green) in coronal sections of control and dcKO_hGFAP-Cre brains at P3. (E) Quantitative analysis comparing the percentage of the PDGFRα+ cells per total cortical cells (DAPI+) in the control and hGFAP-Cre dcKO cortex at P3. Data are presented as means ± SEMs; ***p < 0.001; Experimental replicates (n) = 7. dTel, dorsal telencephalon; vTel, ventral telencephalon. Scale bars = 200 μm (A,D).


Together, our transcriptomic analysis and initial in vivo examination of the early postnatal developing neocortex lacking BAF155 and BAF170 point to a plausible involvement of these scaffolding subunits of the BAF complex in the generation of oligodendrocytes.



BAF Complex Scaffolding Subunits BAF155 and BAF170 Are Highly Expressed in Oligodendrocyte Lineage

Given the significant reduction in the number of OPCs consequent to BAF155 and BAF150 abolishment in the late developing neocortical neuroepithelium, we decided to examine the expression of BAF155 and BAF150 in OL lineage (Figure 2A). Such expression analysis was performed in the striatum, a developing forebrain region in the vicinity of the hub of oligodendrocyte precursor generation (i.e., the ganglionic eminences) found in the vTel (Figure 2B). Immunostaining of the E15.5 mouse cortex revealed observable colocalization of key OL lineage markers (Olig2, Sox9, PDGFRα, and Sox10; Figure 2A) with BAF155 and BAF170 (Figures 2B–F). Quantitative analysis of the co-expression of BAF155/BAF170 with Olig2, which labels all the cells of the OL lineage (Figure 2A; Silbereis et al., 2014), showed that all of the Olig2+ cells prominently express BAF155 and BAF170 in the presumptive striatum (Figures 2C,G, arrows). This observation of BAF155 and BAF170 expression in Olig2 cell lines was supported by similar analysis with the previously mentioned additional OL lineage markers (Sox9, PDGFRα, and Sox10). The further quantitative analysis indicated that all of Sox9+ glial cells, PDFGRα+ OPCs, and Sox10+ OLs display expression of BAF155 and BAF170 (Figures 2D–G). Replication of this expression analyses in the E18.5 striatum reflected consistency with the expression profile observed in the E15.5 brain (data not shown).
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FIGURE 2. BAF155 and BAF170 expression in the oligodendroglial lineage in the ventral telencephalon. (A) Diagram illustrating the stepwise oligodendrocyte lineage progression and the expression pattern of key molecular drivers. Curved arrows denote proliferation. (B–F) Micrographs showing BAF155 and BAF170 expression (B) alongside the oligodendrocyte lineage markers Olig2, Sox10 for pan-oligodendrocyte (C,F), Sox9 for glioblasts (D), and PDGFRα for OPCs (E) in coronal sections of the mouse forebrain at E15.5 using immunohistochemistry. (G) Bar graph showing quantitative estimation of proportion of Olig2, Sox9, PDGFRα, and Sox10 positive cells with BAF155 and BAF170 expression. Inserted box shows selected area for quantification. Arrows refer to the oligodendrocytic lineage expressing BAF155 and BAF170. Experimental replicates (n) = 3. NSC, neural stem cell; OPC, oligodendrocyte precursor cell; iOL, immature oligodendrocyte, mOL, mature oligodendrocyte. Scale bars = 200 μm (B), 25 μm (C), 50 μm (D–F).


Put together, our results reveal enrichment of BAF155 and BAF170 expression in the majority of cells that constitute the OL lineage. The findings suggest a possible involvement of these core BAF complex subunits in oligodendrogenesis.



Ablation of BAF155 and BAF170 in Early Oligodendrocyte Precursors Caused Depletion of Oligodendrocyte Lineage Population

In order to clearly determine the effect of loss of BAF155 and BAF170 on oligodendrogenesis in the forebrain, we specifically deleted BAF155 and BAF170 in early OL precursors. To achieve the knockout of BAF155 and BAF170 in early OL precursors, we crossed mice carrying floxed alleles for BAF155 (Choi et al., 2012) and BAF170 (Tuoc et al., 2013) with the OL-targeting Cre line Olig2 (Dessaud et al., 2007), to generate dcKO_Olig2-Cre mutants. Unlike the recombinase activity of hGFAP-Cre, which was found in the majority of dTel cells (Figure 1A), that of Olig2-Cre was observed in MGE (already at E12.5) and in LGE/CGE (from onward E15.5) in the vTel (Supplementary Figure 1A).

To validate our dcKO_Olig2-Cre model, we compared expression of BAF155/BAF170 in controls and mutants at E12.5 in the MGE VZ, where Olig2-Cre activity is high in mutants (Supplementary Figure 1B). Indeed, expression of these subunits was completely lost in MGE VZ at E12.5 (Supplementary Figure 1B). Furthermore, our analysis also revealed that expression of BAF155/BAF170 was eliminated in Olig2+/PDGFRα+ OPCs in the mutant striatum at E15.5 (Supplementary Figure 1C). Upon immunohistological examination of the E15.5 dcKO_Olig2-Cre forebrain, we noticed severe disturbance of oligodendrogenesis following inactivation of BAF155 and BAF170 in OL lineage. Quantitative assessment revealed a significant reduction in the population of cells in the early embryonic (E15.5) dcKO_Olig2-Cre striatum immunopositive for the pan OL marker Olig2 compared with control (Figures 3A,B). Results of in situ hybridization of Olig2 transcripts consistently showed a reduction in Olig2+ cells in the striatum from the rostral to caudal aspects of the E15.5 dcKO_Olig2-Cre mutant forebrain compared with control (Figures 3C–H). The loss of Olig2 expression was dramatically severe in the whole extent of the late embryonic (E18.5) vTel when mutant littermates were compared with control (Supplementary Figure 2).
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FIGURE 3. Decrease in the number of Olig2-expressing cells due to loss of BAF155 and BAF170 in ventral telencephalon. (A,B) Immunohistochmical micrograph (A) and quantitative analyses (B) indicating diminished number of Olig2+ cells caused by loss of BAF155 and BAF170. (C,E,G) In situ hybridization micrographs using Digoxigenin-labeled Olig2 RNA probes in the control and dcKO_Olig2-Cre E15.5 mouse telencephalon along the rostral–caudal axis. (D,F,H) Statistical analyses indicate significant depletion of Olig2+ cells in the rostral middle, and caudal levels of the dcKO_Olig2-Cre mutant telencephalon compared with control. Data are expressed as means ± SEMs. Experimental replicates (n) = 6; **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Scale bars = 200 μm (A), 100 μm (D).


Additional investigation of the dcKO_Olig2-Cre forebrain was performed using forebrain tissue from E15.5 embryos, and the riboprobes for Olig1 and Sox10, which can be used as an alternative marker for the OL lineage (Wegner, 2001). In consonance with the Olig2 analysis, we found overt decrease in the cells expressing Olig1 and Sox10 transcripts (Supplementary Figures 3–5). Again, as observed for Olig2 expression, the decrease in the number of Olig1+/Sox10+ cell lineage was identified in the rostral, middle, and caudal aspects of the mutant forebrain compared with control (Supplementary Figures 3–5).

The results presented here, provide evidence that the function of the scaffolding BAF complex subunits BAF155 and BAF170 are necessary for the proper establishment of the OL lineage in the developing forebrain.



BAF155 and BAF170-Deficient vTel Displays Defective Specification and Proliferation of Oligodendrocyte Precursors

The BAF complex is essential for proper lineage progression (differentiation) of OPCs to nascent (immature) OLs and further differentiation to mature myelinating OLs (Yu et al., 2013; Bischof et al., 2015). Whether its subunits are also required for earlier stages of OL development is largely unknown.

In the CNS, TF Sox9 is strongly expressed first in NSCs, and later in glioblasts and astrocyte precursors, thus making it essential for proper development of both oligodendrocytes and astrocytes (Stolt et al., 2003). During oligodendroglial development, Sox10 expression starts earlier than the expression of OPC markers such as PDFGRα and is maintained until mature OL stage (Wegner, 2001; Stolt et al., 2003). To examine whether dual removal of BAF155/BAF170 causes defective specification of OPCs, we examined the co-expression of Sox9 and Sox10, which label OPCs derived from NSC during the specification stage of oligodendrocyte lineage progression (Figures 2A, 4). In control striatum at E13.5 and E15.5, many Sox10+ cells are also immunoreactive with Sox9 (Figures 4A,C, yellow arrows). Remarkably, the number of both Sox10+/Sox9+ cells (yellow arrows) and Sox10+/Sox9– OLs (green arrows) are decreased in the dcKO mutants (Figures 4A–D). This suggests that expression of BAF155 and BAF170 is necessary for the proper specification of the OL lineage in the developing forebrain.
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FIGURE 4. Specification of oligodendrocyte precursors is impaired in the dcKO_Olig2-Cre. (A,C) Immunomicrographs showing Sox9 and Sox10 in the E13.5 (A) E15.5 (C) control and dcKO_Olig2-Cre forebrain. Selected regions of the striatum are shown at higher magnification. Yellow arrows point to cells co-expressing Sox9 and Sox10. Green arrows point to cells expression only Sox10. Red arrows point to cells expressing only Sox9. DAPI counter staining is shown. (B,D) Bar plots showing statistical difference in the number of cells (co)expressing Sox9, Sox10, or Sox9/Sox10 in the E13.5 (B) E15.5 (D) control and dcKO_Olig2-Cre forebrain. Data are shown as means ± SEMs. Experimental replicates (n) = 6; *p ≤ 0.01, **p ≤ 0.001, ***p ≤ 0.0001. Scale bars = 100 μm.


In addition to the OL specification phenotype, we investigated whether the loss of BAF155/BAF170 causes defective proliferation of OPCs in the dcKO mutants. During oligodendrogenesis, committed OPCs divide either symmetrically to produce a pair of cycling OPCs or asymmetrically to give rise to one proliferative OPC and one differentiated OL (Rowitch and Kriegstein, 2010).

We previously found that inactivation of the BAF complex via deletion of BAF155 and BAF170 in neural stem cells leads to defective cell cycle dynamics in neural precursors (Narayanan et al., 2015; Bachmann et al., 2016; Nguyen et al., 2018). On such basis, and the observed aberrant reduction in the oligodendrocyte population in the dcKO_Olig2-Cre forebrain, we sought to find out the effect of BAF155 and BAF170 on the proliferative capacity of OPCs in the developing brain. To do this, we performed double immunostaining using antibodies against PDGFRα to mark the OPCs, and Ki67 to indicate OPCs undergoing active proliferation in the E15.5 mutant and control brain (Figures 5A,B). Whereas the vast majority of OPCs in the examined control striatum were found with PDGFRα and Ki67 co-labeling (Figures 4B,D, filled arrows), the PDGFRα+ OPCs in the dcKO_Olig2-Cre mutant striatum displayed massive lack of Ki67 labeling (Figures 5B,D, empty arrows). Additional evidence indicating altered proliferation fate in OPCs due to lack of BAF155 and BAF170 was obtained from experiment in which pulse labeling using the Thymidine analog IdU, which incorporates into the DNA of cell at S phase of the cell cycle, showed very few PDGFRα-expressing OPCs positive for IdU in the mutant striatum compared with control (Figures 5C,E, filled arrows).
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FIGURE 5. Conditional removal of BAF155 and BAF170 leads to an impaired proliferative capacity of OPCs. (A) Images showing immunostaining of PDGFRα-labeled oligodendrocyte precursor cells in the dcKO E15.5 forebrains compared with controls. (B,C) High magnification images of the outlined regions (inserted boxes) of the ventral telencephalon showing immunolabeling of PDGFRα and Ki67 (B) and PDGFRα and IdU (C) to mark proliferating oligodendrocyte precursor cells in the E15.5 control and mutant forebrain. Filled arrows show PDGFRα positive oligodendrocyte precursor cells expressing Ki67 or IdU, and empty arrows point to PDGFRα oligodendrocyte precursor cells negative for Ki67 or IdU. (D,E) Bar charts showing significant reduction of the ratio of PDGFRα+ and Ki67+ per total PDGFRα+ cells as well as the ratio PDGFRα+ and IdU+ per total PDGFR+ cells in the dcKO_Olig2-Cre ventral telencephalon compared with control. (F) High magnification images showing PDGFRα, Sox10 (violet) and Casp3 immunostaining in the E15.5 ventral telencephalon. Empty arrows point to PDGFRα+ and Sox10+ cells lacking Casp3 expression. Data are presented as means ± SEMs; ****p ≤ 0.0001; Experimental replicates (n) = 6. Scale bars = 200 μm (A), 50 μm (B,C,F).


Since most of the mutant OPCs are abnormally non-proliferative and depleted in number, we were curious to find out whether apoptosis plays a role in the observed phenotype. Our investigation of apoptotic activity using immunohistochemical staining of Casp3, a protein maker for apoptosis, revealed comparable Casp3 staining in the E15.5 striatum in the control and dcKO_Olig2-Cre forebrain (Supplementary Figures 5F,G).

Together, this part of our investigations shows that in addition to defective specification, BAF155 and BAF170-deficient OPCs are less proliferative, thus implying their essentiality in keeping OPCs in the cell cycle and ensuring renewal and/or maintenance of the OL progenitor pool. As a consequence, the pool of PDGFRα+ OPCs is virtually depleted in the dcKO_Olig2-Cre forebrain compared with control (Figure 5A).



Number of PLP+, MBP+ Oligodendrocytes Is Reduced in BAF155 and BAF170 Mutant Forebrain at E18.5

Because the defective specification, proliferation, and diminished pool of OPCs in the dcKO_Olig2-Cre forebrain may have implication for OL generation, we searched for evidence indicating altered pool of differentiated OLs in the absence of BAF155 and BAF170. To that end, we carried out in situ hybridization to visualize the expression of the proteolipid protein (PLP/DM-20) transcript known to identify mature OL (Figure 2A). Interestingly, the PLP signal in the E18.5 dcKO_Olig2-Cre forebrain is reduced compared with control (Figures 6A–E). As such, whereas cells brightly labeled with PLP probe can be found in the striatum of control forebrain, the dcKO_Olig2-Cre forebrain demonstrably lacked PLP staining at comparable brain section levels (Figures 6A–E). Consistent with ISH analysis with PLP probe, IHC analysis with MBP antibody revealed a few MBP+ mOLs in the middle and caudal sections of control vTel at E18.5 (Figures 6F–H). Some of MBP+ mOLs display their branching process (Figures 6G,H, in close-up). As expected, population of MBP+ mOLs is diminished in dcKO mutants (Figures 6F–J).
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FIGURE 6. Number of PLP+, MBP+ oligodendrocytes is reduced in dcKO_Olig2-Cre mutant forebrain at E18.5. (A–C) In situ hybridization images showing the E18.5 control and dcKO_Olig2-Cre forebrain coronal sections with riboprobed for PLP expression. (D,E) Bar charts showing quantification of PLP-expressing cells in the E18.5 control and dcKO_Olig2-Cre at the middle (D), and caudal (E) levels of the ventral telencephalon Experimental replicates (n) = 5, Scale bars = 100 μm. (F–H) Micrographs showing the rostral, middle, and caudal sections of the E18.5 mouse forebrain immunostained with MBP and with DAPI counterstaining. Inserted images are higher magnification of MBP-expressing cells indicate by white and red solid arrows. (I,J) Bar graph showing significantly diminished number of cells expression MBP in the E18.5 control striatum compared with that of dcKO_Olig2-Cre. Note that PLP+, MBP+ cells are very rare in E18.5 control and dcKO_Olig2-Cre forebrain at rostral level and are not included in statistical analysis. Data are presented as means ± SEMs; ****p ≤ 0.0001); Experimental replicates (n) = 6. Scale bars = 100 μm.


Our previous study indicated that many BAF subunits are lost via proteasomal degradation in response to the ablation of the two scaffolding subunits BAF150/BAF170 in ESCs, in cortical cells (Narayanan et al., 2015) and in olfactory epithelium (Bachmann et al., 2016). To provide certain link between BAF155/BAF170 and OPC differentiation to OL, we examined the expression of Brg1 subunit, which was reported to be crucial for the lineage progression of OPCs (Yu et al., 2013; Bischof et al., 2015), in our dcKO_Olig2-Cre brain model. As expected, we found expression of Brg1 to be completely ablated in dcKO MGE, where Cre activity is highest (Supplementary Figure 6). Our data suggest a possible involvement of BAF155/BAF170 in OPC differentiation and OL maturation by direct control of the expression of Brg1. Altogether, our findings and that of others demonstrate that aside the proper lineage progression of OPCs to immature OLs which subsequently differentiate into mature OLs capable of myelination (Yu et al., 2013; Bischof et al., 2015), BAF complex is required for OPC specification and proliferation in the mouse forebrain (this study, Figure 7).
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FIGURE 7. Schema summarizing the effects of loss of chromatin remodeling BAF complex activity on oligodendroglial lineage progression in BAF155/BAF170dcKO and Brg1cKO mutants. The illustration shows a comparison of the progression of oligodendrocyte development in the developing mouse forebrain between control (Wild-type, in the left panel) and BAF mutants (in the right panel), i.e., BAF155/BAF170cKO mutants (this study) and Brg1cKO mutants (Yu et al., 2013; Bischof et al., 2015). In control, multipotent neural stem cell (NSC) gives rise to oligodendrocyte precursor cells, which are able to proliferate (shown by curved arrow) and differentiate into immature oligodendrocyte (imOL). The imOL undergoes maturation to become fully myelinating mature oligodendrocyte (mOL). However, in the absence of BAF155 and BAF170, the OPC is improperly specified from the mutant NSC and undergoes reduced proliferation (this study). In addition, in the absence of Brg1, OPCs were unable to differentiate and mature properly (Yu et al., 2013; Bischof et al., 2015). The diagrams at the end of the schema depict the overall depletion of OLs in the BAF mutant brain compared with control. References to key studies that reported phenotypes due to ablation of the BAF complex are indicated. Dashed-arrows are used to indicate defective developmental processes.




DISCUSSION

Emerging evidence point to the implication of chromatin regulation mechanisms in the control of oligodendroglial development and myelination in the nervous system (Lessard et al., 2007; Weider et al., 2012; Limpert et al., 2013; Ninkovic et al., 2013; Yu et al., 2013; Bischof et al., 2015; Emery and Lu, 2015; Alver et al., 2017; Marie et al., 2018). The mammalian BAF complex comprises heterogeneous subunits, with core subunits including BRG1/Smarca4 and BRM/Smarca2 functioning as ATPases, and BAF155 and BAF170 acting as scaffolding proteins. Through the use of energy obtained from the breakdown of ATP, the BAF complex is able to drive structural changes in chromatin leading to increase in the accessibility to gene-encoding regions, and thus influencing gene expression (reviewed in Hargreaves and Crabtree, 2011; Sokpor et al., 2018).

Although information is building up on the role of the BAF complexes in driving OL development (Matsumoto et al., 2006; Weider et al., 2012; Marathe et al., 2013; Yu et al., 2013; Bischof et al., 2015; He et al., 2016; Matsumoto et al., 2016; Zhao et al., 2018), major gaps exist in our in-depth understanding of how the chromatin remodeling BAF complex or its constituents feature in oligodendrogenesis. Our previous work have identified the phenomenal role of the BAF complex subunits BAF155 and/or BAF170 in orchestrating several aspects of neural development (neurogenesis), including neural progenitor proliferation and differentiation, and neuronal migration. As a result, BAF155 and BAF170 ablation leads to abnormal forebrain development (Narayanan et al., 2015, 2018; Bachmann et al., 2016; Nguyen et al., 2016, 2018; Sokpor et al., 2021). A question that remained was whether loss of BAF155 and BAF170 has implications for abnormal gliogenesis.

In the current study, our detail examination of Olig2-Cre activity in the transgenic reporter line (i.e., Olig2-Cre; Rosa-tdTom) revealed that recombinase activity is found in the entire MGE from E12.5 and in LGE and CGE from E15.5 (Supplementary Figure 1A). Thus, Olig2-Cre line is suitable for investigating the role of BAF155/BAF170 in the first (at MGE) and second wave (at LGE and CGE) of oligodendrogenesis in the vTel. Similarly, hGFAP-Cre is extensively active in majority of cortical cells from E15.5 onward (Figure 1A). Thus, it is also appropriate for studying the third wave of OL generation in cortex. Altogether, Olig2-Cre and hGFAP-Cre lines are alternative genetic tools for investigation of all three developmental oligodendroglial waves.

We present evidence indicating that the BAF complex scaffolding subunits BAF155 and BAF170 are essential for specification and proliferation of OPCs and oligodendrogenesis in the developing mouse forebrain. Due to the indispensability of BAF155 and BAF170 in maintaining the integrity of the entire BAF complex (Narayanan et al., 2015), suggesting a possibility that dual loss of BAF155/BAF170 caused stronger defects in development than that by loss of individual BAF subunits. As evidenced in our RNA sequencing analysis, the gene expression program that supports oligodendrogenesis is abnormally downregulated due to loss of BAF155 and BAF170 in the early postnatal developing neocortex. The BAF155 and BAF170-dependent OL production phenotype was made clearer and more conclusive by specifically deleting BAF155 and BAF170 in the vTel neuroepithelium, from which OPCs are mainly generated in the embryonic brain (Kessaris et al., 2006; Richardson et al., 2006). Indeed, histological examination of the developing mutant (dcKO) forebrain revealed striking perturbation in oligodendrogenesis caused by BAF155 and BAF170 silencing. Of note, the expression of BAF155 and BAF170 was found to be supportive for specification and proliferation of OPCs. Based on our investigations with Ki67 and IdU immunohistochemistry, it is not far-fetched to reason that OPCs lacking BAF155 and BAF170 may aberrantly adopt a quiescent fate, especially given that apoptosis does not account for their pool size depletion with reference to control (Figures 4, 5). Our finding thus uncovers a possible role for the chromatin remodeling BAF complex in OPC specification and proliferation via expression of its scaffolding subunits BAF155 and BAF170.

The ATPase subunit of the BAF complex Brg1 is essential for proper differentiation of OPCs into immature and then mature OLs (Yu et al., 2013; Bischof et al., 2015). In addition, the deletion of Brg1 before the onset of OPC specification by using the Brn4-Cre deleter caused very weak and delayed induction of Sox10 expression (Bischof et al., 2015). Because Sox10 is an essential regulator of PDGFRα expression (Finzsch et al., 2008), it implies that Brg1 is essential for the correct induction of early OPC markers such as Sox10 and PDGFRα. Nevertheless, whether this subunit is also required for earlier stages of OL development still needed further investigations. During the formation of the BAF complex, alternative ATPase core BRM (Ho and Crabtree, 2010; Hargreaves and Crabtree, 2011) may substitute for the loss-of-function of BRG1 in the BRG1 mutants. It therefore would also be interesting for future investigation to focus on determining if BRM can effectively substitute for BRG1 to allow the recruitment of the BAF complex to gene loci that drive oligodendrogenesis.

Notably, the developing mutant forebrain presented with demonstrable depletion of the population of Sox10+ cells. To link this finding to similar outcome caused by BRG1 ablation in brain (Yu et al., 2013; Bischof et al., 2015), it is likely that the double deletion of the scaffolding BAF complex subunits BAF155 and BAF170 resulted in the proteasomal degradation of BRG1 (Narayanan et al., 2015) leading to phenocopy of defective OPC differentiation. Moreover, and again, similar to phenotype of Brg1 cKO mutants (Yu et al., 2013; Bischof et al., 2015), we observed a reduced expression of PLP, which marks mature myelin-forming OLs in the entire developing mammalian forebrain. This suggests that the few iOLs formed in the dcKO brain are incapable of maturation and myelination. Therefore, our investigation suggests the plausible role of the chromatin remodeling factors BAF155 and BAF170 in orchestrating oligodendroglial differentiation and maturation in the developing brain by directly controlling the expression of Brg1 (Supplementary Figure 6). It should be noted however that the expression of Olig2 is found not only in the OL lineage, but also in other cell types such as RGCs, IPCs, and neurons (Li et al., 2021). Therefore, the loss of BAF155 and BAF170 in dcKO_Olig2-Cre mutants is not restricted to the OL lineage, but also occurs in other cell types. Thus, defective specification and proliferation of OPCs could be a result of cell autonomous and/or non-autonomous mechanisms. It is worth considering using a more OL-restricted Cre line such as Sox10-Cre, or PDGFRα-Cre to examine the above mechanisms. Additionally, it would be informative to investigate whether BAF155 and BAF170 mediate the recruitment of the BAF complex to enhancer elements required for OPC specification and proliferation.

The importance of the tight transcriptional, chromatin and epigenetic regulation of oligodendroglial development in the CNS is emphasized by the several critical factors identified to orchestrate the transformations of neural stem cells or OPCs to mature myelinating OLs (Rowitch, 2004; Wegner, 2008; Li et al., 2009; Emery, 2010; Lu and Barca, 2012; Galloway and Moore, 2016). Of emerging interest, chromatin and epigenetic regulators are extensively shown to participate in the development of oligodendrocytes, myelination, and myelin repair in the brain (Copray et al., 2009; Yu et al., 2013; Bischof et al., 2015; Emery and Lu, 2015; Matsumoto et al., 2016; Koreman et al., 2018; Egawa et al., 2019; Tiane et al., 2019). Therefore, ablation of such chromatin and epigenetic factors is expected to call forth structural and functional impairment in the developing or adult brain. Indeed, the impaired development of OL lineage caused by defective chromatin and epigenetic regulation of the various steps involved, is linked to pathophysiological changes leading to neurodevelopmental and neurodegenerative disorders (Maki et al., 2013; Ohtomo et al., 2018; Lu et al., 2019; Berry et al., 2020; Samudyata et al., 2020). Thus, it is plausible that the reported role of BAF155 and BAF170 in OL development (this study) partly highlights the white matter anomalies associated with documented syndromic and non-syndromic disorders associated with BAF complex dysfunction (Sokpor et al., 2017).

Altogether, our findings demonstrate the significance of BAF155 and BAF170 subunits of the BAF complex in driving the specification and proliferation of OPCs. Future study is required to determine the function of BAF155 and BAF170 in oligodendrocyte differentiation and eventual maturation to be able to carry out myelination in the CNS. Describing a comprehensive mechanistic role for the regulatory function of BAF155 and BAF170 would boost our knowledge of the importance of chromatin modulators in myelination-dependent brain morphogenesis, and possibly lend therapeutic ideas for averting neurologic disorders in the event of dysregulation.



MATERIALS AND METHODS


Transgenic Mice

BAF155fl/fl (Choi et al., 2012), BAF170fl/fl (Tuoc et al., 2013), Olig2-Cre (Dessaud et al., 2007), and hGFAP-Cre (Zhuo et al., 2001) mice were maintained in a C57BL6/J background. Animals were handled in accordance with the German Animal Protection Law.



Generation of dcKO Mutants

To ablate the function of BAF155 and BAF170 in dTel progenitors, we used the hGFAP-Cre line as a driver for recombinase activity (Zhuo et al., 2001). We crossed BAF155fl/+; BAF170fl/+; hGFAP-Crepos/+ with BAF155fl/fl; BAF170fl/fl mice to generate dcKO_hGFAP-Cre. Similarly, to inactivate the function of these BAF subunits in vTel progenitors and the Olig2+ cell lineage, we used the Olig2-Cre line (Dessaud et al., 2007), which was obtained from Till Marquardt lab (Müller et al., 2014). We crossed BAF155fl/+; BAF170fl/+; Olig2-Crepos/+ with BAF155fl/fl; BAF170fl/fl mice to generate dcKO_Olig2-Cre. Both dcKO_hGFAP-Cre and dcKO_Olig2-Cre mutants died soon after birth. The comparative expression analyses were performed on matched sections of the mutant (BAF170fl/fl; BAF155fl/fl; Cre pos/+) vs. control brains (BAF155fl/+; BAF170fl/+; Cre pos/+).



Antibodies

The following polyclonal (pAb) and monoclonal (mAb) primary antibodies used in the study were obtained from the indicated commercial sources: BAF155 rabbit pAb (1:20; Santa Cruz), BAF155 mouse mAb (1:100; Santa Cruz), BAF170 rabbit pAb (1:100; Bethyl), BAF170 rabbit pAb (1:100; Sigma), Olig2 rabbit pAb (1:200; Millipore), PDGFRα rat pAb (1:200; BD Bioscience), Sox9 rabbit pAb (1:100; Millipore), Sox10 Guinea pig pAb (1:100; a gift from Prof. Michael Wegner), Ki67 rabbit pAb (1:50; Novocastra), Ki67 mouse mAb (1:100; Novocastra), IdU mouse mAb (1:50; Becton Dickinson), Casp3 rabbit pAb (1:100; Cell Signaling).

Secondary antibodies used were horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10,000; Covance), HRP-conjugated goat anti-mouse IgG (1:5,000; Covance), HRP-conjugated goat anti-rat IgG (1:10,000; Covance), and Alexa 488-, Alexa 568-, Alexa 594- and Alexa 647-conjugated IgG (various species, 1:400; Molecular Probes).



RNA Sequencing

RNA was isolated from 4 control and 4 mutant dTel at P3 as previously described (Kiszka, 2019). Deep sequencing and data analysis were described previously (Narayanan et al., 2015; Nguyen et al., 2018). Briefly, cDNA libraries were prepared using the TruSeq RNA Sample Preparation v2 Kit. DNA was quantified using a NanoDrop spectrophotometer, and its quality was assessed using an Agilent 2100 Bioanalyzer. Reads were aligned to mouse genome mm10 and counted using FeaturesCount1. Differential expression was assessed using DESeq2 from Bioconductor (Love et al., 2014). Functional GO enrichment analyses were performed using ToppGene (Chen et al., 2009). The high-throughput RNA-seq data has be deposited in the NCBI Gene Expression Omnibus and made accessible through GEO Series accession number (GSE165228).



In situ Hybridization

Chromogenic in situ hybridization (CISH) was performed in RNase-free condition as described previously (Tuoc et al., 2009). CISH was done on 10 μm sections from E12.5–E13.5 heads and on 16 μm sections from E15.5–E18.5 brains, which were fixed in 4% paraformaldehyde and cryoprotected according to Tuoc et al. (2009). The detection of the RNA transcripts of different RNA probes (riboprobes) was visualized via staining of the chromogen Digoxigenin (DIG)-marked specific riboprobes. RNA probes used in this study: Olig1, Olig2, Sox10, and PLP.



Immunohistochemistry (IHC)

IHC was performed as previously described (Ulmke et al., 2021). Briefly, the antigen retrieval was performed by incubating the brain sections in 0.01 M sodium citrate buffer for 60 min at 70°C, followed by cool-down for 20 min at room temperature. The sections for IHC were then incubated overnight with primary antibody at 4°C after blocking with 5% normal sera of the appropriate species. Incubation with primary antibodies was followed by a 1 h incubation at room temperature with the appropriate A488-, A594-, A555- or A647-labeled (Alexa series, Invitrogen, 1:400) secondary goat or donkey antibodies. Sections were later counterstained with Vectashield mounting medium containing DAPI (Vector laboratories) to label nuclei.



Imaging, Quantification, and Statistical Analyses

Images were captured using an Axio Imager M2 (Zeiss) with a Neurolucida system, and confocal fluorescence microscopes (TCS SP5; Leica). Images were further processed with Adobe Photoshop. IHC and ISH signal intensities were quantified by using Image J software, as previously described (Tuoc and Stoykova, 2008; Narayanan et al., 2015). For cell counts with the chromogenic signal, cells expressing the desired probes were counted directly by Neurolucida software within the desired area of the mouse forebrain. Statistical differences were measured using two-tailed unpaired Student’s t-test, with α set at 5% to give the following level of significance: ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, ****p ≤ 0.0001. All statistical graphs shown in this study were plotted by GraphPad Prism software (version 5). Adobe Illustrator CS6 was used to draw the schematic Figures: 2 (A) and 6. All details of statistical analyses for histological experiments are presented in Supplementary Table 2.
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In the central nervous system, oligodendrocytes produce myelin sheaths that enwrap neuronal axons to provide trophic support and increase conduction velocity. New oligodendrocytes are produced throughout life through a process referred to as oligodendrogenesis. Oligodendrogenesis consists of three canonical stages: the oligodendrocyte precursor cell (OPC), the premyelinating oligodendrocyte (preOL), and the mature oligodendrocyte (OL). However, the generation of oligodendrocytes is inherently an inefficient process. Following precursor differentiation, a majority of premyelinating oligodendrocytes are lost, likely due to apoptosis. If premyelinating oligodendrocytes progress through this survival checkpoint, they generate new myelinating oligodendrocytes in a process we have termed integration. In this review, we will explore the intrinsic and extrinsic signaling pathways that influence preOL survival and integration by examining the intrinsic apoptotic pathways, metabolic demands, and the interactions between neurons, astrocytes, microglia, and premyelinating oligodendrocytes. Additionally, we will discuss similarities between the maturation of newly generated neurons and premyelinating oligodendrocytes. Finally, we will consider how increasing survival and integration of preOLs has the potential to increase remyelination in multiple sclerosis. Deepening our understanding of premyelinating oligodendrocyte biology may open the door for new treatments for demyelinating disease and will help paint a clearer picture of how new oligodendrocytes are produced throughout life to facilitate brain function.
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INTRODUCTION

Oligodendrocytes, the myelin forming cells of the central nervous system, increase the propagation speed of axon potentials and provide support to neurons through ensheathing axons with myelin. While the generation of myelin primarily occurs during development, many regions of the central nervous system continue to undergo active myelination well into adulthood. For example, some axonal tracts, such as the motor root fibers of the spinal cord, are completely myelinated before birth, while other regions such as the neocortex are not fully myelinated until well into the third decade of life in humans (Flechsig, 1901; Yakovlev and Lecours, 1967). Once formed, oligodendrocytes have a remarkable lifespan, surviving for decades in humans (Yeung et al., 2014) and months to years in mice (Tripathi et al., 2017).

While most regions of the brain and spinal cord are fully myelinated by the third decade of life in humans, evidence indicates that oligodendrocyte number continues to slowly increase with age (Yakovlev and Lecours, 1967; Peters and Sethares, 2004). Indeed, recent studies utilizing heavy carbon dating from nuclear bomb tests show that some brain regions, such as the adult cerebral cortex, continue to generate new oligodendrocytes throughout life (Yeung et al., 2014). The formation of new myelin-forming oligodendrocytes is called oligodendrogenesis, which is a stepwise differentiation process consisting of three canonical stages: the oligodendrocyte precursor cell (OPC), the premyelinating oligodendrocyte (preOL), and the mature, myelinating oligodendrocyte (OL) (Figure 1). While there has been considerable work studying the cell biology of OPC functions (Bergles and Richardson, 2016; Thornton and Hughes, 2020) and myelination (Stadelmann et al., 2019), considerably less is known about premyelinating oligodendrocyte biology.
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FIGURE 1. The oligodendrocyte lineage progression and expression of stage-specific markers. (A) Oligodendrocyte precursor cells (blue) differentiate into premyelinating oligodendrocytes (teal). A large majority of premyelinating oligodendrocytes are lost but some survive and integrate into neuronal circuits as new oligodendrocytes (pink). New oligodendrocytes then have the capacity to form myelin sheaths and slowly mature into myelinating oligodendrocytes (gray). (B) Oligodendrocyte precursor cells (blue) express Cspg4 and Pdgfra mRNA in high levels. Premyelinating oligodendrocytes (teal) have increased expression of Bmp4, Gpr17, Bcas1, and Enpp6. New oligodendrocytes (pink) express some of the same mRNAs as premyelinating oligodendrocytes, yet are distinct as they express Tmem2, Prom2, and Cx47 and have increased expression of myelin genes, such as Plp, Mobp, and Mag. Myelinating oligodendrocytes (gray) have high expression of myelin genes, such as Plp, Mobp, and Mag with little to no expression of Cspg4, Gpr17, and Enpp6 among others. Size of circles are relative to one another except for those labeled with “*” scale is given in black on the bottom row. The sizes of circles correlate with single cell RNA -sequencing data (Marques et al., 2016).


Premyelinating oligodendrocytes constitute a population of terminally differentiated cells that are not OPCs but have not yet started to form myelin sheaths. Premyelinating oligodendrocytes, as they are currently defined, were first described in the late 1980s and early 1990s. Immunocytochemical analysis identified a population of highly branched immature cells that were present during peak oligodendrogenesis and myelination (LeVine and Goldman, 1988). These observations prompted the proposal of three stages of the oligodendrocyte differentiation, where the middle stage consists of a morphologically complex, premyelinating cell (Warrington and Pfeiffer, 1992). In the late 1990s, antibodies against DM-20/proteolipid protein (PLP) visualized premyelinating oligodendrocytes contacting unmyelinated axons during developmental myelination (Trapp et al., 1997). Despite the identification and description of premyelinating oligodendrocytes over the last several decades, this stage of oligodendrogenesis has remained relatively poorly defined when compared to OPCs and OLs.

This review will explore how advances in the field of neurogenesis can provide context for the understanding of oligodendrogenesis and premyelinating oligodendrocytes. We will outline what is known about intrinsic and extrinsic control of preOL survival and integration, and discuss how modulation of preOLs has the potential to increase the effectiveness of remyelination therapies in MS.



CELLULAR DIFFERENTIATION: A PERSPECTIVE FROM NEUROGENESIS

Oligodendrogenesis and neurogenesis both produce adult-born, fully functional cells in the mature CNS. However, these processes are both inherently inefficient (Sun et al., 2004; Hughes et al., 2018), with many cells undergoing apoptosis following differentiation (Kawai et al., 2009; Ryu et al., 2016). These similarities, as well as others, suggest that distinct stages of neurogenesis and oligodendrogenesis may be governed by similar processes. Specifically, we will focus on the critical periods of neurogenesis immediately after terminal differentiation of neural progenitors into postmitotic immature neurons. During these critical periods, distinct mechanisms control neuronal survival, integration, and maturation. We will highlight two of these critical periods and discuss how they may also govern the integration and maturation of postmitotic premyelinating oligodendrocytes and new immature oligodendrocytes.

Before discussing critical periods of postmitotic new neuron maturation, it is important to highlight that studies of neurogenesis have been aided in great part by a suite of stage specific markers. These markers have allowed for the identification, and investigation of mechanisms governing cell behavior at distinct stages of the neurogenesis process. However, the identification of proteins and the development of tools to label specific stages of neurogenesis was a gradual process that occurred over many years. Histological studies of mouse and human brain tissue led to the identification of now canonical markers such as DCX, Pax-6, Nestin, GFAP, PSA-NCAM, NeuroD, and Tuj-1 (Lendahl et al., 1990; Doetsch et al., 1997; des Portes et al., 1998; Miyata et al., 1999; Brown J. P. et al., 2003; Encinas and Enikolopov, 2008). During adult neurogenesis, expression of these proteins was found to correlate with distinct stages during proliferation, differentiation, maturation and integration of new neurons (von Bohlen Und Halbach, 2007; Encinas and Enikolopov, 2008; Zhang and Jiao, 2015). Importantly, these stage-specific markers have allowed for detailed studies investigating how disease, life experience, and the local environment influence distinct stages of neurogenesis by different mechanisms. Through the use of stage-specific markers and the discovery of temporally precise critical periods, the integration of adult born neurons in the mature CNS has been thoroughly characterized.

The first critical period in the maturation of new, post-mitotic neurons is a survival checkpoint 1–4 days after differentiation. Here, the apoptotic regulator BAX eliminates a majority of new-born neurons in the sub granular zone of the hippocampus, and genetically eliminating Bax expression effectively overrides programmed cell death pathways and increases the number of postmitotic new neurons in the hippocampus (Sun et al., 2004). Furthermore, during normal neurogenesis a majority of newborn cells that have undergone apoptosis are subsequently phagocytosed by microglia (Sierra et al., 2010). Newly generated neurons that pass the survival checkpoint continue to mature and 1–2 weeks after differentiation the second critical period begins.

The second critical period is characterized by the maturation of immature neurons into functional mature cells (Jahn and Bergami, 2018). During this period, postmitotic immature neurons undergo dramatic morphological changes and begin to form and receive synapses (van Praag et al., 1999; Brown J. et al., 2003; Fabel et al., 2009). Furthermore, extrinsic signaling such as exercise (running), exposure to enriched environments, and high-frequency stimulation of the perforant path increase the activation and survival of these neurons (Jungenitz et al., 2014; Jahn and Bergami, 2018). Similar critical periods govern the survival, integration, and maturation of new neurons in other neurogenic niches as well. For example, in the olfactory bulb, sensory input shapes the survival of new granule cells 14–28 days after terminal differentiation (Yamagucho and Mori, 2005), and new olfactory bulb neurons 15–45 days after differentiation (Petreanu and Alvarez-Buylla, 2002). Taken together, these studies and others demonstrate that new-born neurons must override programmed cell death pathways in the first critical period of maturation. During the second critical period, extrinsic factors begin to influence survival and integration over the course of weeks.

Whether critical periods govern the survival, integration, and maturation of oligodendrocytes remains an open question. Recent studies indicate that oligodendrocyte maturation has a similar first temporal critical period, during which many cells are lost shortly after differentiation (Hughes et al., 2018). Furthermore, RNA-sequencing studies have identified multiple populations of newly formed, yet immature, oligodendrocytes in the mouse cortex (Zhang et al., 2014; Marques et al., 2016) suggesting that a second temporal critical period of maturation is shared between oligodendrocytes and neurons. These populations may represent unique stages of oligodendrocyte maturation that are responsive to different extrinsic signals, akin to the maturation of postmitotic new neurons. However, while unique populations of preOLs and new oligodendrocytes have been identified based on RNA expression, the mechanisms governing their integration, survival and maturation have not been as deeply investigated due to a current limited set of reliable tools for visualization and manipulation.

There are a plethora of reliable markers for OPCs, mature oligodendrocytes, and the oligodendrocyte lineage as a whole (Barateiro and Fernandes, 2014). Some examples include PDGFRα, NG2 (also known as Cspg4), MBP, PLP, MAG, MOG, CNPase, OLIG2, and SOX10 (Quarles et al., 1973; Boggs and Moscarello, 1978; Linnington et al., 1984; Vogel and Thompson, 1988; Nishiyama et al., 1996; Kuhlbrodt et al., 1998; Zhou et al., 2000). These markers have been invaluable for studying the biology of OPCs, mature oligodendrocytes and myelin, and have been foundational in characterizing the three canonical stages of oligodendrocyte development. While oligodendrocyte lineage cells have typically been categorized into these three stages as OPCs, preOLs, or mature myelinating oligodendrocytes, it is likely that oligodendrocyte maturation is a developmental continuum rather than distinct stages. Two recent advancements are the identification of breast carcinoma amplified sequence 1 (BCAS1) (Fard et al., 2017) and Ectonucleotide Pyrophosphatase/Phosphodiesterase 6 (ENPP6) as a markers of preOLs and newly integrated oligodendrocytes (Xiao et al., 2016; Figure 1). Once a preOL integrates as a new oligodendrocyte, it experiences dramatic changes in gene expression and function (Figure 1). These new oligodendrocytes continue to add myelin sheaths and eventually become mature, myelinating oligodendrocytes. Interestingly, recent studies show that mature myelinating oligodendrocytes are a heterogenous population of cells with different transcriptional profiles (Marques et al., 2016; Jakel et al., 2019). It remains unclear when and how this heterogeneity arises as the oligodendrocyte precursor populations are transcriptionally homogenous (Marques et al., 2018). It is possible that mature oligodendrocyte heterogeneity arises due to differences in cellular environments or transcriptional heterogeneity within the premyelinating oligodendrocyte stage of the differentiation process. Alternatively, heterogeneity may represent an extended maturation process of mature myelinating oligodendrocytes. The successful use of stage-specific tools in the field of neurogenesis suggests that these approaches will aid in increasing our understanding of the unique stages on the developmental continuum of oligodendrocyte maturation.



A BOTTLENECK IN THE GENERATION OF NEW OLIGODENDROCYTES

Cell death is required for the normal development of almost all multicellular organisms. During development of the nervous system, apoptosis is necessary to ensure the proper number and location of cells (Haanen and Vermes, 1996). However, whether cell death regulates developmental oligodendrogenesis remained unclear until Barres and colleagues observed that ∼50% of OPCs isolated from the postnatal optic nerve undergo programmed cell death in vitro within 2–3 days (Barres et al., 1992). A similar pattern was observed in the cortex, where the percentage of preOLs undergoing degeneration was ∼20% between P7 and P21 and even higher, 37%, at P28 (Trapp et al., 1997). Together, these studies suggest that the developmental programming of oligodendrocytes to undergo apoptosis is an important process in oligodendrocyte development. Oligodendrogenesis is a lifelong process with new oligodendrocytes forming well into adulthood outside normal developmental windows. Are adult born oligodendrocytes also regulated by intrinsic apoptotic signaling? To address this question, Hughes et al. (2018) used in vivo two photon imaging to longitudinally track oligodendrocytes in the middle-aged mouse cortex and observed that ∼78% of differentiating OPCs are lost and fail to mature into myelin forming oligodendrocytes. These data demonstrate that the loss of differentiating oligodendrocyte precursors is not confined to typical time course of development; rather, it continues into adulthood and greatly reduces the number of oligodendrocytes available to integrate into the CNS.

The discovery that most oligodendrocytes are lost during the premyelinating oligodendrocyte stage serves to underscore the importance of preOLs in the oligodendrogenesis process. While it is possible that this elimination of preOLs serves some important biological function in adulthood, like ensuring proper levels of myelination, controlling oligodendrocyte number, or removing damaged cells, an alternative explanation is that the loss of preOLs is a continuation of the developmental cell program. Decreasing the number of preOLs eliminated by apoptosis could be beneficial to the adult nervous system to allow for enhanced experience dependent myelination or by providing additional trophic support to axons through the formation of new myelin sheaths. To begin to explore the regulation of this interesting biological process, we will examine the intrinsic and extrinsic factors influencing the survival and integration of oligodendrocytes following precursor differentiation.



INTRINSIC MECHANISMS REGULATING PREMYELINATING OLIGODENDROCYTE SURVIVAL AND INTEGRATION

In the adult CNS, the production of new oligodendrocytes is required for learning, memory, and cognition (Xiao et al., 2016; Pan et al., 2020; Wang et al., 2020). However, the profound loss of preOLs during oligodendrogenesis in the adult CNS may limit the rate at which new oligodendrocytes can be produced. Therefore, understanding the intrinsic mechanisms influencing preOLs survival and integration may provide insights into how oligodendrogenesis regulates learning, memory, and cognition.


Apoptosis and Survival of Premyelinating Oligodendrocytes

After terminal differentiation, oligodendrocyte precursors are postmitotic and enter the preOL stage where they remain for roughly 2 days (Hughes et al., 2018). During this short window of time, many preOLs undergo programmed cell death. Many factors can push cells toward apoptosis including endoplasmic reticulum (ER) and mitochondrial stress. These types of stress are known to induce cell death in a wide range of cell types by regulating Bcl-2 family proteins like BAX and BAK (Zong et al., 2003; Ruiz-Vela et al., 2005). Similar to neurogenesis, BAX and BAK strongly influence apoptosis of differentiating oligodendrocytes. Kawai and colleagues showed that Bax and Bak mRNAs are expressed at high levels throughout differentiation and maturation of oligodendrocytes in vitro. By culturing O4 + oligodendrocytes from mice, they demonstrated that Bax–/–Bak–/– cultures were resistant to apoptosis after differentiation, with ∼90% of oligodendrocytes remaining viable after 14 days in culture. Cultures from wildtype (WT) mice exhibited apoptosis in almost 90% of cells after just 2 days (Kawai et al., 2009). The significant difference in viability of WT and Bax–/–Bak–/– cultures illustrates the importance of BAX/BAK signaling in driving apoptosis of differentiating oligodendrocytes. Removal of the BAX/BAK apoptosis checkpoint also resulted in an increased number of mature oligodendrocytes and axons in the optic nerve in vivo.

More recently, altering oligodendrocyte apoptosis was found to control oligodendrocyte number in the white and gray matter. Sun and colleagues identified a novel role for Transcription Factor EB (TFEB) in the BAX/BAK mediated cell death pathway in oligodendrocytes (Sun et al., 2018). Using Tfeb−/−;Olig2-Cre mice they demonstrated that deletion of Tfeb in the oligodendrocyte lineage (TFEB-cKO) resulted in ectopic myelination of the cerebellar molecular layer and increased oligodendrocyte number throughout the brain, including the gray matter. Interestingly, they observed that the percentage of unmyelinated axons in the white matter was unchanged in TFEB-cKO mice suggesting that different mechanisms may control the myelination of nerve fibers in the white and gray matter. To determine how TFEB is increasing oligodendrocyte number they cultured TFEB-cKO oligodendrocytes and live imaged cells, observing that TFEB-cKO oligodendrocytes experience significantly less cell death during differentiation. Using RNA-sequencing, they found that TFEB promotes expression of genes involved in ER stress pathways. Furthermore, they showed that TFEB induces expression of the Bcl-2 family member, Bcl-2-Binding Component 3 (PUMA) which functions through the Bax/Bak signaling pathway to promote apoptosis in oligodendrocytes (Figure 2).
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FIGURE 2. Intrinsic mechanisms regulating preOL survival and integration. After terminal differentiation from OPCs, preOLs must pass through a survival checkpoint during which a majority are lost. At this survival checkpoint a complex web of intracellular signaling mechanisms work to either drive preOL death or to encourage survival and integration. (A) A schematic representation of the survival checkpoint. PreOLs can either be driven toward cell death (red) or survival and integration (blue). (B) Intrinsic signaling pathways in preOLs. Pathways in blue promote the survival and integration of preOLs. The metabolite Taurine leads to increased serine pools that are available for lipid synthesis pathways (Beyer et al., 2018). The metabolite folate promotes survival by activating AMPKα phosphorylation (Weng et al., 2017). Gsta4 regulates oxidative stress via extracellular transport of 4-HNE (Carlstrom et al., 2020). Pathways in red promote cell death in preOLs. Increased 4-HNE load leads to increased Fas-Casp8-Bid signaling (Carlstrom et al., 2020). Hypoxic conditions result in increased HIF1/2a (Yuen et al., 2014). mTOR deletion leads to increased expression of the oligodendrocyte maturation inhibiting promotor ID2 (Ornelas et al., 2020). Reduction of Tsc1/2 results in hyperactive mTOR, increased translation and ER stress, and increased Fas-JNK signaling (Jiang et al., 2016). TFEB promotes ER stress and increases the expression of PUMA which subsequently leads to increased Bax/Bak activity (Sun et al., 2018).


These two studies demonstrate that altering BAX/BAK signaling in preOLs can alter apoptosis both in vitro and in vivo. While these studies show that reducing preOL apoptosis can increase oligodendrocyte number, it is unclear why there is ectopic myelination in the cortex and cerebellum while the corpus callosum retains normal numbers of myelinated axons. These differences in the patterns of myelination between white and gray matter following modulation of the efficiency of oligodendrogenesis suggest that disparate mechanisms may control the survival and integration of preOLs in different microenvironments. Furthermore, differences between neurons in white and gray matter may be affecting the placement and stabilization of nascent myelin sheaths, which could result in different patterns of intermittent myelination. These are interesting areas of study and future work will provide insight into the mechanistic basis of myelination differences in white and gray matter.

In addition to BAX/BAK signaling, intrinsic apoptotic pathways in preOLs can be modulated by gene expression changes, ER stress, and other proteins such as mammalian target of rapamycin (mTOR). Genetic deletion of mTOR specifically in oligodendrocytes lowers the number of newly formed oligodendrocytes in the spinal cord without affecting proliferation or cell-cycle exit. This effect is due to increased BMP signaling and subsequent increased expression of the oligodendrocyte maturation inhibiting promoter ID2 (Ornelas et al., 2020; Figure 2). These data on the effect of reduced mTOR signaling, in conjunction with other recent evidence, suggest that mTOR signaling must be finely controlled during oligodendrogenesis as increasing mTOR signaling also led to abnormal oligodendrogenesis in mice. Tuberous sclerosis complex-1 (TSC1) reduction results in hyperactive mTOR signaling and oligodendrocyte cultures from Tsc1-cKO mice have significantly lower expression of myelin genes in vitro, indicating that increased mTOR signaling may be influencing preOL survival or the integration of new oligodendrocytes (Jiang et al., 2016). In Tsc1-cKO mice, OPC number was significantly reduced once OPCs began active differentiation in the perinatal stages, indicating that cells may be lost in the preOL stage shortly after differentiation. In support of this hypothesis, the increased cell death in Tsc1 mutants is largely due to apoptosis in the preOL stage as differences in cell death could only be detected in in vitro cultures undergoing differentiation. Using RNA-sequencing, the authors found that a cellular stress sensor (CHOP), Fas, and members of the proapoptotic Bcl-2 family were upregulated in Tsc1-cKO mice whereas genes involved in myelination and lipid synthesis were downregulated. These data suggest that hyperactive mTOR signaling increases ER stress and proapoptotic signaling in preOLs and may reduce the ability of preOLs and new oligodendrocytes to engage in lipid synthesis and integrate as mature myelinating oligodendrocytes. Furthermore, ER stress and proapoptotic signaling appear to be dynamically controlled in preOLs by the opposing actions PERK/eIF2α and mTOR signaling. A proper balance between these opposing signaling pathways seems necessary to ensure survival of preOLs (Jiang et al., 2016; Figure 2).

Another intrinsic signaling pathway that modulates preOL survival and integration is mitochondrial stress. Glutathione S-transferase 4α (GSTA4) is an enzyme that regulates oxidative stress by reducing levels of 4-hydroxynonenal (4-HNE) (Bruns et al., 1999). Interestingly, Gsta4 expression steadily increases as OPCs differentiate into preOLs and subsequently mature into myelin forming oligodendrocytes (Marques et al., 2016; Carlstrom et al., 2020). Oligodendrocytes from Gsta4 overexpressing rats (DAGsta4) were cultured and it was determined that Gsta4 overexpression results in more Plp1 mRNA and fewer OPCs. These data suggest that there is an increase in oligodendrogenesis with no increase in OPC proliferation, resulting in a depleted pool of OPCs. Using RNA-sequencing, the authors show DAGsta4 animals have lower levels of Fas, Caspase-8 (Casp8) and 4-HNE suggesting that Gsta4 overexpression lowers mitochondrial 4-HNE load and downregulates the Fas-Casp8-Bid signaling axis (Carlstrom et al., 2020; Figure 2). GSTA4 acts to increase oligodendrogenesis by reducing mitochondrial stress and pro-apoptotic signaling in differentiating oligodendrocytes.

Taken together, these studies highlight the role of intrinsic apoptotic signaling in premyelinating oligodendrocytes and provide evidence that apoptosis of preOLs can influence the rate of oligodendrogenesis. Generally, there are two potential explanations for altered rates of oligodendrogenesis, the first being an increased rate of OPC differentiation, the second an increased rate of preOL survival and integration. Insight can be gained by analyzing both the differentiation rate of OPCs and the survival rate of preOLs in similar studies in the future. Furthermore, measuring the rate of both processes can increase our understanding of the factors that influence oligodendrogenesis in both health and disease.



Metabolic Demands of Premyelinating Oligodendrocytes

As OPCs differentiate into preOLs, they undergo profound changes in morphology over several days (Figure 1). If preOLs pass the survival checkpoint, they undergo a dramatic increase in total membrane surface area as the cells begin to form myelin sheaths. These dramatic morphological changes require a high energy demand and metabolic stress and profound changes in the epigenetic landscape of the cell (Emery and Lu, 2015). As preOLs transition to new oligodendrocytes, they engage myelin synthesis pathways, and a proper supply of oxygen and metabolites becomes necessary for survival. In fact, evidence indicates that preOLs are considerably more vulnerable to hypoxia-ischemia than OPCs or mature OLs (Cai et al., 2018). In addition, the stabilization of OPC-encoded hypoxia-inducible factor (HIF), whose function is necessary for angiogenesis and myelination in the corpus callosum, in OPCs resulted in maturation arrest, suggesting HIF may play a role in the preOL survival and maturation (Yuen et al., 2014; Figure 2). These data suggest that a regular supply of oxygen is necessary for preOL survival and maturation. It is also becoming evident that the constant supply of key metabolites is required during preOL maturation. Levels of taurine, an important metabolite in the lipid synthesis pathway, have been found to significantly increase as oligodendrocytes differentiate and mature (Beyer et al., 2018). The addition of exogenous taurine to oligodendrocyte cultures enhanced the maturation and survival of OPCs and preOLs, with the most profound effect occurring when taurine was added during the preOL stage (Beyer et al., 2018; Figure 2). Another metabolite, folate, was found to promote OL maturation and survival both in vivo and in vitro by activating AMPKα phosphorylation (Weng et al., 2017; Figure 2). These studies illustrate the importance of a proper supply of oxygen and myelin building blocks for the survival and integration of preOLs.

The vulnerability of preOLs to low oxygen and metabolites might lead to the hypothesis that fasting or caloric restriction would result in reduced oligodendrogenesis, however, this does not appear to always be true. Reducing the availability of metabolites via fasting has been shown to affect oligodendrogenesis in specific contexts. Alternate day fasting for 6 months increased the maturation of OPCs into MBP + oligodendrocytes (Neumann et al., 2019). Counterintuitively, OPCs from fasting animals have lower expression of differentiation genes and higher ATP levels. One might expect lower levels of differentiation genes in OPCs to result in fewer mature oligodendrocytes, however, there may be a more efficient production of MBP + oligodendrocytes indicating that fasting, and increased ATP levels, may be influencing the survival and maturation of preOLs as opposed to increasing differentiation. This study also shows that metformin can mimic the effects of fasting by increasing levels of phosphorylated AMPK, an effect similar to that of the metabolite folate (Neumann et al., 2019; Figure 2). Interestingly, different durations of dietary restriction seem to have different effects on oligodendrogenesis. Our group found that short term caloric restriction has no effect on oligodendrogenesis (Bacmeister et al., 2020). These results highlight that the effect of diet on oligodendrogenesis is not straightforward and additional studies will likely provide insights into the role of dietary restriction on preOL survival and maturation.



EXTRINSIC MECHANISMS REGULATING PREMYELINATING OLIGODENDROCYTE SURVIVAL AND INTEGRATION

While intrinsic programmed cell death can exert powerful control over cell fate, there is mounting evidence suggesting that sensory experience, learning, and the local cellular environment can also modulate cell survival. During the last two and a half decades, evidence has emerged suggesting that a wide variety of extrinsic factors such as neuronal activity, neurotransmitters, other glial cells, growth factors, learning, and sensory experience can influence oligodendrocyte biology. While our understanding of how these factors influence oligodendrogenesis at large is understood to some extent, investigations into how these factors affect the survival and integration of preOLs are relatively lacking.


Neuronal Activity Influences Oligodendrogenesis

Neuronal activity exerts great control over an abundance of processes in the CNS from development into adulthood. It is essential for circuit development, neurogenesis, migration, synaptic plasticity, and there is emerging evidence of its role in oligodendrogenesis. Furthermore, while neuronal activity can increase the differentiation of OPCs, it remains less clear whether neuronal activity can modulate the rate at which preOLs survive and integrate into neuronal circuits. One reason for this is that the modes of communication between premyelinating oligodendrocytes and neurons remains undefined. One form of communication between neurons and oligodendrocyte precursors is direct synapses. OPCs form bona fide synapses with neurons, allowing for direct OPC-neuronal communication (Bergles et al., 2000; Lin and Bergles, 2004). However, these synapses are rapidly lost as OPCs differentiate into preOLs, indicating that neuronal activity may influence preOL survival and integration through additional mechanisms, such as extra synaptic communication or growth factors (Kukley et al., 2010; De Biase and Bergles, 2011). Sensory deprivation via whisker trimming reduced the density of mature oligodendrocytes in the somatosensory cortex of early postnatal mice. Genetic fate mapping and post hoc immunostaining in slice cultures suggested whisker trimming led to decreased integration of oligodendrocytes (Hill et al., 2014; Figure 3). On the other hand, increased sensory experience via environmental enrichment was found to promote the maturation and generation of new oligodendrocytes during development and after hypoxic injury (Forbes et al., 2020; Goldstein et al., 2021; Figure 3). Furthermore, increasing neuronal activity via optogenetic stimulation increases OPC differentiation and increases the number of newly formed oligodendrocytes (Gibson et al., 2014; Figure 3). Our group showed that motor learning both increases and decreases the rate of oligodendrogenesis in the primary motor cortex depending on the phase of motor training. Specifically, the rate of OPC differentiation and oligodendrogenesis increased in the weeks after motor learning (Bacmeister et al., 2020). However, we found a transient learning-induced suppression of oligodendrogenesis and unaffected OPC differentiation during motor training. These findings suggest that learning may temporarily modulate the survival and integration of preOLs. On a single axon level, increasing neuronal activity of a subpopulation of callosal axons with DREADDs yields increased oligodendrogenesis and increased myelination in an axon selective manner (Mitew et al., 2018; Figure 3). In a similar study, DREADDs were used to specifically stimulate a subpopulation of PV-INs and stimulated neurons had increased axonal growth and increased myelination compared to unstimulated neurons, however, the overall amount of myelination stayed the same (Stedehouder et al., 2018). While it is unequivocal that neuronal activity influences oligodendrogenesis, additional insights into how neurons regulate preOL survival, integration, gene expression, and axonal targeting will greatly increase our understanding of this transient stage of oligodendrogenesis and its role in brain function.
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FIGURE 3. Extrinsic mechanisms regulating preOL survival and integration. Premyelinating oligodendrocytes are responsive to extrinsic signals in their local environment. This means that neurons, microglia, and astrocytes all influence preOLs, in some cases to promote survival and integration (blue) and in others to promote cell death (red). Neuronal activity has been found to increase the production of new oligodendrocytes (Gibson et al., 2014; Mitew et al., 2018). Exposure to enriched environments promotes the production and maturation of new oligodendrocytes after hypoxic injury (Forbes et al., 2020). Sensory deprivation via whisker trimming reduces the production of new oligodendrocytes (Hill et al., 2014; Hughes et al., 2018). Microglial derived factors like Activin-A, PDGF, and BDNF promote survival and integration (Nicholas et al., 2001; Miron et al., 2013; Geraghty et al., 2019). Astrocyte derived factors BDNF, LIF, and PDGF also promote survival and integration (Gard et al., 1995; Miyamoto et al., 2015). PDGF upregulates NF- κB to reduce apoptosis and enhance maturation (Nicholas et al., 2001). The presence of extracellular vesicles from young astrocytes results in more efficient differentiation and maturation of primary OPC cultures (Willis et al., 2020). Activation of mGluR5 receptors reduces staurosporine induced apoptosis (Luyt et al., 2006). Dense extracellular matrix has a negative effect on the production of new oligodendrocytes (Back et al., 2005; Sloane et al., 2010; Keough et al., 2016; Kuboyama et al., 2017). GPR37 signaling results in increased expression of maturation and myelination promoting genes (Yang et al., 2016). Signaling through GPR17 leads to increased nuclear ID2/4 inhibiting the expression of maturation promoting genes (Chen et al., 2009). GPR17 signaling also increases levels of the pro-apoptotic protein, Xaf1 (Chen et al., 2009). Reactive microglia can recognize and engulf preOLs, an effect mediated by the Cx3CR1 receptor and its ligand fractalkine (Nemes-Baran et al., 2020). Reactive microglia also release TG2 which activates GPR56 and potentially reduces the susceptibility of preOLs to apoptosis (Giera et al., 2018).




Premyelinating Oligodendrocyte-Axon Interactions

In the late 1990s, it was proposed that preOLs that were contacting neighboring axons went on to survive, whereas those without processes contacting axons exhibited signs of apoptosis and degeneration (Trapp et al., 1997). This led to the hypothesis that preOL-axon interactions are acting to influence the integration of preOLs into mature oligodendrocytes by modulating the formation and stabilization of nascent myelin sheaths. Recently, zebrafish have proved to be a powerful model for studying the dynamics of nascent sheath formation on axon subtypes. Reducing neuronal activity with tetrodotoxin reduces the proportion of nascent sheaths wrapping axons in the developing zebrafish spinal cord and blocking vesicle release with Tetanus Toxin in single axons reduced myelin wrapping on those axons (Hines et al., 2015; Mensch et al., 2015; Figure 3). A recent study provides further evidence that the release of vesicles from axons promotes the formation and elongation of nascent sheaths (Almeida et al., 2020). These data suggest that vesicle release from axons can modulate nascent sheath dynamics. In fact, the post-synaptic scaffold protein PSD-95 has been observed in myelin forming oligodendrocytes both at the end of myelin sheaths and along their length (Hughes and Appel, 2019; Figure 3). Additionally, there is evidence that high frequency Ca2+ transient activity in myelin sheaths results in faster elongation of sheaths, implicating Ca2+ signaling in the process of nascent sheath stabilization (Baraban et al., 2018). All these data together support the hypothesis that axons communicate with nascent myelin sheaths and influence their stability and growth. Whether or not this communication influences preOL survival and integration is unknown. Furthermore, investigating what types of axon-preOL communication are necessary for preOL survival could provide insight into the mechanisms governing preOL nascent sheath formation.

Individual oligodendrocytes myelinate multiple axons in the neocortex and the placement of myelin appears to be tightly regulated in healthy animals. These data have led to the hypothesis that neuron-oligodendrocyte communication can both attract and repel the formation of new nascent myelin sheaths. One explanation for the fine network of radial processes observed on preOLs is that they may be surveying the local area for specific neuronal signals to initiate the integration process (Figure 1). Some of these attractive and repulsive cues have been identified in recent years. Neuronal junction adhesion molecule 2 (JAM2) has been identified as an inhibitory molecule that can prevent myelination of neuronal cell bodies (Redmond et al., 2016) and the absence of Neurofascin in oligodendrocytes in zebrafish leads to mistargeting of myelin to cell bodies (Klingseisen et al., 2019). Another study disrupted the paranodal axo-glial junctions using cntn1b–/–mag–/– and caspr–/–mag–/– mutant zebrafish resulting in hypomyelination and myelin mistargeting (Djannatian et al., 2019). Additionally, normal function of another cell adhesion molecule, Cadm4, is necessary for proper myelination in mice (Elazar et al., 2019). Overall, the identification of attractive and repulsive cues that modulate nascent sheath dynamics is an exciting area of study. Future work linking the molecular mechanisms of axonal myelination to preOL survival and integration will provide a more holistic view of how axon interactions regulate oligodendrogenesis and myelination.



Glia-Oligodendrocyte Interactions

Just as neuronal activity influences oligodendrogenesis, cell-cell interactions with other glial cell types also regulate myelination. Microglia are the resident immune cells of the CNS and are known to phagocytose synapses and entire cells during periods of plasticity. There is emerging evidence that microglia also influence oligodendrogenesis. However, the role of microglia in oligodendrogenesis is not unidirectional and depends on microglial activation, age, and brain region. The presence of a transient, reactive, ameboid population of microglia in white matter regions during the peak of postnatal myelination led to the hypothesis that microglia may be playing an active role in early postnatal myelin formation. To test this hypothesis, microglia were ablated by application of BLZ945, a CSF-1R inhibitor, from P2 to P7. Microglial ablation resulted in a reduced number of mature oligodendrocytes in the cerebellum and corpus callosum without affecting OPC, astrocyte, or neuronal cell number (Hagemeyer et al., 2017). On the contrary, when 6–8-week-old mice were treated with BLZ945 the opposite effect was seen with a reduction in OPC number and no change in the quantity of mature oligodendrocytes. It is clear that microglia influence the oligodendrocyte lineage in both young and adult animals and future work can provide deeper insight into the effect of microglial ablation on the preOL stage of oligodendrogenesis. While microglial ablation can provide insights into the larger role of microglia in oligodendrogenesis, investigations of microglia-oligodendrocyte interactions can elucidate the role of microglia on the level of single oligodendrocytes and even single myelin sheaths.

To study the microglia-oligodendrocyte interaction, ex vivo brain slices and confocal imaging were used to track microglia engulfment of oligodendrocytes in the corpus callosum. Microglia appear to engulf viable OPCs and preOLs from P4-P11, an effect that is reduced when CX3C chemokine receptor 1 (CX3CR1) is conditionally knocked out of microglia (Nemes-Baran et al., 2020; Figure 3). These results indicate that there may be higher rates of preOL survival and integration when CX3CR1 is knocked out in microglia, but further work is necessary to fully understand the interactions between microglia and preOLs. Other recent work has utilized electron microscopy and live imaging to investigate the interactions of microglia with single oligodendrocytes and sheaths. Djannatian and colleagues used electron microscopy of the P14 optic nerve to provide evidence that microglia phagocytose abnormal myelin during development in mice and there is accumulating evidence that microglia survey myelin sheaths and phagocytose myelin in the zebrafish spinal cord during development (Hughes and Appel, 2020; Djannatian et al., 2021). Taken together, these data show that microglia interact with myelin sheaths during development and help to ensure proper myelination.

Evidence is accumulating that microglia can influence oligodendrogenesis and preOLs through the release of a wide range of factors into the local microenvironment. Homeostatic microglia have been shown to promote the survival and maturation of OPCs and potentially preOLs in vitro. Oligodendrocyte cultures supplemented with media from homeostatic microglial cultures had reduced apoptosis compared to cultures with control media, an effect that is blocked by removing Platelet derived growth factor (PDGF) from the media (Figure 3). Furthermore, PDGF may promote the survival of cultures oligodendrocytes by upregulating Nuclear Factor κB (NF- κB), as activating NF- κB in cultures was sufficient to reduce apoptosis and enhance maturation (Nicholas et al., 2001). Homeostatic control of OPC density through proliferation is necessary to ensure that OPCs are available to form new oligodendrocytes throughout the CNS (Hughes et al., 2013). A recent study used microglial specific deletion of neuropilin-1 (Nrp1) to show that microglial derived Nrp1 is necessary for OPC proliferation, expansion and subsequent oligodendrocyte formation (Sherafat et al., 2021). Another microglial derived factor, Activin-A, was recently found to influence oligodendrogenesis in vitro. Activin-A containing media from microglia promotes the production of MBP + oligodendrocytes in vitro (Miron et al., 2013; Figure 3), suggesting that Activin-A signaling through activin receptors leads to increased differentiation of OPCs, increased survival and integration of preOLs, or both. Another population of microglia expressing CD11c+ were recently found to be the primary source of insulin-like growth factor 1 (IGF1) and deletion of Igf1 from this population resulted in significant myelin deficiencies (Wlodarczyk et al., 2017). While microglial derived factors that benefit oligodendrocyte maturation, survival and integration have been found in vitro, whether these factors have the same effect in vivo is less clear. In addition to testing the role of these factors in oligodendrogenesis in vivo, it would be beneficial to investigate the role of PDGF, NF- κB, and Activin-A at the different stages of oligodendrogenesis by adding it to cultures when cells are in the OPC, preOL, or newly formed oligodendrocyte stages, respectively.

Astrocytes tile the CNS allowing them to survey and modulate extracellular microenvironments and release factors to influence cells in close proximity. Interestingly, oligodendrocytes and astrocytes are directly coupled by gap junctions, forming a glial syncytium allowing for fast communication and transfer of molecules between these cell types (Orthmann-Murphy et al., 2008). The connexins Cx47 and Cx32 are expressed by oligodendrocytes and mediate the formation of specific astrocyte-oligodendrocyte gap junctions. Recent RNA-sequencing studies provided evidence that the expression of these connexins begins as preOLs integrate as new oligodendrocytes, raising the possibility that these gap junction connections may be necessary for the survival and integration of preOLs (Zhang et al., 2014; Figure 1). Beyond physical connections, astrocytes can also provide additional factors to influence oligodendrocytes. Astrocyte-derived BDNF supports oligodendrogenesis after white matter injury (Miyamoto et al., 2015; Figure 3). Furthermore, genetic elimination of the TrkB receptor from OPCs prevents activity dependent OPC proliferation and adaptive myelination in response to increased neuronal activity (Geraghty et al., 2019). However, whether BDNF promotes the survival of preOLs or just increases OPC differentiation remains to be addressed. Two other growth factors that can be released by astrocytes, PDGF and Leukemia inhibitory factor-like protein, also regulate oligodendrogenesis. In cell culture medium conditioned by astrocytes, differentiated oligodendrocytes survived for weeks whereas oligodendrocytes cultured in non-conditioned media died 1–2 days after differentiation, and the increased survival is likely due to the action of PDGF and/or leukemia inhibitory factor as removal of these factors reduced survival of differentiating oligodendrocytes (Gard et al., 1995; Figure 3). In addition to the release of growth factors, astrocytes can influence oligodendrocytes through the release of vesicles. Primary OPCs cultured in the presence of extracellular vesicles from young astrocytes more efficiently differentiated and matured into myelin forming oligodendrocytes compared to OPCs cultured in control media or media with vesicles from aged astrocytes (Willis et al., 2020; Figure 3). This suggests that astrocytic vesicles contain some type of signaling molecules that may influence preOL survival and integration. Future work regulating or blocking release of astrocyte vesicles in vivo and investigating the effects on oligodendrogenesis would be insightful. Together, these studies indicated that astrocyte-preOL interactions may play a pivotal role in survival and integration of preOLs during oligodendrogenesis.



G Protein-Coupled Receptors (GPCRs)

PreOLs express a wide range of receptors on the cell surface and the expression of these receptors changes rapidly as differentiation progresses and the cells mature into myelin forming oligodendrocytes. One subgroup of receptors, the G protein-coupled receptors, have been shown to influence multiple aspects of oligodendrogenesis. Three GPCRs, GPR17, GPR56, and GPR37 all exhibit peak expression at different stages of oligodendrogenesis, potentially exerting control on the process at specific stages of maturation. GPR17 rapidly increases in expression as OPCs begin the differentiation process and expression stays high as these cells integrate and mature as myelinating oligodendrocytes (Marques et al., 2016). GPR17 negatively regulates oligodendrocyte maturation and inhibits survival through a few distinct mechanisms. Genetic deletion of GPR17 in knockout mice exhibit accelerated maturation of oligodendrocytes which can be attributed to increased expression and nuclear translocation of ID2/4 (Chen et al., 2009; Figure 3). On the other hand, sustained activation of GPR17 resulted in impaired oligodendrocyte survival via increased expression of the proapoptic factor Xaf1 and reduced intracellular cAMP levels (Ou et al., 2016). GPR56 is expressed in OPCs and preOLs but expression slowly rises and peaks in new oligodendrocytes (Marques et al., 2016). Microglia can influence preOL survival and integration through microglial derived Tranglutaminase-2 (TG2) which activates GPR56 on OPCs. TG2/laminin/GPR56 signaling increases OPC proliferation and improves remyelination in two different mouse models of demyelination (Giera et al., 2018; Figure 3). This is especially interesting because TG2-laminin-GPR56 signaling has been shown to inhibit apoptosis in other cell types (Olaniru et al., 2018) making it plausible that GPR56 may inhibit apoptosis in preOLs. GPR37 expression is low in OPCs and preOLs but increases very rapidly as preOLs integrate and mature into newly formed oligodendrocytes (Marques et al., 2016). A recent report highlights GPR37 as a negative regulator of oligodendrocyte maturation. Genetic deletion of GPR37 increases the maturation of preOLs and results in hypermyelination. These effects are mediated through the ERK1/2 signaling pathway (Yang et al., 2016; Figure 3).

Another type of GPCR, the metabotropic glutamate receptor, has been shown to modulate oligodendrocyte survival. Metabotropic glutamate receptor 5 (mGluR5) is downregulated in preOLs and its expression peaks in new oligodendrocytes suggesting it may play a role in the survival of preOLs. In fact, activation of mGluR5 substantially reduced staurosporine-induced apoptosis of oligodendrocytes cultured in vitro, suggesting that reduced expression of mGluR5 in preOLs may contribute to their vulnerability to apoptosis (Luyt et al., 2006; Figure 3). While it is clear that signaling through GPCRs can influence oligodendrogenesis, many of these studies activate or inhibit GPCR signaling in the entire oligodendrocyte lineage rather than in preOLs specifically. Developing tools that are specific to preOLs would allow for the investigation of the role of these receptors with cell stage specificity and help to tease apart how receptor signaling influences preOL survival and integration.



Extracellular Matrix

The extracellular matrix (ECM) exerts control over many processes in the CNS including structural and functional plasticity of neurons (Lauri et al., 1998; Dityatev et al., 2010; Kochlamazashvili et al., 2010) as well as myelination (Harlow and Macklin, 2014). ECM is produced by many different cells in the CNS including neurons, astrocytes, and even OPCs, which are known to produce some types of ECM such as Neural/glial antigen 2 (NG2) and laminin (Yang et al., 2006; Lam et al., 2019). Generally, deposition of ECM components into a local environment acts to limit the extension of cellular processes, which could be detrimental to the rapid changes in morphology observed during preOL survival and integration. In fact, chondroitin sulfate proteoglycan (CSPGs) reduce the growth of OPCs in culture and treatment with Fluorosamine, a compound that inhibits astrocyte synthesis of CSPGs, increases the number of mature oligodendrocytes in a demyelinated lesion without affecting the number of OPCs (Keough et al., 2016). This indicates that preOLs may survive and integrate at higher rates in the absence of dense ECM. In support of this hypothesis, culturing OPCs on dishes coated with increasing levels of aggrecan revealed that aggrecan reduces the ratio of MBP + /NG2 + cells, indicating a reduction in oligodendrogenesis. Addition of protamine, a ligand for the protein tyrosine phosphatase receptor type Z (PTPRZ), effectively rescued the maturation of oligodendrocytes on aggrecan coated coverslips in vitro, however, it is possible that this effect is due to increased differentiation of OPCs or increased preOL survival and integration (Kuboyama et al., 2017). It may be beneficial and insightful to investigate if reducing CSPGs in vivo increases preOL survival and integration by making the extracellular environment more permissive to preOLs process extension, perhaps by observing the ability of preOLs to extend processes in high and low CSPG environments. Another ECM component produced by astrocytes, hyaluronan, was found to inhibit oligodendrocyte maturation in vitro. Removing hyaluronan from cultures increased the percentage of O4 + oligodendrocytes, indicating increased maturation of differentiated OPCs into preOLs (Back et al., 2005). The repressive effects of hyaluronan on oligodendrocyte maturation was later found to act through Toll-like receptor 2 (TLR2) and MyD88 signaling in oligodendrocytes (Sloane et al., 2010). These studies clearly show that the ECM plays an important role in oligodendrogenesis by inhibiting the differentiation of OPCs and perhaps also influencing the survival and integration of preOLs (Figure 3).



PREMYELINATING OLIGODENDROCYTES IN MULTIPLE SCLEROSIS AND DRUG DEVELOPMENT

Multiple sclerosis (MS) is the most common demyelinating disease of the central nervous system in adults and is characterized by a loss of oligodendrocytes and myelin in lesions. Up until recently, treatments for MS have focused on preventing recurrence of the disease by modulating the immune system. Recently, new approaches to increase remyelination in lesions have begun to be explored and tested. While remyelination is absent or limited in the majority of MS lesions (Prineas and Connell, 1979; Yeung et al., 2019), new “remyelination therapies” for MS seek to increase myelin repair in lesions by commandeering and enhancing natural repair mechanisms, especially oligodendrogenesis. The reason for the failure of to repair MS lesions is unknown. Several factors may contribute to this deficiency: inefficient (1) OPC recruitment, (2) OPC differentiation into new oligodendrocytes, or (3) integration of premyelinating oligodendrocytes. Furthermore, there is evidence that OPCs lose their capacity for differentiation with age (Neumann et al., 2019).

The regulation of premyelinating oligodendrocytes within demyelinating lesions of MS patients is not well characterized. Within lesions of some MS patients, the number of preOLs was much higher than healthy conditions, however, these numbers are reduced with disease course progression (Chang et al., 2002). Recent work shows that an intermediate population of oligodendrocytes, potentially premyelinating oligodendrocytes, are greatly reduced in number compared to other types of oligodendrocytes in MS lesions (Jakel et al., 2019). Taken together, these studies of human MS lesions provide evidence that preOLs are present in lesions, albeit reduced in number. However, the capacity of preOLs to survive and integrate in lesions remains unknown. Generally, lesions appear to be relatively inhospitable to the production of new oligodendrocytes which may be attributable to neurodegeneration, inflammation, or a combination of both (Correale et al., 2017). As discussed above, preOLs are especially vulnerable to hypoxia, limited metabolites, active microglia, and neuronal activity, all of which are disrupted in neurodegenerative and inflammatory conditions in MS lesions. It is possible that the disruption of all of these processes makes lesions especially hostile to preOLs and may result in an even greater loss of oligodendrocytes at the preOL stage due to cell death than that observed in healthy animals. Furthermore, there is considerable evidence of pathological differences between white matter lesions and gray matter lesions suggesting that preOL survival and integration may be heterogenous across different brain regions (Prins et al., 2015). The development and translation of new preOL markers into human tissue will allow for more detailed investigations into the biology of premyelinating oligodendrocytes in the context of demyelinating disease.

Stemming from these concepts, many current MS therapies seek to overcome the block of OPC differentiation by modulating OPC differentiation using a pharmacological or behavioral intervention (Deshmukh et al., 2013; Mei et al., 2014; Najm et al., 2015; Bacmeister et al., 2020). Treatments increasing OPC differentiation have had success in animal models and there have been several clinical trials in recent years with promising results, however, there is room for additional improvement (Green et al., 2017; Schwartzbach et al., 2017). Multiple, concurrent approaches to increase oligodendrogenesis in MS patients may be required as recent studies show that the formation of new oligodendrocytes is limited in lesions (Yeung et al., 2019). Furthermore, the lesion environment in different brain regions may require specific approaches as well as the recovery of heterogeneous populations of mature, myelinating oligodendrocytes (Jakel et al., 2019; Floriddia et al., 2020). One potential strategy may be to increase the rate of OPC differentiation while simultaneously promoting preOL survival and integration to increase the efficiency of remyelination (Figure 4). Interestingly, Chang and colleagues observed that preOLs are present in human MS lesions and that they associate with demyelinated axons. However, these preOLs do not myelinate denuded axons, indicating a failure of preOL integration (Chang et al., 2002). While the number of OPCs is reduced in chronic lesions of MS patients, they are still present at around 44 OPCs/mm2 indicating there is potential for the differentiation and integration of new myelin forming oligodendrocytes (Kuhlmann et al., 2008). Future studies examining the abilities of current remyelination therapies that promote preOL integration can help increase the extent and efficiency of myelin repair in patients.


[image: image]

FIGURE 4. Coupling increased differentiation of OPCs with increased survival and integration of preOLs may lead to more new oligodendrocytes. (A) A schematic representation of the remyelination process. Increasing the differentiation rate of OPCs (blue) results in a small increase in new oligodendrocyte formation (gray). Increasing the differentiation rate of OPCs and the survival and integration rate of preOLs (teal) has the potential to increase new oligodendrocyte formation (bottom pathway) more than increasing differentiation alone (middle pathway). (B) Modeling the potential increase in new oligodendrocyte formation in chronic MS lesions when coupling increased differentiation with increased preOL survival and integration. Chronic lesions contain around 44 OPCs/mm2 (Kuhlmann et al., 2008) yet production of new oligodendrocytes is limited. The modeling represents the potential number of new myelinating oligodendrocytes/mm2 at varying rates of differentiation and integration. These rates are pharmacologically-induced differentiation in vitro (Mei et al., 2014), and integration of Bax–/–Bak–/– oligodendrocytes in vitro (Kawai et al., 2009). Increasing the rate of preOL survival and integration in conjunction with increased OPC differentiation is predicted to result in substantially more new myelin forming oligodendrocytes in MS lesions.


Multiple sclerosis is a debilitating and complex disease and recent advances in our understanding of oligodendrocyte cell biology have led to emerging therapies focused on enhancing remyelination in lesions. While these therapies are promising, it is becoming more likely that increasing OPC differentiation on its own may not be enough to sufficiently enhance remyelination in MS patients. Characterizing preOL survival and integration in the different microenvironments of demyelinated lesions in both white matter and gray matter will provide insight into preOL function in demyelination. This knowledge may allow us to develop therapies that make the lesion environment more suitable for preOLs or make preOLs more resistant to the lesion microenvironment. Coupling current therapies that increase OPC differentiation with increased preOL survival and integration has the potential to greatly enhance remyelination.



CONCLUSION

Premyelinating oligodendrocytes are the crux of oligodendrocyte differentiation and oligodendrogenesis. Until recently, there have been limited tools to visualize and investigate the mechanisms of preOL survival and integration. While our understanding of OPC and oligodendrocyte biology has advanced rapidly, our knowledge of preOLs remains incomplete. Recent advances in RNA-sequencing, mouse genetics, and advanced imaging techniques have allowed for the visualization and characterization of this elusive stage in oligodendrocyte development. Future development of stage specific tools to visualize and manipulate this transient cellular stage in intact animals will increase our ability to interrogate the cellular mechanisms underlying preOL behavior and may provide insights into how preOLs contribute to learning, memory and cognition. Furthermore, modulation of preOL survival and integration holds great potential to modulate myelination in the context of plasticity in the healthy brain and regeneration following demyelinating injuries and disease.
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In this perspective article, we briefly review tools for stable gain-of-function expression to explore key fate determinants in embryonic brain development. As the piggyBac transposon system has the highest insert size, a seamless integration of the transposed sequence into the host genome, and can be delivered by transfection avoiding viral vectors causing an immune response, we explored its use in the murine developing forebrain. The original piggyBac transposase PBase or the mouse codon-optimized version mPB and the construct to insert, contained in the piggyBac transposon, were introduced by in utero electroporation at embryonic day 13 into radial glia, the neural stem cells, in the developing dorsal telencephalon, and analyzed 3 or 5 days later. When using PBase, we observed an increase in basal progenitor cells, often accompanied by folding aberrations. These effects were considerably ameliorated when using the piggyBac plasmid together with mPB. While size and strength of the electroporated region was not correlated to the aberrations, integration was essential and the positive correlation to the insert size implicates the frequency of transposition as a possible mechanism. We discuss this in light of the increase in transposing endogenous viral vectors during mammalian phylogeny and their role in neurogenesis and radial glial cells. Most importantly, we aim to alert the users of this system to the phenotypes caused by non-codon optimized PBase application in vivo.
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INTRODUCTION

Much has been learnt about fate determinants in development during neurogenesis and gliogenesis from candidate approaches, natural gene mutations and genome-wide expression analyses. To elucidate their function, and subsequently use them e.g., for direct neuronal reprogramming or therapeutic approaches, we need reliable tools for the long-term manipulation of gene expression, e.g., by seamless genomic integration. Tools for this are still relatively limited and mostly rely on viral vectors. The piggyBac transposon system allows genomic integration and long-term expression of genes of interest, providing a viable alternative as described below. These approaches are now timely to review and consider for specific pitfalls, due to the immense power of their potential for therapeutic use, e.g., by direct neuronal reprogramming in vivo (Götz and Bocchi, 2021). This applies especially as the CRISPR/Cas technology now facilitates multiplexing, targeting double-digit numbers of genes without problem (Breunig et al., 2018, 2021). This will help understanding the role of transcriptional networks in development, or to manipulate cell fate in a fine-tuned manner—e.g., to achieve correct subtype specification of glia or neurons in reprogramming—but needs to be delivered and integrated in a safe, yet reliable manner.

An important consideration in the use of integrating constructs is the similarity to endogenous transposable elements (TE), which play an important role in development. In humans, these make up the majority of the genome, with up to 69% suggested to be TE (de Koning et al., 2011; Ferrari et al., 2021). In the developing brain, the mobilization and (re-)integration of TE, especially of the endogenous retroviral LINE-1 elements, is linked to the development of neuronal subtype diversity and genomic mosaicism, and dysregulation may lead to developmental abnormalities (see e.g., Bodea et al., 2018; Misiak et al., 2019).

We will therefore review specific approaches to genome editing with an emphasis on gain-of-function and highlight a not yet reported and hitherto not yet fully explained artifact using the piggyBac transposon system in vivo.



TOOLS FOR STABLE EXPRESSION OF GENES OF INTEREST


Viral Vectors for Long-Term Gene Expression

Viral vectors are a classical tool for the long-term manipulation of gene expression. Especially Retrovirus (RV) and Lentivirus (LV) are often used both in vitro and in vivo, e.g., to elucidate the function of candidate genes in embryonic development (Artegiani and Calegari, 2013), or in direct neuronal reprogramming approaches (Gascón et al., 2016; Herrero-Navarro et al., 2021; Russo et al., 2021). A big advantage of viral vectors is the ability to target specific cell types of the brain by pseudotyping the capsid (Buffo et al., 2008; Mattugini et al., 2019). Both virus types achieve long-term gene expression by integrating their reverse-transcribed RNA genome into the host genome as DNA (Figure 1A) at semi-random sites, LV preferring active transcription units, while RV favor enhancers and regulatory sites (Schröder et al., 2002). This semi-random integration has the disadvantage of potential off-target effects and the introduction of mutations. While expression systems have been optimized to avoid gene silencing (Pfeifer et al., 2002) and reduce the immune response (Piras et al., 2017; Russo et al., 2021), the limited packaging capacity and the immune reactions still elicited by these viral vectors and their pseudotypes (Mattugini et al., 2019) remain disadvantageous.
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FIGURE 1. Common methods of genome editing in neural stem cells in vivo. (A) Retro- or lentiviral transduction. The virus is introduced by receptor-mediated endocytosis depending on the pseudotype of the capsid, which is then degraded to uncoat the viral genome. This is retrotranscribed from ssRNA to dsDNA, transported to the cell’s nucleus and integrated into the genome, with preferred integration sites dependent on the type of virus. (B) Integration of the piggyBac transposon. In the presence of its specific transposase, the piggyBac transposon can be integrated to the genome in a “cut-and-paste” manner. TTAA motifs in the terminal repeats (TR) regions are recognized by the transposase which excises and mobilizes the transposon. The genomic DNA is cut at TTAA sites and the transposon is integrated by ligation. In the same way, the transposon can be re-excised, with a seamless re-ligation repairing the host’s donor site.


For translational therapeutic approaches, adeno-associated virus (AAV) is better suited due to the limited immune response (see e.g., Mattugini et al., 2019; Rittiner et al., 2020). A multitude of serotypes allow targeting specific cell types even via non-invasive, e.g., intravenous, application routes (Haggerty et al., 2020; Nectow and Nestler, 2020; Rittiner et al., 2020). While allowing long-term stable gene expression depending on the cell type, these vectors stay episomal, i.e., do not integrate into the host genome, but may be used to deliver constructs that are themselves able to integrate (such as transposon systems) or to permanently edit the host genome (e.g., CRISPR/Cas9). However, their biggest disadvantage is the small packaging size of less than 5 kBp (Rittiner et al., 2020), and although it can be overcome by splitting some proteins, e.g., Cas9, into two parts (Truong et al., 2015), it generally limits the applicability of these vectors.



Transposable Elements for Widespread Genomic Integration

The piggyBac system has been discovered as a transposable element decades ago, initially in insect cells (Cary et al., 1989), and was used to generate transgenic vertebrate models with stable inheritance (Ding et al., 2005). A huge advantage is the ability to accommodate large constructs, with sequences of 100 kBp reported to successfully integrate in the genome (Li et al., 2011). There seems to be no bias for integration into specific chromosomes, but a strong preference to integrate into accessible chromatin and highly transcribed genes (Elick et al., 1996; Ding et al., 2005; Wang et al., 2008; Li et al., 2013; Yoshida et al., 2017).

The piggyBac transposon is characterized by terminal repeats ending in TTAA that are necessary for successful transposition (Figure 1B; Cary et al., 1989; Li et al., 2005). The construct to insert, i.e., the transposon, by itself shows little integration, but when paired with its specific transposase even in low amounts, integration is very efficient (Ding et al., 2005; Cadinanos and Bradley, 2007; Wang et al., 2008). In mammalian cells, as in its native system, the piggyBac transposon integrates into the host genome exclusively at TTAA sites (Figure 1B), with the specific transposase enzyme nicking the DNA and inducing transient double strand breaks which are repaired not by DNA synthesis, but rather ligation of the ends. This leads to seamless integration and traceless excision of the transposon (Mitra et al., 2008; Chen et al., 2020).

Due to efficient cloning strategies, the piggyBac system has readily lent itself for screenings in vivo (Xu et al., 2017), and the possibility of removing the transgene without a footprint by transposase-mediated excision (Woltjen et al., 2009; Behringer et al., 2017) is promising for translational approaches. The application of the piggyBac transposon for in vivo studies has been further encouraged by the development of improved transposase enzymes that, based on the original PBase, have been optimized for their use e.g., in mammalian systems. A mouse-codon optimized version of the enzyme, mPB, has been shown to elicit a 20-fold higher transposition activity in mouse ES cells as compared to the non-optimized PBase, likely due to higher expression levels following the facilitation of the translation process (Cadinanos and Bradley, 2007). Further optimization yielded an even more efficient enzyme, the hyperactive transposase hyPBase, by introducing point mutations in the sequence of mPB (Yusa et al., 2011).



THE USE OF PIGGYBAC TRANSPOSON IN THE DEVELOPING BRAIN IN VIVO—A CALL FOR CODON OPTIMIZATION

Given the advantages of the piggyBac transposon system, we tested different transposases for gene manipulation in the developing cortex. For plasmid DNA, such as the piggyBac transposon, a favored delivery method is in utero electroporation (IUE), often performed during mid-gestation between E12 and E15 (Saito, 2006; Meyer-Dilhet and Courchet, 2020).

With the aim of later activating endogenous gene expression, we first administered the original transposase enzyme PBase (Supplementary Figures 1A,B) and a piggyBac transposon containing a fusion protein of enzymatically deactivated Cas9 and GFP (dCas9-GFP, Supplementary Figure 1B) into radial glia by IUE during mid-neurogenesis at E13 (Figure 2A). After 3 days, all of the brains showed ectopia of cells expressing the stem cell marker PAX6 and the basal progenitor (BP) marker TBR2 (Figure 2C). These markers are normally found in a distinctive band in the ventricular and subventricular zone, respectively (Götz et al., 1998; Englund et al., 2005).
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FIGURE 2. Unexpected abnormalities in cortex development upon electroporation of PBase, but not mPB. (A) Experimental schedule. piggyBac transposon plasmids as indicated in Supplementary Figure 1 were delivered into the cortex by IUE at E13 and brains were analyzed at E16 or E18. (B) At E16 (3 days post-IUE), transposition of piggyBac-GFP by the original piggyBac transposase PBase leads to different phenotypes, such as an accumulation of ectopic PAX6+/TBR2+ cells in the intermediate zone of the cerebral cortex (VZ = ventricular zone, CP = cortical plate; scale bar: 50 μm). (C) Quantification of the different phenotypes at time points indicated in the graphs. mPB leads to a lower penetrance and milder phenotypes, while PBase causes strong developmental aberrations depending on the co-electroporated transposon. Shorter transposons lead to an exacerbated effect, no abnormalities develop in the absence of a transposon. n = 6 for PBase/no transposon (E16), PBase + dCas9-GFP (E16), and PBase + GFP (E16); n = 7 for mPB + GFP (E16), PBase + GFP (E18), and mPB + GFP (E18); n = 4 for mPB + dCas9-VPR-ntgRNA (E18). (D) Example of severe developmental aberration caused by PBase transposition at E16, here leading to the formation of sulcus-like structures at and further away from the electroporation site (Scale bar: 50 μm). (E) At E18 (5 days post-IUE), the phenotype of PBase-mediated transposition of piggyBac-GFP is exacerbated, with severe malformation mostly manifesting in folding of the cortex at and further away from the electroporation site (Scale bar: 500 μm). (F) Another example of severe malformation by PBase IUE is lack of the medial region (the septum) normally separating the lateral ventricles (Scale bar: 500 μm). (G) At E16, IUE of mPB mostly led to a normal phenotype with no ectopic cells (Scale bar: 50 μm). (H) Some animals showed developmental abnormalities at E18 after mPB IUE, e.g., local hyperplasia with increased cortical thickness at the electroporation site (Scale bar: 500 μm). (I) With mPB-mediated integration of the largest transposon (piggyBac-dCas9-VPR-ntgRNA), no phenotypes were observed (Scale bar: 500 μm).


To test if the observed phenotype may be caused by the expression of the foreign protein dCas9, we repeated the experiment with a simpler piggyBac transposon containing only a GFP reporter (Supplementary Figure 1B). We again observed developmental abnormalities in the electroporated brains after 3 days (Figures 2B,C). However, the variability here was much higher, ranging from some brains exhibiting no abnormalities, over the previously observed PAX6+/TBR2+ ectopia, to one embryo exhibiting severe malformations, where the cortex showed several sulcus-like indentations. We noted also a non-cell autonomous phenotype, as the folds were found not only at the electroporation site, but also at more distant positions (Figure 2D).

We then introduced a plasmid only carrying the GFP reporter, lacking the terminal repeats recognized by the transposase enzyme and thus without the possibility to integrate genomically (pCAG-IRES-GFP, Supplementary Figure 1B). In this case, no aberrant phenotype was observed (Figure 2C); a significant difference from the effects elicited by both piggyBac constructs (padj = 0.026 for piggyBac-GFP and padj = 0.005 for piggyBac-dCas9-GFP; Supplementary Table 1). Thus, the observed aberrations are dependent on the integration and transposition activity of the piggyBac system.

To determine if the phenotypes may be transient, we examined the brains later at E18, 5 days after IUE. Now all PBase-expressing brains showed an aberrant and in most cases exacerbated phenotype with anatomical malformations (Figure 2C). These could be distinguished into two levels of severity, with some cortices only showing localized hyperplasia at the electroporation site, whereas others exhibited more severe and widespread malformations, such as folded gyrus- and sulcus-like structures (Figure 2E), and, in one case, no septum with fusion of the lateral ventricles (Figure 2F).

As the PBase enzyme originates from insect cells (Cary et al., 1989), the sequence and codon usage is not adapted to the translation machinery in murine cells. The use of rare codons may influence the ribosomal translation speed and lead to ribosome collisions, a ribotoxic response (RTR) (Wu et al., 2020), and subsequently an unfolded protein stress response (UPR) (Cao and Kaufman, 2012). We thus exchanged the transposase PBase for mPB (Supplementary Figures 1A,B), the mouse codon optimized version of the same enzyme (Cadinanos and Bradley, 2007). This encodes the same amino acid sequence, generating an identical enzyme, but has an altered nucleotide sequence better suited to the murine translation machinery. When expressed together with piggyBac-GFP, only few brains exhibited PAX6+/TBR2+ ectopia at E16 and most brains did not show any abnormalities (Figures 2C,G).

At E18, we again observed a striking difference between the two versions of the transposase enzyme: Upon IUE of PBase, all brains showed aberrations, in most cases severe, while the phenotype of mPB was considerably milder and observed less frequently (Figures 2C,H), showing a significantly different overall phenotype severity between both enzymes (p = 0.017, Supplementary Table 1). Indeed, a piggyBac plasmid containing a dCas9-VPR fusion protein as well as a non-targeted gRNA (ntgRNA) and a GFP reporter (Supplementary Figure 1B), did not elicit any abnormalities 5 days after IUE, when combined with mPB (Figures 2C,I). Thus, we strongly recommend to use the codon-optimized mPB to avoid developmental aberrations.


Exploring the Cause of Developmental Defects Caused by PBase Application

The above results imply a striking difference between the effects of the codon optimized and the non-codon optimized version of the same enzyme. Both proteins have the same amino acid sequence, but mPB has been found to enable an integration and transposition activity up to 20 times higher than PBase, likely due to a higher expression level in otherwise identical systems (Cadinanos and Bradley, 2007). To test if this is also the case in the developing cortex, we measured the size and intensity of IUE at E18 for the mPB and PBase constructs combined with piggyBac-GFP. There was no detectable difference in the size (Supplementary Figure 2A) or the GFP intensity (Supplementary Figure 2B) of the IUEs between the different transposases, and also no correlation between larger or stronger IUEs and phenotypic alterations.

Next, we asked if the difference in the translation of the transposase enzymes, which is optimized for mPB and suboptimal for PBase due to different codon usage (Cadinanos and Bradley, 2007), may be relevant and elicit differences in the RTR, UPR or DNA damage and double-strand breaks (Ciccia and Elledge, 2010). To explore this, we transfected the different transposase constructs with different piggyBac transposons into adherent neural progenitor cells derived from embryonic cortex (Pollard et al., 2006), but found no upregulation in marker genes for either of these pathways using qRT-PCR (Supplementary Figure 3). Despite PBase being expressed under a stronger promoter (pCAG vs. pCMV for mPB; Supplementary Figure 1B), when measuring transposase mRNA levels, we found a considerably higher expression of mPB than PBase (Supplementary Figure 3B) as suggested previously for expression under the same promoters (Cadinanos and Bradley, 2007). Thus, the promoter seems to have little effect on expression, and despite higher expression levels, mPB causes fewer developmental aberrations.



DISCUSSION

After reviewing different methods for stable gain-of-function expression systems, we show here an unexpected artifact of the piggyBac transposon system in the developing cortex. Adverse developmental effects clearly depended on the integration of the constructs, suggesting that integration and/or transposition is important. In this regard it is interesting to note that there seems to be a connection between the size of the transposon, ranging between 3.0 and 9.6 kBp, and the severity of the phenotype, as smaller transposons elicited a more severe phenotype than larger ones (Figure 2C and Supplementary Figure 1B). It has been shown that the size of the transposon influences the rate of transposition, which starts decreasing considerably around 9 kBp (Ding et al., 2005). This may suggest that smaller constructs with potentially higher transposition rate are more prone to cause the observed abnormalities. Notably, the expression level of the transposase enzymes (Supplementary Figure 3B) seems not to affect the phenotype severity, possibly due to a saturated ratio of constantly expressed transposase enzyme to the limited number of available transposons. Once bound to the enzyme, only the length of the transposon may influence the speed or efficiency (and thereby the frequency) of the transposition process.

“Locus hopping” in the continued presence of the transposase enzyme may cause problems due to its preference for transcriptionally active sites (Ding et al., 2005; Li et al., 2013), which may disrupt their expression and alter transcription networks, the likelihood of which increases with the transposition activity and each excision and re-integration event. We would therefore suggest to develop mPB constructs that self-inactivate after integration of the transposon has been achieved, to avoid continued transposition events. Additionally, the link to endogenous transposition events has to be considered: While it has been shown that piggyBac transposase is unable to mobilize endogenous, PB-like transposons in mouse or human cells (Yusa et al., 2011; Saha et al., 2015), an endogenous human transposase highly expressed in neurons, PGDB5, has been suggested to potentially mobilize piggyBac transposons (Henssen et al., 2015).

It is intriguing that specifically the generation of PAX6+ and/or TBR2+ BPs and folding of the brain were affected, as these cells comprise an important glial subtype, the basal radial glial cells, and are particularly frequent in species with folded cortices (Borrell and Götz, 2014). Interestingly, in the developing gyrified cortex, they occur in a blockwise manner, with folds formed at the sites of expanded basal subventricular zone where basal radial glial cells are most frequent (Borrell and Götz, 2014). This organization can be mimicked even in the normally smooth murine cortex e.g., by locally lowering the levels of TRNP1, a protein involved in nuclear phase transition (Esgleas et al., 2020). Depletion of the protein, which in murine cortex is normally expressed in a salt-and-pepper fashion, in a specific region by IUE artificially causes blockwise expression, generating a region of expanded subventricular zone and basal radial glial cells, and accordingly induces cortical folding (Stahl et al., 2013; Borrell and Götz, 2014). We do not know if the ectopic BPs and folding that we observed upon PBase-mediated transposition after IUE activate a natural endogenous program, but it is intriguing to see how readily BP number and position may be influenced.

As noted above, the phenotype we observed was not strictly cell autonomous, as was also the case in the TRNP1 manipulations (Stahl et al., 2013; Esgleas et al., 2020) and other means to expand BP numbers (Rash et al., 2013; Xie et al., 2019). It will thus be very important to understand, if—and which—cell surface molecules or secreted signals may be regulated by these manipulations. Given the important communication via secreted vesicles in the cerebrospinal fluid (Marzesco et al., 2005; Morton and Feliciano, 2016), these may be involved in non-cell autonomous communication within the cortex tissue.

While the human cortex is naturally gyrified, the developmental disorder polymicrogyria (PMG) is characterized by the generation of additional, aberrant gyri in the neocortex. While PMG is commonly considered a neuronal migration disorder (Romero et al., 2018), several studies have also suggested causative progenitor and proliferation aberrations. Mutations in cyclin D2 were linked to a cortical malformation syndrome including PMG in patients, and IUE of these mutated genes caused an increased proliferation of progenitors and impaired cell-cycle exit in the developing mouse cortex (Mirzaa et al., 2014). In addition, PMG patients with mutations in the Pax6 as well as Tbr2 genes have been identified (Mitchell et al., 2003; Baala et al., 2007), which may relate to the data presented here with ectopic PAX6+ or TBR2+ cells and additional folds in this study.

While it is not immediately evident why the transposition would cause an increase in BPs, it is intriguing to consider that the naturally occurring transposition by recently integrated endogenous retroviruses (ERVs) may play a similar role, as their proportion hugely increases in the mammalian and especially the primate genome, correlating to cortex size and gyrification (Linker et al., 2017). Indeed, ERVs can regulate the expression of neighboring genes (Fasching et al., 2015; Brattas et al., 2017; Jonsson et al., 2019, 2020; Petri et al., 2019) and may thus have evolved as a novel gene regulatory machinery involved in enlarging and folding brain regions (Ferrari et al., 2021).

It may thus be interesting to follow up the artifact caused by the piggyBac transposon system mechanistically, by controlling transposition events and the generation of BPs. For the use of the piggyBac transposon system it is important to use codon optimized mPB and develop transposase removal strategies to minimize transposition after initial integration. Foremost, however, it is important to be aware of this pitfall, which has so far not been reported, and how to optimize the system as detailed here.
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The peripheral nervous system (PNS) receives diverse sensory stimuli from the environment and transmits this information to the central nervous system (CNS) for subsequent processing. Thus, proper functions of cells in peripheral sense organs are a critical gate-keeper to generating appropriate animal sensory behaviors, and indeed their dysfunction tracks sensory deficits, sensorineural disorders, and aging. Like the CNS, the PNS comprises two major cell types, neurons (or sensory cells) and glia (or glia-like supporting neuroepithelial cells). One classic function of PNS glia is to modulate the ionic concentration around associated sensory cells. Here, we review current knowledge of how non-myelinating support cell glia of the PNS regulate the ionic milieu around sensory cell endings across species and systems. Molecular studies reviewed here suggest that, rather than being a passive homeostatic response, glial ionic regulation may in fact actively modulate sensory perception, implying that PNS glia may be active contributors to sensorineural information processing. This is reminiscent of emerging studies suggesting analogous roles for CNS glia in modulating neural circuit processing. We therefore suggest that deeper molecular mechanistic investigations into critical PNS glial functions like ionic regulation are essential to comprehensively understand sensorineural health, disease, and aging.
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INTRODUCTION

Glia and neurons comprise the two major cell types of the nervous system of bilaterian animals. Glia of both the central and peripheral nervous systems (CNS and PNS, respectively) are found in close physical and molecular association with cognate neurons or sensory cells. However, despite the near coincident discovery of glia and neurons, the functions of glia remain relatively unknown compared to the depth of our knowledge of neuronal cell biology and physiology. As glia are non-excitable (unlike neurons), analyses of their properties have been historically inaccessible through classical electrophysiological techniques. Recent technological advances in molecular genetics, however, have renewed focus on glia in neuroscience research. In the CNS, glia roles include dictating pioneer axon trajectories, pruning synaptic structures, stabilizing/eliminating synapses, and ionic regulation (see reviews: Chotard and Salecker, 2004; Chung et al., 2013; Allen and Eroglu, 2017). The resulting molecular insights into glia biology have led to a growing appreciation that glia are not passive support cells in the nervous system, but active modulators of neural functions in development, health, and disease.

Glia associate with neurons at multiple sub-cellular points of contact, including at neuron receptive-endings (NREs). NREs are specialized sub-cellular structures on individual sensory cells or neurons dedicated to receiving input from either the environment or other neurons (Shaham, 2010; Singhvi and Shaham, 2019). In the CNS, this refers to dendritic spines at synapses, where a neuron receives neurotransmitter input from its pre-synaptic neuron partner. While not identical, NREs across the CNS bear significant functional, anatomical and/or molecular similarity. In contrast, each peripheral sense-organ has NREs exquisitely tuned to the sensory modality it transduces. Therefore, PNS NREs vary drastically by sense organ, both anatomically and physiologically. Examples of PNS NREs in mammals include cilia of olfactory neurons, gustatory hairs of taste buds, and microvillar stereocilia of inner hairs cells in the ear (Figure 1).
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FIGURE 1. Glia-like support cells at mammalian peripheral sense organs across modalities. Green cells/text are support cells, while magenta cells/text are sensory cells. (A) Olfaction: Sustentacular cells appose olfactory receptor neurons. (B) Gustation: Type I glia-like cells contact Type II and Type III receptor cells in vertebrate taste buds. (C) Audition: Deiter’s support cells interact closely with outer hair cells, and inner phalangeal support cells interact closely with the inner hair cell. Other support cells are also noted. (D) Somatosensation: Somatosensory receptors are surrounded by modified Schwann glia cell lamellae. Pacinian corpuscles are shown as example. (E) Vision: Glia-like retinal pigment epithelia contact photoreceptor NREs. Adapted using BioRender.com.


Nervous system glia come in different subtypes within the CNS and PNS, many of which contact cognate NREs. In mammals, glia of the PNS and CNS have distinct developmental origins, with PNS glia arising from the neural crest, and CNS glia arising from the neural tube (oligodendrocytes and astrocytes) or myeloid lineages (microglia). PNS glia that associate with these are similarly diverse across sensory modalities, presumably tracking PNS-NRE anatomical diversity. Examples of these in mammals include sustentacular cells of the olfactory epithelia and Deiter’s cells in the inner ear (Figure 1). In invertebrates, glia arise from neuroectodermal lineages and are organized with NREs in sense-organs called sensilla. Both NRE and glia biology and anatomy are tailored for the modality sensed (Figure 2).
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FIGURE 2. PNS glia across modalities in sense-organs of non-mammal model systems. Green cells/text are support cells, while magenta cells/text are sensory cells. (A) C. elegans sense-organs comprise socket and sheath glia that ensheath sensory NREs. (B) Support cells in Drosophila. (i) Chemosensation/mechanosensation: Thecogen (sheath glia; th), trichogen (shaft glia; tr), and tormogen (socket glia; to) associate with neurons in sensory hairs called sensilla. (ii) Audition: Sensory neurons in Johnston’s organ are surrounded by the scolopale space (sp), which is regulated by glia-like scolopale cells. (iii) Vision: Drosophila photoreceptor cells are surrounded by two types of glia: pigment cells and cone cells. (C) Zebrafish hair cells in the lateral line are organized into neuromasts. Each neuromast houses hair cells intermingled with sustentacular cells at the center, and mantle cells at the periphery. Adapted using BioRender.com.


One classic function of many glial sub-types is to modulate the NRE’s ionic micro-environment. In the mammalian CNS, astrocyte glia regulate extracellular levels of various ions such as potassium (K+), sodium (Na+), and chloride (Cl–), at dendritic spine NREs. Ion buffering at these sites impacts neural circuit dynamics (Simard and Nedergaard, 2004; Olsen et al., 2015). Impairments in ion regulation by CNS glia are implicated in various neurodevelopmental and degenerative disorders including Huntington’s disease, autism and epilepsy (Tong et al., 2014; Verkhratsky, 2019; Song et al., 2020). In striking functional analogy, shared across modalities and with CNS glia, multiple PNS glia sub-types across species also regulate the ionic microenvironment around sensory NREs. As reviewed below, PNS sense organ glia modulate extracellular levels of K+, Na+, and Cl–; as well as calcium (Ca2+) ions. This can have functional consequences on sensory cell development and activity, sensory perception and animal behavior. As may be expected then, mutations in PNS glial ion channels and transporters are implicated in many sensory disorders such as deafness and blindness.

Here, we review how PNS glia regulate the neural ionic micro-environment around NREs, across sensory modalities as well as species. This summary focuses extensively on modulation of three ions (K+, Na+, and Cl–) in PNS NRE extracellular space and readers are referred elsewhere for detailed discussion of Ca2+ dynamics in PNS neural cells (Newman and Zahs, 1998; Anselmi et al., 2008; Hegg et al., 2009). We collate this in the context of sense-organ neuroanatomy and discuss how ionic modulation by PNS glia can impact sensory NRE shape, neural activity, and sensory processing. Finally, we highlight gaps in knowledge in each modality, and conclude with evaluating evolutionary conservation across species and systems. We suggest that instead of a passive support function, glial ionic regulation of sensory cell/NRE milieu can be viewed as an active modifier of animal sensory perception.



REGULATION OF SENSORY CELL IONIC MILIEU BY PNS GLIA


Olfaction

Olfaction is the perception of volatile external chemical stimuli through either the nose (vertebrates) or chemosensory sensilla (invertebrates). In both groups, glia-like support cells adjacent to primary chemosensory sensory NREs influence sensation by regulating local levels of K+, Na+, and Cl–. Besides ionic regulation, additional functions ascribed to chemosensory sense-organ glia include metabolic support of ORNs and odorant modification, buffering, and clearance (Heydel et al., 2013; Larter et al., 2016).


Mammals

Mammals perceive volatile chemicals through specialized odorant receptors on the ciliary NREs of olfactory receptor neurons (ORNs) in the main olfactory nasal epithelium (Buck, 2004). Embedded along with ORNs within this epithelium are support glia called sustentacular cells (SCs; Figure 1A). SC glia form a tightly packed columnar monolayer on the apical surface of the olfactory epithelium. They have microvilli that access the lumen of the nasal cavity where ORNs detect odorants through either ciliated or microvilli NREs, each bearing distinct receptors (Elsaesser and Paysan, 2007; Chen et al., 2014). The mammalian vomeronasal organ, which detects pheromones, has a similar anatomy. To our knowledge, whether all support glia across the olfactory epithelia, associated with either ciliary or microvillar ORNs, are molecularly and functionally analogous remains unknown.

Sustentacular cell glia in mice generate voltage gated Na+ and K+ currents, and have outwardly rectifying leak conductance (Vogalis et al., 2005). Voltage gated Na+ channels are inactive at SC resting potentials, and their functions in sensory perception await inquiry. The voltage-gated K+ current is largely generated by charybdotoxin-sensitive calcium (Ca2+)-activated BK channels. These channels are active at rest and densely localized on the apical surfaces of SC glia. The polarized localization of these channels suggests vectoral transport of K+ ions in SC glia; however, the existence of such directional flow has yet to be established. The leak conductance in SC glia is equally permeable to Cs+, K+, and Na+ and also likely passes anions such as Cl– and F–. Such broad permeability suggests that the leak current is generated in part by the opening of gap junction channels. In support of this model, application of the connexon-blocker 18β-GA causes a ∼3–4× increase in the resting membrane potential of sustentacular cells in the neonate (Vogalis et al., 2005). How electrical coupling between groups of SC glia impacts neuron activity or sensory animal behaviors remains unknown.

The vomeronasal organ (VNO) detects mammalian pheromones. Ion substitution patch-clamp studies in neonate mice found that VNO-SC membranes have high resting permeabilities to K+, Na+, and Cl– (Ghiaroni et al., 2003). Since pheromone-laden fluids like rodent urine have high concentrations of K+, Na+, and Cl–, this suggests two plausible mechanisms by which SCs could modify pheromone-sensing. First, spatial buffering of K+, Na+, and Cl– ions by support cells could alter VNO sensory neuron membrane excitability. Second, ionic modification of the pheromone-containing fluid could impact the biophysical properties of the pheromone molecules themselves or their binding to cognate receptors.

Neonatal VNO SCs also display voltage-gated K+ (outward) and Na+ (inward) currents (Ghiaroni et al., 2003). The uniformity of voltage gated currents across cells indicates that VNO support cells may be a homogeneous population. Voltage gated K+ currents in VNO-SCs are similar to delayed rectifier types (KDR) described in other glia, with some key pharmacological and electrophysiological differences. While KDR channels in astrocytes and Schwann cells are only moderately sensitive to the non-selective K+ channel blocker TEA, VNO-SC KDR channels show high sensitivity to TEA. Further, KDR channels in astrocytes are equally sensitive to TEA and 4-AP, which blocks KCNA family of voltage-activated K+ channels. On the other hand, VNO support cell KDR channels display a lower sensitivity to 4-AP compared to TEA. VNO support cell K+ currents are also unusually noisy, compared to KDR currents in other cells, and are not Ca2+-dependent, unlike charybdotoxin-sensitive BK channels in olfactory SCs. In contrast, Na+ channels in VNO support cells resemble Na+ channels of CNS protoplasmic astrocytes in electrophysiological and pharmacological properties, with both having steady-state inactivation and low sensitivity to the voltage-gated Na+ channel blocker TTX (Ghiaroni et al., 2003). The exact identity and functional importance of VNO-SC K+ channels and Na+ channels have yet to be established. Spatial buffering, or the redistribution of K+ ions in the extracellular space, may involve both resting and voltage-gated K+ channels. Such ionic adjustment of the VNO lumen can impact VNO sensory neuron resting membrane potential and consequent activity. Importantly, investigations in mature VNO support cells are necessary to discriminate between developmental and adult ionic modulation.



Drosophila

Flies use special innervated hairs, or sensilla, to sense external chemicals. Each sensillum houses one or more sensory neuron(s), along with stereotyped glia-like support cells called shaft glia (trichogen), sheath glia (thecogen), and one or two socket glia (tormogen) (Hartenstein, 1988; Figure 2Bi). The role of these glia in ionic regulation is unclear.



C. elegans

The invertebrate model, C. elegans, has 50 ectoderm-derived glia and 6 mesoderm-lineage glia-like cells. All 50 ectoderm-lineage glia physically approximate sensory neurons within sensilla and can be sub-typed as sheath or socket glia, similar to Drosophila. The C. elegans chemosensory system relies on three sense-organs: the amphid, inner labial organ, and phasmid, with the first two located in the animal nose tip and the last in the tail. Of these, the amphid sensillum is the primary and best studied sense-organ of the animal. This sensory structure consists of the amphid sheath glia (AMsh) and amphid socket glial cell (AMso), which both associate with 12 sensory NREs, including those of 11 chemosensory neurons (Ward et al., 1975; Perkins et al., 1986; Singhvi and Shaham, 2019; Figure 2A). Glial roles in the phasmid and inner labial organ still await investigation.

AMsh glia modulate NRE shape and/or functions of its associated chemosensory neurons (Bacaj et al., 2008; Wang et al., 2008, 2012; Singhvi et al., 2016). However, the specific glia-neuron interactions underlying this are largely unknown, barring a few molecules. In the context of ionic regulation, AMsh glia expression of the Degenerin/epithelial (DEG/ENaC) Na+-selective channel ACD-1 has been shown to support function of the odor-sensing AWC neuron. Wildtype animals display chemotaxis toward and changes in AWC intracellular Ca2+ levels upon exposure to the AWC-sensed odorant isoamyl alcohol (IAA). Animals with a loss-of-function allele of AMsh acd-1 or a hypomorphic allele of neuronal tax-2, a subunit of the cGMP-gated channel required for chemosensation, show intact chemotaxis and appropriate AWC Ca2+ responses to IAA. Double mutations in both AMsh acd-1 and neuronal tax-2, however, impairs IAA chemotaxis and AWC Ca2+ responses to low levels of IAA. Knockout of AMsh acd-1 further exacerbates AWC chemotaxis defects caused by mutations in the Gi protein ODR-3 and the guanylate cyclase protein DAF-11, which are proposed to regulate the activity of TAX-2 channels. Interestingly, exogenous depolarization of AWC neurons in acd-1; tax-2 double mutants rescue these sensory deficits to IAA. These studies suggest that glial Na+ transport may contribute either directly or indirectly to chemosensation, possibly by regulating basal neuron excitability. This effect of AMsh ACD-1 also appears to be odor specific, as acd-1 knockout does not exacerbate chemotaxis defects of hypo-morphic tax-2 mutants to octanol or trimethylthiazole.

AMsh glia also expresses the Cl– channel CLH-1, which is permeable to Cl– and HCO3–. This channel has been shown to regulate AMsh intracellular pH via HCO3– flux through CLH-1. Interestingly, glial ACD-1 currents are strongly inhibited by both extra- and intracellular acidification, suggesting that pH modulation by CLH-1 may play a role in chemosensation (Grant et al., 2015). The direct role of this channel on sensation, however, has yet to be investigated.



Other

The olfactory epithelium of frogs and salamanders bear similar anatomy to that in mammals (see Figure 1A), and SCs in both organisms are thought to play a role in K+ buffering. Patch clamp studies in frog and salamander olfactory SCs describe high K+ permeabilities. In the frog, SC K+ currents are mediated by Ca2+-activated BK channels, similar to mammalian olfactory SCs, suggesting evolutionary conservation. Frog and salamander SCs further exhibit membrane depolarization after odorant stimulation, likely due to the influx of excess extracellular K+ following ORN activation (Trotier and MacLeod, 1986; Trotier, 1998). Whole cell recordings with a gap junction blocker in frog SCs reveals electrical coupling between olfactory support cells, which could facilitate the clearance of K+ ions released by ORNs (Trotier, 1998). Electrophysiological studies suggest that K+ buffering in salamander SCs occurs in hundreds of milliseconds, which parallels the timescale of mouse ORN activation (Trotier and MacLeod, 1986). This suggests that SCs are well poised to regulate ORN sensitivity to odors in real time. Whether and how K+ buffering in frog or salamander SCs affects chemosensation, however, has yet to be formally investigated.



Gustation

Taste is the percept of non-volatile external stimuli including ions. Roles of glia in gustation are poorly understood across systems.


Mammals

Taste sensation in mammals begins in taste buds, onion bulb-like structures in the tongue (Figure 1B). Each taste bud consists of 50–100 elongated neuroepithelial cells that are sub-categorized as Types 1–3. Type 2 and Type 3 cells are taste receptor cells that sample tastants through taste receptors housed on primary cilia NREs (Yarmolinsky et al., 2009; Roper and Chaudhari, 2017). Type 1 cells, on the other hand, exhibit glia-like functions both chemically and structurally. Similar to CNS glia, Type I cells express transporters that are required to eliminate extracellular neurotransmitters, including the glutamate-aspartate transporter GLAST. Further, similar to the close interactions of CNS glia and neurons, Type I cells have cytoplasmic extensions that ensheath other taste bud cells (Lawton et al., 2000; Bartel et al., 2006; Roper and Chaudhari, 2017). Taste bud glia remain molecularly enigmatic.

Type I taste bud glia-like cells display a small voltage-dependent outward K+ current and express the inward-rectified K+ channel ROMK (Medler et al., 2003; Romanov and Kolesnikov, 2006; Dvoryanchikov et al., 2009). This suggests that these cells may spatially buffer K+ in the taste bud, which could alter Type II and Type III taste cell excitability. They are also the only taste bud cells to express amiloride-sensitive ENaC Na+ channels. Behavioral studies in rodents show that amiloride decreases taste perception of NaCl, suggesting that amiloride-sensitive ENaC channels play a crucial role in taste transduction of salt. Type I cell expression of these channels implicates a role of these glia-like cells in salt detection (Vandenbeuch et al., 2008). Further studies are required to illuminate the precise role of glial ENaC Na+ channels in salt sensing.



C. elegans

In addition to olfaction, the AMsh glial DEG/ENaC Na+ channel ACD-1 is also required to sense water-soluble tastants, such as NaCl, acidic solutions, and lysine acetate.

Similar to IAA chemosensation (see above), AMsh acd-1 knockout exacerbates the reduced chemotaxis of hypomorphic tax-2 mutants to NaCl. Acid avoidance and chemotaxis to the amino acid lysine requires the neuronal DEG/ENaC channel DEG-1. AMsh acd-1 knockout further exacerbates the impaired acid avoidance and lysine chemotaxis of deg-1 mutants. Similar to olfaction, these findings suggest that AMsh ACD-1 plays a role in setting chemosensory neuron excitability. As the AMsh HCO3– channel CLH-1 may affect ACD-1 activity (see above), glial regulation of HCO3– may additionally play a role in taste sensation (Wang et al., 2008; Wang et al., 2012). The precise mechanistic role of ACD-1 and CLH-1 in sensing water-soluble tastants awaits further investigation.



Auditory and Vestibular Sensation

The auditory system is exteroceptive and mediates sound perception, while the vestibular system is proprioceptive and concerned with maintaining body equilibrium and orientation in space. Since these systems are anatomically and functionally related, they are discussed together here. Glia-like support cells adjacent to peripheral auditory and vestibular sensory structures influence sensation by regulating local levels of K+, Na+, and Cl–. Besides ion regulation, auditory/vestibular support cells modulate the extracellular matrix to support sensory epithelial integrity, form new hair cells upon injury, and engulf synaptic terminals.


Mammals

Hearing and balance in mammals is mediated by modified epithelial cells called hair cells in the cochlea and vestibular system of the ear, respectively. Cochlear hair cells are activated by sound waves, and vestibular hair cells by head movements and gravitational force (Corey, 2009; Reichenbach and Hudspeth, 2014). The cochlea is anatomically divided into three compartments, the scala media, scala tympani, and scala vestibuli. The developing cochlea also contains a transient epithelial structure called Kolliker’s organ, which comprises columnar-shaped supporting cells that differentiate into auditory sensory cells. Each adult hair cell NRE comprises ∼100 actin-based stereocilia (microvilli) and a single cilium termed the kinocilium. Cochlear hair cells are surrounded by various glial cell-types that are location-specific, such as inner phalangeal cells, Deiter’s cells, and cells of Hensen’s (Figure 1C). In contrast, the vestibular system anatomically has a more homogeneous group of support cells (Wan et al., 2013).

The neural physiology of hair cells differs from that of most nervous system cells. While most neurons fire action potentials by influx of Na+, hair cells rely on K+ entry for neuronal activation. This requires K+ depolarization, which in turn requires that hair cell NREs are bathed in the high K+/low Na+ ionic environment of the scala media endolymph. Endolymph ion composition uniquely resembles intracellular fluid, while the low K+/high Na+ perilymph of the scala tympani and scala vestibuli are typical of extracellular spaces. Support cells help keep endolymph and perilymph compositions distinct by serving as a neuroepithelial barrier between their respective compartments. To do so, support cells make extensive bicellular and tricellular tight junctions (TJs) with hair cells. Mutations in junctional proteins concentrated at support cell-hair cell TJs, including claudin 14, tricellulin, and angulin-2/ILDR1, cause deafness (Wilcox et al., 2001; Riazuddin et al., 2006; Kitajiri and Katsuno, 2016). Therefore, the composition of this endolymph, and thereby auditory perception, requires the surrounding glia.

Upon sensory transduction, K+ flows passively into hair cells from the endolymph and exits through basolateral KCNQ4 channels into the perilymph. Radiotracer and molecular genetic studies show that endolymph fluid derives from the surrounding perilymph, rather than the blood. This suggests that K+ is recycled from the perilymph back to the endolymph. Two support-cell dependent pathways, the lateral and medial transport routes (see below), are thought to mediate K+ recycling. Mutations in support cell proteins involved in K+ recycling lead to hearing loss, highlighting the importance of this process to auditory perception (Zdebik et al., 2009).

The lateral transport route is the canonical pathway underlying K+ recycling from the perilymph to the endolymph. Here, the stria vascularis of the cochlea or dark cells of the vestibular system secrete K+ into the endolymph. Three non-exclusive theoretical models describe how perilymph K+ gets to the stria vascularis. We summarize these briefly here, and refer readers to Zdebik et al. (2009) for a deeper review. Model A: Glia-like Deiter’s and inner phalangeal cells uptake K+ from the basal poles of hair cells using K+/Cl– co-transporters (KCCs) and relay K+ back to the stria vascularis through a system of gap junctions and transporters. Consistent with this, Deiter’s glia-like cells express the K/Cl co-transporters KCC-4 and KCC-3, and inner phalangeal support cells express KCC-3 (Boettger et al., 2003). Knockout of either kcc-3 or kcc4 results in progressive hearing loss (Boettger et al., 2003). In agreement with their role in support glia, auditory defects are observed in ubiquitous kcc-3 knockout animals, but not in neuron-specific kcc-3 knockout animals (Shekarabi et al., 2012). As further support for this model, audio-vestibular support cells are electrically coupled by gap junctions made predominantly of connexin-26 (Cx26) and connexin-30 (Cx30) subunits (Nadol et al., 1976; Hama and Saito, 1977; Kikuchi et al., 1994; Zhao et al., 2006). Cx26 and Cx30 are mutated in hereditary forms of deafness, and knockout mouse models replicate this phenotype. Interestingly, targeted ablation of Cx26 in support cells and flanking epithelial cells alone can cause hearing impairment (Cohen-Salmon et al., 2002; Stong et al., 2006). Model B: Glial support cells use KCCs to relay K+ from the basal poles of hair cells to the scala tympani. From here, K+ travels through the open perilymph space to the stria vascularis for secretion into the endolymph. This model is consistent with the kcc-3 and kcc-4 gene expression and mutant studies above. In further support, the perilymph of the scala tympani contains standing currents that are altered upon acoustic stimulation (Zidanic and Brownell, 1990). To note, however, standing currents can also exist if K+ is directly shuttled into the scala tympani without support cells. Model C: K+ enters glial support cells through P2X purinergic signaling and is shuttled through gap junctions or via the perilymph back to the stria vasicularis. Consistent with this, sub/micromolar levels of ATP evoke a K+ dependent inward current in cochlear glia, including Deiters, Pillar, Hensen, and Claudius cells. This current tracks [ATP] and is abolished in the absence of ATP or with P2X receptor antagonists (Zhu and Zhao, 2010). Since gap channel hemichannels release ATP, support glia gap junctions may themselves trigger K+ intake (Zhao et al., 2005).

In the putative medial K+ recycling pathway, K+ effluxed from inner hair cells travels through border support cells and inner ear epithelial cells to return directly to the scala media. This is supported by structural and immunohistochemical evidence. Namely, border and epithelial cells have morphological and histochemical features similar to Hensen and Claudius cells of the lateral transport route (Spicer and Schulte, 1998). These cells also have gap junctions that might allow transcellular transport of K+ ions (Spicer and Schulte, 1998). However, direct evidence of this route has yet to be demonstrated. If the medial route is a canonical K+ recycling pathway, this would suggest that border support cells of the inner ear mediate K+ levels in the auditory NRE extracellular milieu, with possibly consequences on hearing.

Maintenance of high K+ in the endolymph necessitates a counterbalance of Na+ absorption. Na+ ion imbalance in the endolymph causes blebbing of the inner hair cell NREs (Kim and Marcus, 2011). Na+ and K+ endolymph concentration are maintained by proteins like Na+/K+ ATPase, expressed by both Dieter’s cells and the inner phalangeal cells of the organ of Corti, among other inner ear cells. Mutations in this ATPase pump are associated with Meniere’s disease, an inner ear condition characterized by dizzy spells (vertigo) and hearing loss (Stephenson et al., 2021). Caudius’ and Deiter’s support cell glia also express all three subunits of ENaC channels (Gründer et al., 2001). Interestingly, mutations in the transmembrane serine protease TMPRSS3, thought to regulate ENaC channels, is implicated in non-syndromic autosomal recessive deafness (DFNA8/10) (Guipponi et al., 2002).

Ionic regulation by support cells is also important for hair cell development. It can stimulate the spontaneous firing of auditory neurons before the onset of hearing, a process required for auditory neuron survival and maturation and synaptic refinement. Specifically, support cells in the transient Kolliker’s organ of the developing mammalian cochlea spontaneously release ATP, likely through connexin hemichannels, stimulating purinergic P2RY1 support cell auto-receptors (Tritsch et al., 2007). Activation of purinergic auto-receptors opens support cell TMEM16 Ca2+-activated Cl– channels, triggering osmotic cell shrinkage, Cl– efflux, and concurrent K+ efflux (Wang et al., 2015; Babola et al., 2020). K+ efflux from support cells causes transient depolarization of IHCs near ATP release sites and triggers action potential bursts in primary auditory neurons. Osmotic shrinkage of support cells also increases the extracellular space and speed of K+ redistribution. Thus, by modulating Cl– flux, support cells can both initiate spontaneous hair cell activity and regulate hair cell excitability by controlling the volume of the extracellular space.



Drosophila

Fly hearing is mediated by sensilla in the chordotonal Johnston’s organ (JO) in the antenna of the animal (Figure 2Bii), which detect air vibrations. The JO is comprised of an array of ∼250 auditory units called scolopidia that house two to three sensory neurons with cilia NREs, and several glia-like support cells. The principle support cell, scolopale, encloses the neuronal dendrite NRE in fluid-filled lumen called the scolopale space. Similar to the vertebrate cochlear endolymph, this fluid is believed to rich in K+ ions, although the composition has not yet been analyzed (Eberl and Boekhoff-Falk, 2007).

In the JO, the ATP∝ Na+/K+ ATPase subunit is enriched in scolopale cells, and knockdown in the entire JO or specifically in scolopale cells results in animal deafness. The Na+/K+ ATPase extrudes Na+ out and K+ in in a 3:2 ratio. Knockdown of the nrv2 β Na+/K+ ATPase subunit, expressed specifically in scolopale cells in the JO, similarly results in almost complete deafness (Roy et al., 2013). Thus, ion regulation by scolopale support cell glia may be crucial for proper auditory transduction and setting sensory neuron excitability, although this has not been formally demonstrated.



Other

The zebrafish, Danio rerio, senses mechanical vibrations via two sensory systems. One is the otic placode-derived inner ear, which resembles mammalian ear except that it lacks cochlea (Popper and Fay, 1993; Nicolson, 2017; Pickett and Raible, 2019). In addition, mechanosensitive hair cells of the lateral line sense movement, vibration, and water pressure. This is critical for the animals to orient, school socially, and detect predators. Lateral line hair cells bear morphologic and genetic resemblance to those of the vertebrate inner ear, and also have NREs composed of stereocilia and a kinocilium that mediate hair cell activation (Pinto-Teixeira et al., 2015; Nicolson, 2017). Hair cells are organized into a collection of neuromasts spaced along the body of the animal. Each neuromast consists of roughly 60 cells organized in a circular epithelium: 16–20 mechanosensory hair cells and ∼30 glia-like sustentacular cells intermingle at the center of the organ, while ∼10 glia-like mantle cells occupy the periphery (Figure 2C). Within the neuromast, support cell gap junctions maintain low K+ levels in associated hair cells, likely through K+ buffering. Pharmacologically blocking gap junctions in support cells drastically reduces presynaptic Ca2+ activity in hair cells, with impact on sensory stimuli encoding (Zhang et al., 2018). Molecular mechanisms regulating this function are not well-elucidated.



Somatosensation

Somatosensation includes processing of information received at the skin/cuticle, and includes sub-modalities such as mechanoreception, thermosensation, and nociception. Together, these enable the animal to sense touch, pressure, stretch, heat, cold, and pain (Abraira and Ginty, 2013). The role of glia on somatosensation remains largely a mystery.


Mammals

A subset of somatosensory NREs in the vertebrate skin are encapsulated by lamellae of modified glial Schwann cells (Figure 1D). These structures include Meissner’s corpuscles (which sense pressure), Pacinian corpuscles (which sense vibration), and Ruffini’s corpuscles (which sense skin stretch). Both physiological and biophysical studies suggest that this lamellar encapsulation contributes to somatosensory perception (Cobo et al., 2021).

Ion channels are present in the modified Schwann cells of somatosensory receptors. Histological studies have shown that the DEG/ENaC Na+ channel ASIC2 and ENaCβ subunit are present in lamellar cells of Pacinian corpuscles and terminal Schwann cells of Ruffini corpuscles, respectively (Hitomi et al., 2009; Montaño et al., 2009; Calavia et al., 2010). Since DEG/ENaC channels have been implicated in touch sensation in many systems (Ben-Shahar, 2011), this raises the possibility that Schwann cells associated with these encapsulated receptors may play a mechanosensory role. In addition, voltage-gated Na+ channels have also been identified by immunocytochemistry in Pacinian corpuscle lamellae, suggesting that these may also contribute to mechano-transduction (Pawson et al., 2000). Similarly, immunohistochemistry also reveals the presence of the polymodal Ca2+ permeant channel TRPV4 (a known mechano-sensor itself) in the lamellar cells of human Meissner corpuscles (Alonso-González et al., 2017). However, the contribution of TRPV4 channels and lamellar glia in pressure sensation has not yet been established.



C. elegans

The OLQ and IL1 glial sheath and socket cells, which associate with OLQ and IL1 mechanosensory neurons, express the DEG/ENaC subunits DELM-1 and DELM-2. These ion channels act cell-autonomously in the OLQ and IL1 glial socket cells to drive sensitivity to mechanical stimulus and nose touch and foraging behaviors. Indeed, animals lacking DELM-1 exhibit defects in setting basal OLQ and IL1 neuron excitability (Han et al., 2013). This shows direct evidence of glial ion channels mediating mechano-sensation.

C. elegans thermosensation is mediated by the temperature-sensing AFD neuron. AMsh glia directly regulate thermosensation by modulating the microvilli NRE shape of AFD. One mechanism by which AMsh glia control AFD microvilli NRE shape is using the glial K/Cl transporter, KCC-3, which localizes specifically around the AFD NREs. Molecularly, Cl– extruded by the AMsh glia directly inhibits the GCY-8 receptor guanylyl cyclase located on AFD NREs. cGMP generated by GCY-8 antagonizes the actin regulator WSP-1/NWASP which drives actin assembly and polymerization (Singhvi et al., 2016). Thus, inhibition of GCY-8 by AMsh glial KCC-3 reduces AFD cGMP levels, allowing WSP-1/NWASP to properly shape AFD NRE microvilli. kcc-3 mutants have short AFD microvilli and, consequently, an inability to perform wildtype thermotaxis behaviors. These findings describe a precise molecular mechanism by which ionic regulation by glia mediates animal sensation. Whether other glial ion channels and transporters also controls thermosensation remains uninvestigated.

Further, recent work from our laboratory has found that AMsh glia engulf fragments of AFD NRE in an activity dependent manner (Raiders et al., 2021a). Altering this glial pruning activity can alter NRE shape and associated animal behaviors post embryonic development, similar to ionic modulation by glial KCC-3. How glial ionic regulators like KCC-3 cooperate with other glial regulatory pathways like pruning of NREs is not clear in any setting.



Other Animals

In the spider (Cupiennius salei) mechanosensory organ, Na+ channels are expressed at similar levels in both neurons and their surrounding glial cells, as quantified by immunofluorescence (Seyfarth et al., 1995). These glia may regulate Na+ levels in mechanosensory organs to regulate sensation.



Vision

Vision is the transduction of light stimuli through photosensitive cells. Glia-like support cells adjacent to light-sensing NREs have been shown regulate local levels of K+, Na+, and Cl– ions to affect vision. Besides ionic regulation, additional functions of sense-organ glia include regeneration of visual pigments retinal and phagocytosis of photoreceptor NREs.


Mammals

The mammalian retina develops from the neural tube rather than the neural crest, making vision the only vertebrate sensory modality that is technically CNS and not PNS. However, because the retina is a sense organ, we include the role of glial ionic modulation in mammalian visual sensation for completeness.

Mammals sense light using photoreceptor cells called rods and cones, whose NREs (outer-segments) are modified cilia. Retinal pigment epithelia (RPE), a polarized monolayer of glia-like support cells, form the outermost layer of the retina and physically approximate photoreceptor NREs. Microvilli extend from the apical surface of RPE cells to envelop the outer segments of both rods and cones (Reichenbach and Bringmann, 2020; Figure 1E). RPE glia-like cells transport ions and water from the apical subretinal space (proximal to photoreceptor NRE) to the basolateral vasculature, or choroid. Tight junctions between RPE ensure a barrier between these spaces. Below we discuss ions individually for simplicity, but also note that each ionic current is also influenced by the concentration and conductance of other ions.



Na+

Unlike most epithelia, RPE localize Na+/K+ ATPases to their apical membranes for transepithelial transport. This establishes a Na+ gradient that facilitates bicarbonate uptake via a Na+-bicarbonate transporter, and uptake of K+ and Cl– through the NKCC cotransporter (Strauss, 2005). Further, unstimulated photoreceptors passively intake Na+ ions through open cyclic-nucleotide gated channels. This “dark current” establishes the depolarized resting potential needed for vision. Apically localized RPE Na+/K+ ATPase in the RPE help set the sub-retinal Na+ concentration needed to drive these currents, a critical requisite for visual perception (Sparrow et al., 2010).



K+

K+ enters RPE apically through either the Na+/K+ ATPase or NKCC. From the RPE, K+ ions can leave the cell through either the apical, or basolateral membranes. In dark, photoreceptors intake Na+ and extrude K+ (see above). The consequent high K+ levels in subretinal space promote K+ uptake apically and release to the basolateral choroid. Higher basolateral K+ conductance allows for net K+ transport from photoreceptor space to basolateral vasculature. The channels/transporters driving basolateral conductance await molecular identification, but candidates include the large-conductance Ca2+-dependent K+ channels and the M-type K+ channel (Strauss, 2005). Upon light-stimulation, photoreceptor dark current drops, which reduces subretinal K+ levels. This hyperpolarizes the apical RPE membrane, which activates apical Kir7.1 inward rectifying K+ channels. Activation of Kir7.1 channels drive K+ efflux out of the apical membrane, which replenish subretinal K+ levels. Such RPE K+ buffering crucial for the fast-occurring changes during visual transduction and maintaining photoreceptor excitability for repeated activation (Strauss, 2005; Sparrow et al., 2010). While mechanisms by which RPE regulate Kir7.1 remains unclear, this likely impacts visual function.



Cl–

In addition to K+, the apical NKCC cotransporter also facilitates entry of Cl– into the RPE. Intracellular Cl– exits the cell through basolateral Ca2+-dependent Cl– channels including CLC-2, and the cystic fibrosis transmembrane conductance regulator (CFTR) (Strauss, 2005). Transgenic mice lacking ClC-2 channels show no RPE transepithelial potential and exhibit retinal degeneration comparable to retinitis pigmentosa (Bösl et al., 2001). Best’s vitelliform macular degeneration, in which RPE degeneration causes retinal degeneration, is also associated with defective Cl– transport. The leading diagnostic in this case is a reduction in the light peak-to-dark ratio in an electro-oculogram and extracellular fluid filled lesions, both indicative of decreased RPE basolateral Cl– transport (Xiao et al., 2010). However, mechanistic insights into these regulators in health or disease remains poorly understood.

Reduced RPE transepithelial ion transport is associated with impaired visual function. For example, macular edema is the buildup of fluid in the center of the retina, likely caused by damage to the RPE/endothelium mediated blood/retina barrier. It is successfully treated with carbonic anhydrase inhibitors. These reduce RPE intracellular bicarbonate concentration by reducing uptake of Cl– by the basolateral Cl–/bicarbonate exchanger and driving its release baso-laterally instead. This Cl– extrusion drives water transport into the choroid, eliminating the edematous fluid. Thus, ionic transport by RPE cells is critical for retinal health.



Drosophila

The Drosophila compound eye consists of units called ommatidia. Each ommatidium houses 8 core photoreceptor neurons (R-cells) that sense light using microvilli NREs called rhabdomeres. These R-cell bundles are additionally surrounded by four support cells, called cone cells, and two pigment cells (Figure 2Biii). Cone cells express sense-organ glial signature genes (eg. pax-2, prox-1, and olig-1) and may serve glial functions like energy support and sustaining photoreceptor neurotransmission in the fly retina (Chotard and Salecker, 2007; Charlton-Perkins et al., 2017). Dark adapted flies exhibit strong photoreceptor depolarization in response to light, as measured by electroretinograms. Genetic knockdown of the ATP-alpha, nrv2, or nrv3 subunit of the Na+/K+ pump in cone cells significantly reduced photoreceptor responses to light. Knock-down of cone cell inward rectifying Irk2 K+ channel similarly reduced photoreceptor responses (Charlton-Perkins et al., 2017). Thus, ion regulation by retinal glia are crucial for proper vision.



Other Animals

Outer pigment cells, the principle glia in the honey-bee (Apis mellifera) drone retina, spatially buffer K+ in the extracellular space around photoreceptors, based on electrophysiological studies (Coles, 1989). How this impacts animal vision is not yet established.



CONCLUDING REMARKS


Analogy in Glial Ionic Regulation Across Sensory Modalities

One important glial function is regulation of ionic milieu around neurons (Olsen et al., 2015). It is evident that glia across sensory modalities, and species, deploy analogous machinery to regulate associated sensory cells/neurons. For example, many PNS glia across sensory systems and species use cation chloride cotransporters (CCCs), DEG/EnaC channels, inward rectifying channels and Na+/K+ ATPases to regulate K+, Na+, and Cl– (above and Figure 3). However, PNS glia ionic regulation of NREs is an emerging field with many remaining unknowns. For example, the entire repertoire of ion channels and transporters and their subcellular localization is not described for any PNS glia. How any one glia regulates its ionic transporters/channels, and how this modifies sensorineural activity is not well-elucidated. Moreover, how these ionic regulators interact with each other is also poorly understood. Finally, it is not clear if all PNS glia within a sense organ are functionally and molecularly identical, even in regulating NRE ionic microenvironment. Thus, studies of such cross-utilized molecules in one modality may also inform on its function in another sensory context or species.


[image: image]

FIGURE 3. Glial ionic regulators regulate sensory neuron shape and functions across sensory modalities and species. Green cells are glia-like support cells. Magenta cells (N) are sensory cells. Arrows denote the direction of ion movement associated with sensation. A question mark denotes cases where the direction of ion movement is unknown. (A) Cation chloride cotransporters. (i) Audition: Glial KCC-3/KCC-4 in inner ear support cells regulates auditory transduction and their loss leads to hair cell degeneration and deafness. (ii) Vision: Mammalian RPE NKCC uptake K+, Na+, and Cl- to modulate the ionic milieu in the subretinal space. (iii) Somatosensation: Cl- extruded by glial KCC-3 regulates thermosensory NRE shape and animal behavior in C. elegans. (B) Inward rectifying K+ channels. (i) Type I taste cells express the ROMK channel, possibly to buffer extracellular K+. (ii) Mammalian Kir7.1 channels in RPE cells are implicated in spatial buffering of K+ for continued neuron excitability. (C) DEG/ENaC channels. (i) Chemosensation (olfaction and/or gustation): ENaC channels are expressed in vertebrate glia-like Type I taste cells (left). The glial DEG/ENaC channel ACD-1 regulates C. elegans chemotaxis behavior toward the odorant isoamyl alcohol and water-soluble tastants such as NaCl, acidic solutions, and lysine acetate (right). (ii) Audition: ENaC channels are expressed in support glia of the inner ear. (iii) Somatosensation: The DED/ENaC channel ASIC2 (left) and subunit ENaCβ (center) are expressed in glia-like cells associated with mammalian somatosensory receptor cells. C. elegans glial DELM-1/DELM-2 channels set basal sensory neuron excitability and drive sensitivity to mechanical stimuli (right). (D) Na+/K+ ATPases. (i) Audition: Na+/K+ ATPases are expressed in support inner ear cell in both mammals (left) and Drosophila (right) where they are required for audition. (ii) Vision: Na+/K+ ATPases are required in mammalian RPE cells to set the “dark current” required for vision.




Analogy in Glial Ionic Regulation Across CNS and PNS

Based on the literature, we also propose that studies of glial ionic regulation in the PNS may inform CNS-centric biology in two ways. First, we note that many neurological disorders also have a sensory component. For example, anosmia can precede motor deficits in Parkinson’s disease patients, and Autism patients exhibit significant sensory impairments (Marco et al., 2011; Doty, 2012). How these causally link across the PNS and CNS is not well-defined, and further investigation of sensory impairments in animal models where these ionic regulators are implicated may be insightful into early stages of disease-progression as well as diagnostics.

Second, comparative analyses of glial functions across CNS/PNS suggests that, despite deriving from distinct embryonic developmental cell lineages, glia across systems and species show partial functional and mechanistic analogy in the molecular strategies with which they regulate ionic milieu of associated neurons. Thus, CCC channels are implicated not only in many sensory systems (Figure 3A), but also in CNS disorders like epilepsy, hydrocephalus, autism, Anderman syndrome, and ischemic stroke (Garneau et al., 2017; Huang et al., 2019; Jin et al., 2019). Similarly, DEG/ENac channels express not across sensory systems, but are also implicated in forming hybrid channels with related ASIC channels to drive amiloride-sensitive currents and migration in human glioma cells (Kapoor et al., 2011; Sun et al., 2013). Inward rectifying potassium channels also not only regulate sensory glia biology (Figure 3B) but are also a prominent feature of mature post-mitotic astrocytes. They are implicated in many diseases including epilepsy, multiple sclerosis, glial malignancy (Olsen et al., 2015; Seifert et al., 2018). Lastly, while our compilation highlights a theme of sensory glia utilizing Na+/K+ ATPase (Figure 3D), these also are not a PNS-specific glia feature. They, along with many of the other channels above, are critical regulators of cerebral edema, and implicated in diseases like Alzheimer’s disease (Ugbode et al., 2017).

Furthermore, we note that this analogy in CNS and sense-organ glia functions persists beyond glial ionic regulation. For example, mammalian CNS astrocytes secrete thrombospondin (TSP)-1 and 2 to promote synaptogenesis (Christopherson et al., 2005). Analogously, the C. elegans sense-organ amphid sheath glia secretes the TSP-1 domain containing protein FIG-1 to modulate sensory neuron properties (Bacaj et al., 2008). Vertebrate astrocytes use the MEGF10 and MERTK phagocytic pathway to mediate synapse elimination (Chung et al., 2013), while Drosophila astrocytes similarly deploy the MEGF10 ortholog Draper to clear synaptic and neuronal debris following injury (MacDonald et al., 2006; Hilu-Dadia and Kurant, 2020; Raiders et al., 2021b) and C. elegans peripheral sense organ glia use a similar (albeit not identical) machinery to regulate sensory neuron shape and animal behavior (Raiders et al., 2021a).

We therefore propose that investigations into PNS glia biology may be broadly relevant. Comparative studies across CNS/PNS, and species, may inform on novel insights into ontogenic and evolutionarily conserved molecular mechanisms by which glia sensorineural health and disease.
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Embryonic stem cells (ESC) have the potential to generate homogeneous immature cells like stem/progenitor cells, which appear to be difficult to isolate and expand from primary tissue samples. In this study, we developed a simple method to generate homogeneous immature oligodendrocyte (OL) lineage cells from mouse ESC-derived neural stem cell (NSC). NSC converted to NG2+/OLIG2+double positive progenitors (NOP) after culturing in serum-free media for a week. NOP expressed Prox1, but not Gpr17 gene, highlighting their immature phenotype. Interestingly, FACS analysis revealed that NOP expressed proteins for NG2, but not PDGFRɑ, distinguishing them from primary OL progenitor cells (OPC). Nevertheless, NOP expressed various OL lineage marker genes including Cspg4, Pdgfrα, Olig1/2, and Sox9/10, but not Plp1 genes, and, when cultured in OL differentiation conditions, initiated transcription of Gpr17 and Plp1 genes, and expression of PDGFRα proteins, implying that NOP converted into a matured OPC phenotype. Unexpectedly, NOP remained multipotential, being able to differentiate into neurons as well as astrocytes under appropriate conditions. Moreover, NOP-derived OPC myelinated axons with a lower efficiency when compared with primary OPC. Taken together, these data demonstrate that NOP are an intermediate progenitor cell distinguishable from both NSC and primary OPC. Based on this profile, NOP may be useful for modeling mechanisms influencing the earliest stages of oligogenesis, and exploring the cellular and molecular responses of the earliest OL progenitors to conditions that impair myelination in the developing nervous system.

Keywords: neural stem cell (NSC), embryonic stem (ES) cell, NG2 progenitor, oligodendrocyte precursor cell, oligodendrocyte, oligodendrocyte lineage cells, oligodendrocyte differentiation, multipotency


INTRODUCTION

During central nervous system (CNS) development, myelinating oligodendrocytes (OL) are established through the proliferation, migration, and differentiation of oligodendrocyte precursor cells (OPC). Oligodendrogenesis is observed throughout the lifespan, beginning in middle gestation when the CNS is populated by OPC that emerge from olig2+ neuroepithelial progenitors of the ventricular zones of the spinal cord and brain (reviewed in Bergles and Richardson, 2016), and continuing after birth and into the adult CNS with OPC generated from progenitors located in the forebrain subventricular zone (SVZ) (Levison and Goldman, 1993; Menn et al., 2006; Tsoa et al., 2014). While the location and timing of OPC emergence is clear, questions remain around the nature of the progenitor populations that produce them, with OPC shown to arise directly from neuroepithelial progenitor cells (NPC)/radial glia (Masahira et al., 2006), or indirectly via intermediate progenitors such as the glial restricted precursors (GRP) (reviewed in Martins-Macedo et al., 2021), and perhaps other types of immature neural cells, such as OPC pre-progenitors/pre-OPC (Vitry et al., 1999; Baracskay et al., 2007).

In vitro studies of embryonic stem cell (ESC)-derived progenitors could provide a useful tool to explore questions relating to the earliest stages of oligodendrogenesis. Several protocols have been published that describe the generation of oligodendroglial lineage cells from mouse ESC (Glaser et al., 2005, 2007; Neman and de Vellis, 2012). In general, these protocols involve culturing of ESC-derived neural stem cells (NSC) in oligodendrogenic factors such as sonic hedgehog, retinoic acid, FGF-2, and PDGF. However, while these protocols efficiently produce mature OPC and terminally differentiated OLs, they do not resolve the earlier steps of oligodendrogenesis ascribed to intermediate progenitors, where mature markers of OPC, such as PDGFRα, are absent (Rao et al., 1998; Baracskay et al., 2007). Here, we describe a novel protocol capable of rapidly generating homogeneous populations of immature NG2+/Olig2+ progenitors (NOP) from ESC derived from neural stem spheres (Otsu et al., 2011) that display characteristics of intermediate progenitors. Detailed transcriptional and antigenic profiling, referenced to data from primary OPC, indicate that NOP exhibit features common to NPC and OPC phenotypes, such as NG2 expression (Aguirre et al., 2004; Sánchez-González et al., 2020), with the absence of mature OPC markers such as PDGFRα and GPR17 (reviewed in Lecca et al., 2020). Moreover, NOP can be stimulated to undergo sequential differentiation into PDGFRα+/GPR17+ OPCs, myelinating OLs, and, under appropriate culture conditions, other neural lineages such as astroglia and neurons, thus identifying NOP as a form of intermediate embryonic progenitor cell. NOP are easily maintained as highly proliferative homogenous cultures; hence, they represent a versatile source of cells with which to explore the cellular and molecular processes affecting the earliest stages of oligodendrogenesis.



MATERIALS AND METHODS


Preparation of NSCs From Mouse Embryonic Stem Cells

All data were entirely derived from in vitro studies; hence, live animals were not used in this work. NSCs were generated from mouse ESC by the neural stem sphere protocol as described in previous papers (Otsu et al., 2011). ESC were obtained from C57BL/6J mice bred at the University of Birmingham under project license authority held at the University of Birmingham for breeding and maintenance of mice. Mice were killed by a skilled and competent researcher using humane methods proscribed in Schedule 1 of the United Kingdom Government Animals (Scientific Procedures) Act 1986. Isolated NSCs were plated onto matrigel matrix (BD Bioscience, Oxford, United Kingdom)-coated cell culture dishes and maintained into NSC medium [NeurobasalTM Medium supplemented with 2% B-27 supplement, 1% GlutaMAX, 1% Penicillin-Streptomycin (all from ThermoFisher Scientific, Hemel Hempstead, United Kingdom), and 20 ng/ml recombinant human fibroblast growth factor-2 (FGF-2, R&D Systems, Abingdom, United Kingdom)]. Medium change was performed in every other day. After reaching sub-confluency, the NSC were split into new culture dishes. In some experiments, a neural cell population containing a mix of astrocytes, neurons, and NG2 glia were used as controls. The neural cell population was generated by culturing NSC in NSC medium lacking FGF-2 for 6 days to trigger spontaneous neural differentiation (illustrated in Supplementary Figure 1).



Generation of OL Lineage Cells From Mouse NSCs

NG2+/Olig2+ progenitors were generated from the NSCs by culturing in OPC medium [DMEM/F12 mixture medium (Sigma-Aldrich, United Kingdom), 1% N2 supplement, 0.5% B-27 supplement, 1% GlutaMAX, 1% Penicillin-Streptomycin, 20 ng/ml FGF-2, 100 ng/ml recombinant human insulin like growth factor-1 (IGF-1, R&D systems), and 20 ng/ml recombinant human platelet-derived growth factor α chain, homodimer (PDGF-AA, Generon Ltd., Maidenhead, United Kingdom)]. Medium change was performed in every other day. After reaching sub-confluency, the cultured cells were split into new culture dishes. In this study, we defined the cultured cells as NOP after maintaining under this condition for at least 7 days. To promote further oligodendrogenesis, NOP were plated in culture dishes filled with OPC medium. After growing at confluency, culture media was changed to OL medium [DMEM/F12 mixture medium, 1% N2 supplement, 2% B-27 supplement, 1% GlutaMAX, 1% Penicillin-Streptomycin, 100 ng/ml recombinant human IGF-1, 40 ng/ml 3,3′,5-Triiodo-L-thyronine (T3, Sigma-Aldrich), and 3.5 ng/ml Hydrocortisone (Sigma-Aldrich)], and the cells were maintained for 6 days to promote terminal differentiation into the OL lineage (NOP/OL). The cell culture protocols for generating NOP and NOP/OL are illustrated in Supplementary Figure 1.



Preparation of Primary OL Precursor Cells From Postnatal Mouse Forebrain

Primary oligodendrocyte precursor cells (pOPC) were isolated from mixed glial cells derived from postnatal mouse forebrain using the protocol described by O’Meara et al. (2011). In brief, brains from postnatal mice (P2 or P8 C57BL/6 strain) were used for OPC preparation. Mice were sacrificed by methods approved by Schedule 1 of the Animals (Scientific Procedures) Act 1986. Brains were then dissected under a stereomicroscope before enzymatic digestion with 0.025% Trypsin/EDTA solution at 37°C for 20 min. After adding serum-contained medium [10% Fetal bovine serum (FBS) in high-glucose-contained DMEM (both from ThermoFisher Scientific)] and pipetting with serological pipette, followed by passing through cell strainer (Corning Falcon, 70 μm, ThermoFisher Scientific), dissociated cells were collected by centrifugation. Dissociated cells, which mainly consist of mixed glial cells, were plated into poly-L-lysine-coated culture T25 flasks. Mixed glial cells were maintained in serum-containing medium composed of high-glucose DMEM, 10% FBS, 1% Penicillin-Streptomycin, and 2 μg/ml bovine Insulin (Sigma-Aldrich). After reaching confluency (7–10 days), pOPC were isolated from mixed glial cultures by the shake-off protocol. Cell suspensions obtained after the shake off procedure were maintained in uncoated tissue culture grade dishes for 20 min in a CO2 incubator to allow the removal of astrocytes and microglia via differential adhesion of these cells. The dish was given a gentle swirl once every 5 min to prevent adhesion of OPC, and after 20 min, non-adhered cells (mostly OPC) were collected by removal and centrifugation of the culture medium. The pellet was then resuspended in pOPC medium (DMEM/F12 mixture medium, 1% N2 supplement, 1% B-27 supplement, 1% GlutaMAX, 1% Penicillin-Streptomycin, 20 ng/ml FGF-2, 100 ng/ml IGF-1, 20 ng/ml PDGF-AA, and 3.5 ng/ml Hydrocortisone). High-purity pOPC were plated onto matrigel matrix-coated dishes. To promote OL differentiation, the pOPC were maintained under the conditions described above.



Astrocyte and Neuronal Differentiation

Cells were plated on matrigel-matrix-coated coverslips with appropriate culture media supplemented with various growth factors overnight. For promoting astrocyte differentiation (condition A), undifferentiated NSC were plated on the coverslips mentioned above. The culture medium was then replaced with glial cell differentiation medium consisting of DMEM/F12 mixture medium, 1% N2 supplement, 2% B-27 supplements, 1% GlutaMAX, 1% Penicillin-Streptomycin, 20 ng/ml recombinant human bone morphogenetic protein-4 (BMP-4), transcript variant 1 (OriGene Technologies, Rockville, MD, United States), 20 ng/ml recombinant human leukemia inhibitory factor (LIF, Cambridge Bioscience, Cambridge, United Kingdom), and 3.5 ng/ml Hydrocortisone. To induce spontaneous neurogenesis (condition B), NSC were maintained for 6 days after removing FGF-2 and/or PDGF-AA from the culture media. Cultures were maintained under the conditions described above (either condition A or B) for 6 days before coverslips were fixed and processed for immunocytochemistry to detect astrogliosis (GFAP) or neurogenesis (βIII tubulin). The culture protocols for examining astroglial and neuronal fate potentials among NOP and are illustrated in Supplementary Figure 1.



Phase-Contrast Imaging and Measurement of Cell Diameters

Cells were observed with a Nikon Eclipse TS100 inverted microscope equipped with the phase-contrast optics, and images were captured using Digital CCD camera system (DS-L1 and DS-2Mv) (all from Nikon instruments Europe BV, Eadhoevedorp, Netherlands). In the experiment measuring cell diameters of NSC, NOP, pOPC, and mixed glial cells, cells were collected after enzymatic dissociation. After making cell suspension, followed by applying the suspension to hemocytometer (Sigma-Aldrich), images were captured using the system mentioned above. Cell diameters of each cell were measured with ImageJ software on basis of the acquired images. Median and confidence intervals (5 and 95% percentile) of each cell type was calculated using Prism 6 software (GraphPad Software Inc., La Jolla, CA, United States) and plotted to determine representative cell diameters and the apparent purity of each cell type.



5-Bromo-2′-Deoxyuridine (BrdU) Incorporation for Cell Proliferation Analysis

To test cell proliferation, cells were plated in Matrigel-coated coverslips and maintained in appropriate culture media for 6 days, at which time cultures were supplemented with 10 μM BrdU for 24 h. After fixation, proliferating cells were detected by immunocytochemical detection of anti-BrdU as described below.



Immunocytochemistry

Immunocytochemistry was performed using a standard protocol and the following primary antibodies: mouse monoclonal anti-NESTIN (Rat-401, 1:100; Developmental Studies Hybridoma Bank, IA, United States), rabbit polyclonal anti-SOX2 (ab15830, 1:150; Abcam, United Kingdom), rabbit polyclonal anti-brain lipid binding protein (BLBP; AB9558, 1:500; Chemicon, Hampshire, United Kingdom), mouse monoclonal anti-VIMENTIN (V6630, 1:40; Sigma-Aldrich), rabbit polyclonal anti-NG2 (AB5320, 1:150; Millipore, United Kingdom), rabbit polyclonal anti-OLIG2 (AB9610, 1:200; Millipore, MA, United States), mouse monoclonal anti-OLIG2 (SAB1404798, 1:50; Sigma-Aldrich), goat polyclonal anti-PROX1 (AF2727, 1:15; R&D Systems), mouse monoclonal anti-CNPase (C5922, 1:500; Sigma-Aldrich), mouse monoclonal anti-adenomatous polyposis coli (CC1 antibody, OP80, 1:1,000; Calbiochem, La Jolla, CA, United States), mouse monoclonal anti-glial fibrillary acidic protein (GFAP; MAB360, 1:800; Chemicon, CA, United States), mouse monoclonal anti-βIII tubulin (Tuj1, 1:100; BabCO, CA, United States), rat monoclonal anti-myelin binding protein (MBP; MAB386, 1:200, Chemicon), and chicken polyclonal anti-neurofilament heavy polypeptide (NFH; ab72996, 1:25,000; Abcam). Secondary antibodies raised against the appropriate host species and conjugated with Alexa Fluor 488-, Alexa Fluor 594-, and Alexa Fluor 680 dyes were used to detect primary antibodies (1:500; all from ThermoFisher scientific). Cells were plated on Matrigel matrix-coated coverslips or eight-well chamber slides for these experiments. After removing culture media, and washing with PBS, cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS) at room temperature. After washing with PBS, the fixed cells were incubated with 0.2% Triton X-100 (v/v) in PBS at room temperature for 20 min, except in the case of immunocytochemical staining with O4 antibody, where Triton X-100 was omitted. After blocking with 10% bovine fetal serum (ThermoFisher Scientific) or 10% goat serum (S-1000; Vector Laboratory, Peterborough, United Kingdom) in PBS at room temperature for 1 h, primary antibody reactions were carried out under room temperature for overnight. After washing with PBS, secondary antibodies diluted with PBS were added to coverslips and the coverslips were incubated at room temperature for 1 h. After washing with PBS, nuclei were counterstained with 4’,6’-diamidino-2-phenylindole (DAPI) (Molecular Probes). All coverslips were mounted with Immuno-Mount mounting medium (ThermoFisher Scientific). Fluorescent images were obtained using a differential spinning disk confocal microscope (Revolution DSD, Andor Technology, Belfast, United Kingdom) equipped with a 20 × Air Objective (0.5 N.A.).



Quantitative Real-Time RT-PCR

Messenger RNA (mRNA) isolated from NSC, NOP, and pOPC using RNeasy mini Kit (Qiagen, Crawley, United Kingdom) was used as template for cDNA synthesis with random hexamers, according to the manufacturer’s protocol (Tetro cDNA Synthesis Kit; Bioline, London, United Kingdom). Quantitative real-time RT-PCR was performed on an iQ5 Real Time PCR detection system (Bio-Rad, Hercules, CA, United States) using SYBR® GREEN PCR Master Mix (Applied Biosystems, ThermoFisher Scientific) and Primer ExpressTM software (Version 2.0, Applied Biosystems)-designed specific primer sets, which were listed in Table 1. The thermal cycling parameters for PCR amplification consisted of 1 cycle at 50°C for 2 min and 95°C for 10 min, followed by 50 cycles of 95°C for 15 s and 60°C for 1 min. The standard curve method was utilized to estimate the mRNA content of each target gene, and the amount of each mRNA was normalized relative to that of GAPDH mRNA. Using positive controls, all primer pairs sufficiently amplified the target genes. The y-axis of each graph regarding qPCR analysis indicates the relative expression level of each target gene. Statistical analysis was performed using Prism 6 software. Data are presented as means ± standard deviation (SD). Statistical significance was determined by unpaired Student’s t-test, and P-values were corrected with the Sidak-Bonferroni method for multiple comparisons.


TABLE 1. List of primers for qPCR.
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FACS

Cell suspensions for FACS analysis were prepared as followed. After culturing under optimized conditions, the culture medium was removed, and cells were washed with Dulbecco’s Phosphate Buffered Saline (D-PBS, Invitrogen) before harvesting from the culture dish by cell scrapers. After dissociating by pipetting properly, followed by passing through cell strainers to remove chunks, dissociated cells were collected by centrifugation. After removing supernatant, cell pellets were resuspended with cooled FACS buffer [0.5% (v/v) Bovine serum albumin (BSA, Sigma Aldrich), 0.1% NaN3 in D-PBS] supplemented with 1% (v/v) Rat serum for blocking non-specific reaction of antibodies. After incubation at 4°C, cells were pelleted at 300 × g for 5 min and re-suspended in cooled FACS buffer supplemented with Anti-NG2 (Anti-AN2-PE, Clone: 1E6.4, dilution ratio: 1:11, Miltenyi Biotec Ltd., Surrey, United Kingdom), Anti-PDGFRα antibody (CD140a-APC, Clone: APA5, dilution ratio: 1:50, Miltenyi Biotec), and DAPI for counterstaining nuclei (NucBlueTM Live ReadyProbesTM Reagent; Invitrogen, Thermofisher Scientific). After washing with cooled FACS buffer twice before acquisition on a flow cytometer, labeled cell suspension was applied to FACS analysis. The cells expressing each marker protein were counted by BD LSRFortessaTM (BD Biosciences, San Jose, CA, United States) after setting up appropriate gates. All observations were made in log mode. Isotype controls were performed for each primary antibody to ensure the absence of non-specific binding. Data were acquired by using BD FACSDivaTM (BD Biosciences) and analyzed by using Flowing software 2.5.1 (provided by Perttu Terho, Centre for Biotechnology, Turku University, Turku, Finland).



Myelinating Dorsal Root Ganglion Neuron Co-cultures

For myelination assays, mouse primary dorsal root ganglion neurons (DRGNs) were prepared from postnatal mouse spinal cords following a modified published protocol (O’Meara et al., 2011). In brief, spinal cords from postnatal mice (P2 to P8 C57BL/6 mice) were dissected under a stereomicroscope after culling humanely. After transferring DRGN from the spinal cords to cooled Neurobasal medium supplemented with 1% B-27 supplement, single cell suspensions were prepared by enzymatic digestion in a series of solutions containing 0.025, 0.045, and 0.0625% Trypsin/EDTA (37°C incubation for 35 min). Digestions were followed by mechanical trituration, after which digested DRGN were resuspended with serum-containing medium to stop the enzymatic reaction. Cell suspensions were then passed through a cell strainer (70 μm pore size) and centrifuged, and the resulting cell pellets were resuspended with DRGN medium [1:1 mixture of Neurobasal/2% B-27 and astrocyte-conditioned medium (Sumitomo Bakelite, Tokyo, Japan)] supplemented with 1% Penicillin-Streptomycin and 50 μM cytosine arabinoside (Ara-C, Sigma Aldrich). Dissociated DRGNs were plated at a density of 10,000 cells/well of Matrigel-coated eight-well chamber slides. The DRGNs were maintained for at least 1 week with changing half of medium every other day. For myelination assays, NSCs/NOP/pOPCs were dissociated with Accutase (Invitrogen, ThermoFisher scientific). After centrifugation, followed by removing supernatant, dissociated cells were resuspended with the medium (DMEM:F-12 mixture, 1% N2 supplement, 1% B-27, 100 ng/ml IGF-1, 20 ng/ml PDGF-AA, and 3.6 ng/ml Hydrocortisone) and plated at a density of 50,000 cells/well into wells containing DRGNs. After maintaining in a CO2 incubator for 2 days, culture medium was changed with co-culture medium [DMEM/F12 mixture medium, 1% N2 supplement, 1% B-27 supplement, 1% GlutaMAX, 1% Penicillin-Streptomycin, 100 ng/ml IGF-1, 40 ng/ml T3, 10 ng/ml recombinant human neurotrophin-3 (NT-3, Sigma Aldrich), and 3.5 ng/ml Hydrocortisone]. Cells were maintained at 37°C/5% CO2 for at least 8 days before examining myelination by immunocytochemistry using anti-MBP and anti-NFH antibodies.




RESULTS


Generation of Homogeneous NOP Cells From Mouse ESC-Derived NSC

Homogeneous and scalable NSC were generated from the ESC using the neural stem sphere method described in previous papers (Figure 1A; Nakayama et al., 2004; Otsu et al., 2011). To generate OL lineage cells from the NSC, NSC were maintained in OPC medium as described in “Materials and Methods” for 7 days (illustrated in Supplementary Figure 1), at which time the morphological features of the cultured cells exhibited subtle changes (Figure 1A). The vast majority of the cells formed bipolar long processes, while NSC tended to display multiple short processes (Figure 1Ai). Moreover, unlike NSC, which exhibited a flattened epithelial-like cell body, cells grown in OPC medium formed rounded cell bodies similar to that of pOPC isolated from mouse forebrain (Figures 1Aii,iii). To determine if these morphological changes were associated with conversion to the OL lineage, we checked expression of representative markers at various time points. Before culturing in OPC medium NSC expressed OLIG2, a pan-OL lineage cell marker, at very low levels, and this expression was mainly localized in the cytoplasm (Figures 1B,C, day 0). Also, NSC expressed very low levels of NG2 protein, a marker associated with OPC (Figures 1B,C, day 0). After 3 days in OPC medium, approximately 20% of the cultured cells expressed both NG2 and OLIG2 proteins (Figures 1B,C). At day 6, over 90% of the cells started to express these markers at high levels (Figures 1B,C). Based on this result, we conclude that maintenance of NSC in OPC medium converted NSC to an NG2/OLIG2-double positive phenotype (converted NSC). To further check the biological properties of the converted NSC, we measured cell diameter, which is a simple parameter for analyzing the purity of cell populations in vitro. Similar to NSC and pOPC, converted NSC had a narrow range for the distribution of cell diameter (median approximately 10 μm; Figure 1D). In contrast, mixed glial cultures, which mainly consist of astrocytes with large cell diameters, showed a large distribution for cell diameter with a greater median (approximately 19 μm), implying that converted NSC were maintained as a homogeneous cell population lacking astrocytes (Figure 1D). We also analyzed BrdU incorporation to check the proliferative state of these cells. After 6 days in culture, over 85% of the converted NSC incorporated BrdU, a figure that was comparable to that of NSC (Figure 1E). In contrast, only 50% of pOPC were labeled with BrdU under this condition (Figure 1E); thus, converted NSC were more proliferative than pOPC. Based on their expression of NG2 and OLIG2, and their highly proliferative nature, we define the converted NSC as NOP.
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FIGURE 1. Conversion of mouse neural stem cells to immature NG2+/OLIG2+ progenitor cells. (A) Morphological features of mouse NSC and NSC-derived cells to immature NG2+/OLIG2+ progenitor cells. Mouse ES cell-derived NSC (i); converted NSC (ii); primary OPC isolated from mixed glial cells (iii). Scale bar: 50 μm. (B) Immunocytochemical analysis of oligodendrocyte cell lineage makers NG2 and OLIG2 protein expression in converted NSC. Cells at different culture period (Day 0, 3, and 6) were stained for OLIG2 (red), NG2 (green) and Dapi (blue). Scale bar: 50 μm. (C) Percentage of NG2–/OLIG2–double positive cells during conversion of NSC to OL lineage cell. Data represent means ± SD (bars) of three determinations. *P < 0.05. (D) Cell diameter quantification. Boxplots show median and confidence intervals between 5% and 95% (bars) for NSC, converted NSC, pOPC and mixed glial cells. (E) Cell proliferation analysis following 24 h BrdU incorporation. Data represent means ± SD (bars) of three determinations. *P < 0.05. n.s., not significant.




NSC-Derived NOP Develop Features Toward the OL Lineage

To check whether the biological changes in NOP result from conversion of NSC into OL lineage cells, immunocytochemical analysis was performed with various progenitor and OL lineage progression markers as displayed in Supplementary Figure 2. As described above, NSC expressed OLIG2 and NG2 proteins at very low levels (Figures 1B,C) such that these signals were absent in some imaging fields (c.f. Figures 1B, 2A). In contrast, GFAP (an astroglial cell marker), adenomatous polyposis coli (a marker for differentiated OL detected by antibody clone CC1, henceforth CC1), and MAP2 (a neuronal cell marker) were entirely absent from NSC cultures (data not shown). The absence of these markers for terminal differentiation to neural cells (GFAP, CC1, and MAP2) suggests that homogeneous NSC maintained an undifferentiated state (Figure 2A). On the other hand, NOP, as well as pOPC, expressed NG2 and nuclear-localized OLIG2 protein at high levels, but not the markers for terminally differentiated neural cells (Figure 2A and data not shown). Unexpectedly, the NOP and pOPC expressed NSC-related markers including SOX2, NESTIN, and BLBP (Figure 2A). To explore the degree of OL differentiation in NSC, NOP, and pOPC, we performed immunocytochemistry for anti-O4 and anti-PROX1. O4 is known as a marker for the detection of committed OPC and pre-myelinating OL at early stages of OL differentiation (Gard and Pfeiffer, 1989), while PROX1 is useful for analyzing OL fate determination due to its involvement in the regulation of OL differentiation via regulation of notch signaling during oligodendrogenesis (Kato et al., 2011). In this experiment, NSC, which served as a negative control, did not express either the O4-antigen or PROX1 protein (Figure 2B), while NOP expressed these antigens at very low levels (Figure 2B). In contrast, pOPC expressed these proteins at higher levels (Figure 2B). Furthermore, qPCR analysis was performed to confirm the expression of Prox1 gene, as well as another marker gene, Gpr17, which is a useful marker for proliferating OPC and the most immature differentiated OL (Fumagalli et al., 2011; reviewed in Lecca et al., 2020). Prox1 gene expression was significantly increased in NOP and pOPC in comparison with that in NSC, while Gpr17 gene was undetectable in NSC and NOP, but robustly expressed in pOPC (Figure 2C). The elevated levels of Prox1 transcripts and low levels of O4 antigen imply a shift toward the OL lineage, while the absence of Gpr17 expression indicates a more immature developmental status than pOPC. Data from DRGN-co-culture experiments provide further support for this immature phenotype. Typically, pOPC display a robust capacity to differentiate into myelinating MBP+ OL when cultured with DRGN (O’Meara et al., 2011), and indeed, we found that 7 days old DRGN-pOPC co-cultures contained a number of MBP + OL whose MBP + processes contacted and aligned with DRGN axons (Supplementary Figures 3A,B). In marked contrast, MBP+ cells were absent in NSC seeded cultures (Supplementary Figure 3C), and extremely rare when DRGN were seeded with NOP, with only a single example found in one coverslip (Supplementary Figure 3D). Overall, the absences of Gpr17 transcripts, and an apparent inefficiency in converting to MBP+ cells, imply that NOP represent a more immature phenotype than fully committed OPC.
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FIGURE 2. Expression of oligodendroglial lineage markers among NSC, NOP, and pOPC. (A) Representative images of immunofluorescent staining for progenitor cell and oligodendroglial lineage marker proteins in NSC, NOP, and pOPC: NG2 (OPC marker); OLIG2 (pan-oligodendrocyte lineage cell marker); SOX2, NESTIN, and BLBP (stem/progenitor cell markers). Scale bar: 50 μm. (B) Representative images of PROX1 and O4 signals in NSC, NOP and pOPC (both P2 and P8). Scale bar: 50 μm. (C) qPCR based quantification of Prox1 and Gpr17 gene expression among NSC, NOP and P2-pOPC. Data are mean ± SD (bars) of three determinations. *P < 0.05; n.s., not significant.




NOP Upregulate PDGFRɑ Protein After T3 Stimulation

In general, NG2 expressing glia are well-known to express the OPC marker protein PDGFRα isoform (PDGFRɑ), whose ligand, PDGF-AA, regulates cell properties including migration and proliferation of OL lineage cells (Richardson et al., 1988; Tognatta et al., 2017). However, there is evidence that expression of NG2 and PDGFRα by OL lineage cells can be variable and unsynchronized during the later stages of oligodendrogenesis (Zuo et al., 2018). To test the hypothesis that NOP and pOPC have different expression patterns of NG2 and PDGFRα, FACS analysis was carried out to quantify the percentage of cells expressing these marker proteins. As expected, over 70% of pOPC were double positive for both proteins, while 15% of pOPC expressed only NG2 protein (Figure 3A, left panel). NSC were analyzed as a negative control showing that only a small proportion of NSC expressed a single marker (Figure 3A, middle panel). In contrast to pOPC, the majority of NOP expressed only NG2 antigen, with PDGFRα expressing cells almost completely absent (Figure 3A, right panel). To explore the properties of NOP further we analyzed their expression of NG2 and PDGFRα antigens after growth in OL medium containing T3 and lacking growth factors. For this experiment, we analyzed NOP 6 days after the transition from OPC to OL medium and compared this to NOP maintained in OPC medium. Consistent with the previous data, NOP maintained in OPC medium expressed antigens for NG2, but not PDGFRα (Figure 3B, left panel). However, after growth in OL medium, over 70% of the NOP population were double positive for NG2 and PDGFRα, while approximately 20% of them expressed only the NG2 antigen (Figure 3B, middle panel). This profile is similar to that of pOPC (Figure 3A); thus, growth in OL medium stimulates the conversion of NOP to an NG2+/PDGFRα+ phenotype resembling that of neonatal-derived pOPC. The specificity of these profiles was confirmed by analysing NOP labeled with appropriate isotype control antibodies (Figure 3B, right panel). Taken together, these in vitro data identify the absence of PDGFRα antigens as a key characteristic distinguishing NOP from pOPC, and demonstrate that NOP exhibit the potential for oligogenesis by converting to an OPC-like phenotype after growth in OL medium.
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FIGURE 3. NOP acquire an pOPC-like phenotype after T3 stimulation. (A) Absence of PDGFRα protein distinguishes NOP from pOPC. Expression analysis of NG2 (X-axis) and PDGFRα (Y-axis) from cultures of NSC, NOP and pOPC by FACS. (B) FACS analysis of NG2 (X-axis) and PDGFRα (Y-axis) signals from NOP, and NOP after a 6-day growth period in OL medium containing T3. Left and middle panels display data from NOP and NOP cultures after OL medium (respectively) that were labelled with anti-NG2 and anti-PDGFRα. Right panel displays negative control data from NOP labelled with isotype control antibodies for each marker protein as a negative control.




NOP Undergo Oligogenesis and OL Differentiation After T3 Stimulation

To further explore the capacity of NOP for oligogenesis and OL differentiation, we examined the expression of various NSC and OL lineage genes (see Supplementary Figure 2) in four different cell populations: NSC, NOP, NOP cultured in OL medium for 7 days (NOP/OL), plus NSC-derived neural cells (see Supplementary Figure 1), which contain astrocytes, neurons, and NG2-expressing cells (Supplementary Figure 4). NSC markers like Hes1, Nestin (Nes), and Ascl1 genes were markedly downregulated in NOP and hardly expressed in NOP/OL (Figures 4A–D). The decrease in NSC maker expression in NOP confirms that NSC are converted toward a more restricted progenitor phenotype following growth in the OPC medium. Indeed, the expression of OPC marker genes like Cspg4 and Pdgfrα genes was increased 10 and 2.5 times, respectively, in comparison to levels in NSC. Importantly, these markers, along with Olig1/2, Nkx2.2, andSox9/10, were further upregulated in the NOP/OL population (Figures 4E–J), indicating progressive oligogenesis when NOP are cultured in OL medium. Consistent with the progression of oligogenesis, differentiation markers Grp17 and Plp1, which were absent in NSC and NOP, appeared in the NOP/OL population (Figures 4K,L). On the other hand, Gfap, an astrocyte marker, was hardly expressed during this oligogenesis (Figure 4M), but was expressed strongly in neural cells, which contain an abundance of astrocytes (Figure 4M and Supplementary Figure 4B). Unexpectedly, OL medium caused NOP to upregulate Map2 mRNA (Figure 4N). However, the relative expression for this gene (normalized to GAPDH) was markedly lower than that of all OL related genes. For example, expression levels of MAP2 were approximately 10-fold lower than Plp1 (MAP2, 0.023; Plp1, 0.23), the OL gene with the lowest relative expression level. Overall, these gene expression data, and the antigen profiling shown in Figure 3, show that NOP undergo oligogenesis when cultured in T3 containing OL medium.
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FIGURE 4. Expression patterns of progenitor and neural lineage marker genes during oligogenesis from neural stem cells. Expression analysis of various genes including NSC-markers Nes (A) and Hes1 (B), region-specific transcription factors Nkx2.2 (C) and Ascl1 (D), OPC-markers Cspg4 (E) and Pdgfa (F), OL-lineage cell markers Olig1 (G), Olig2 (H), Sox9 (I), and Sox10 (J), OPC/pre-OL marker Gpr17 (K), OL marker Plp1 (L), astrocyte marker Gfap (M), and neuronal marker Map2 (N). mRNAs were isolated from the cells after culturing in either OPC medium for NOP, or OL medium for differentiated NOP/OL, and relative gene expression was analyzed using quantitative real-time qPCR. Expression levels of each mRNA were normalized relative to that of GAPDH mRNA. Black bars indicate the expression level in three different population (NSC, NOP, and NOP/OL, and white bars show the expression levels in neural cells derived from NSC as control. Data are mean ± SD (bars) of three determinations. *P < 0.05; n.s., not significant.


To validate these gene expression data, and confirm the presence of mature OL in the NOP/OL population, we performed immunocytochemistry for protein markers of committed OPC and mature OL. After culturing in OL medium for 7 days, NOP/OL showed clear expression of antigens detected by anti-O4, anti-CNPase, and anti-CC1 (Supplementary Figures 5A–C, respectively). Quantification of this immunostaining revealed that 32.8% (±2.03) of DAPI+ cells expressed the O4 antigen, a marker for committed OPC (Gard and Pfeiffer, 1989), while a smaller fraction were immuno-positive for the mature OL markers CNPase+ (19.94 ± 2.93%) and CC1 (19.53 ± 3.07%) (Supplementary Figure 5D). Overall, the gene and protein expression data presented above provide clear evidence that NOP undergo progressive oligogenesis and OL differentiation when grown under conditions designed to stimulate OL differentiation.



NOP Differentiate Into Mature OL With a Lower Efficiency Than pOPC

The expression pattern for mature OL marker proteins after growth in OL medium (between approximately 20 and 30%, Supplementary Figure 5) indicates that the process of OL differentiation was rather slow in the NOP population. To explore this question, we compared the expression of genes associated with OL lineage progression and differentiation (Cspg4, Olig2, Gpr17, and Plp1) in NOP and pOPC before and after growth in OL medium. Although the expression profiles of NOP and pOPC were similar before this treatment, differences in the levels Cspg4 and Gpr17 levels appeared following this stimulation (Figure 5A). Interestingly, despite the increased levels of these genes in the NOP/OL population, the levels of the myelin gene Plp1, a marker for terminal OL differentiation, were similar across NOP and OPC populations after T3 stimulation. In line with this expression of Plp1, the NOP/OL population also expressed transcripts for myelination components such as Mbp, Mog, Mag, and Gap junction genes (Gjb1, Gjc2, and Gjc3) when cultured in the presence of DRGN axons (Supplementary Figure 6); thus, NOP/OL clearly present a transcriptional profile expected of mature differentiated OL. To determine if these transcriptional profiles translate into a mature antigenic phenotype, we measured the fraction of differentiating O4+ OL in NSC, NOP, and pOPC populations after culturing in OL medium for 7 days. Whereas NSC hardly differentiated into O4+cells (Figure 5B), both NOP and pOPC clearly differentiated into O4+ OL lineage cells (Figures 5C,D). However, NOP converted to O4+ cells with less efficiency than pOPC (Figure 5E), confirming that OL differentiation was less efficient in the NOP/OL population. Finally, to confirm the potential of NOP to complete terminal differentiation into mature OL, we examined MBP+ profiles in DRGN cultures seeded with either NOP/OL or pOPC. In contrast to NOP-DRGN cultures, which virtually lacked MBP+ OL (Supplementary Figure 3), co-cultures seeded with NOP/OL contained a number of MBP+ OL whose processes showed signs of early axonal contact (Figures 6A,B). Of note, these contacts are reminiscent of the spiraling of fine MBP+ processes previously identified during the early stages of in vitro myelination (Ioannidou et al., 2012). Interestingly, these contacts differ to those observed in DRGN cultures seeded with pOPC, where MBP+ processes extended long segments that aligned with DRGN axons (Figures 6C,D). Taken together, these data demonstrate that the NOP/OL population contains cells that have undergone terminal differentiation into mature OL, that these OL present the early signs of myelination, and that these steps toward myelination appear to be less advanced than those achieved by pOPC.


[image: image]

FIGURE 5. NOP differentiate into OL with a lower efficiency than pOPC. (A) Quantification of OL lineage-related genes after culturing in OL differentiation medium: OPC-marker (Cspg4); OL-lineage-related transcription factor (Olig2); OPC/pre-OL marker (Gpr17); OL marker (Plp1). mRNA were isolated from NOP or pOPC either before or after culturing in OL differentiation medium for 6 days, and relative gene expression analyzed by qPCR. Expression levels of each mRNA were normalized relative to that of GAPDH mRNA. Graphs indicate expression levels from four cell populations: NOP, T3-stimulated NOP (NOP/OL), pOPC, and differentiated pOPC (pOPC/OL). Data are mean ± SD (bars) of three determinations. (B–D) Representative images of immunofluorescent staining for O4 antigen in NSC (B), NOP (C), and pOPC (D) after culturing in OL differentiation medium. Nuclei were counterstained with DAPI. Scale bar: 20μm. (E) Percentage of O4 antigen positive OL in cultures of NOP and pOPC after culture in OL differentiation medium. Data represent means ± SD (bars) of three determinations. *P < 0.05; ****P < 0.001.
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FIGURE 6. NOP/OL initiate axonal contact in DRGN co-cultures. Representative images of immunofluorescent staining for myelin basic protein (MBP, myelin) and neurofilament heavy-chain polypeptide (NF, axons) in DRGN cultures seeded with NOP/OL (A,B) and pOPC (C,D). After 7 days in co-culture, some NOP/OL have differentiated into MBP+ OL whose processes contact DRGN axons. Contacts appear as fine MBP + process aligned with short stretches of NF+ axon (A,B, white arrows). pOPC show more advanced signs of myelination, with MBP+ processes forming longer stretches of axonal alignment (C,D, white arrows, yellow profiles). Nuclei were counterstained with DAPI. Scale bar: 20 μm.




NOP Maintain a Potential to Differentiate Into Astrocytes and Neurons

Our data show that NOP resemble early progenitors. We therefore determined whether they retained an NSC-like multipotentiality by examining their ability to generate astrocytes and neurons. We compared the potential for astrogenesis among NSC and NOP by culturing these cells in BMP4/LIF-containing medium for 6 days. Following this treatment, NSC converted to flattened GFAP+ cells similar to those observed in primary cultures of mouse astrocytes (Schildge et al., 2013; Figure 7A). In contrast, NOP differentiated into GFAP+ cells displaying a mix of morphologies including flattened GFAP+ cells, and cells with multiple thickened GFAP+ processes typical of ESC derived astrocytes (Juneja et al., 2020; Figure 7B). Consistent with previous reports (Suzuki et al., 2017), we also detected GFAP + cells when cultures of pOPC were treated with BMP4 and LIF (data not shown). Quantification of the proportion of GFAP+ cells in NSC and NOP cultures revealed similar numbers (Figure 7C), implying that NSC and NOP have a similar potential to differentiate into astrocyte-like cells. Next, we examined the potential for neurogenesis among NSC, NOP, and additionally pOPC by culturing them in growth factor depleted medium. Prior to this treatment, we noted the presence of a small number of βIII tubulin+ primary neurons contaminating the population of pOPC (approximately 10%), whereas these cells were virtually absent in cultures of NSC and NOP (approximately 1%; Figure 8A). After culturing in growth factor-depleted medium to promote spontaneous differentiation, both NSC and NOP differentiated into neurons at a comparable rate (approximately 30% in NSC cultures; 22% in NOP cultures, Figure 8B), while the total percentage of neurons in pOPC cultures declined during this period (Figure 8B). Thus, under these conditions NOP retain the potential to convert to neurons, while pOPC appeared to be restricted to a glial phenotype.
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FIGURE 7. Neural stem cell and NOP convert into GFAP+ astrocyte-like cells. Representative images of immunofluorescent staining for GFAP protein in NSC (A) and NOP (B) after stimulation with human BMP-4 and LIF to promote astrocyte differentiation. Nuclei were counterstained with DAPI. White arrows indicate examples of DAPI+/GFAP+ profiles. Scale bar: 20 μm. (C) Percentage of DAPI+/GFAP+ cells after BMP-4 and LIF treatment of NSC and NOP. Data represent means ± SD (bars) of three determinations.
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FIGURE 8. Neurogenic potential of NOP. (A) Representative images of immunofluorescent staining for neuronal marker protein ßIII-tubulin protein in NSC, NOP, and pOPC after culturing in growth factor-depleted basal medium to promote spontaneous neuronal differentiation. Nuclei were counterstained with DAPI. Tubulinβ3: βIII-tubulin protein; Scale bar: 50 μm. (B) Percentage of βIII-tubulin-positive cells after culture of NSC, NOP, and pOPC in conditions promoting neurogenesis. Data represent means ± SD (bars) of three determinations. *P < 0.05; n.s., not significant.





DISCUSSION

In this study, we established a protocol for rapidly generating high-purity cultures of immature NG2 progenitor cells from mouse ESC-derived NSC. These cells, which we term NOP, exhibit an antigenic profile consistent with an immature neural/oligogenic progenitor phenotype (e.g., nuclear OLIG2+, NG2+, GFAP–, CC1–, and MAP2–), and under differentiating conditions, these cells sequentially convert into OPC expressing both NG2 and PDGFRα antigens, and mature OL capable of initiating the early stages of axon myelination. Immature astrocytes also express OLIG2 proteins during CNS development (Marshall et al., 2005). However, NG2 proteins, which are well established as a marker of OPC, are not characteristic of astrocytes (reviewed in Nishiyama et al., 2005). Thus, taken together, the upregulation of transcripts for Pdgfrα and Olig1/2, and the absence of GFAP protein support the positioning of NOP within the oligodendroglial lineage. Despite this profile, the typical OPC marker protein PDGFRα is absent from NOP and is only expressed after further maturation is encouraged by T3 stimulation and growth factor withdrawal. Moreover, NOP retain marker proteins for NSC like SOX2, NESTIN, and BLBP, and are multipotential, generating astrocytes and neurons when cultured under appropriate conditions. Overall, NOP appear to be an immature progenitor intermediate between NSC and fate-restricted OPC whose rapid generation into scalable high-purity cultures recommends them for further studies to explore fundamental properties of early gliogenesis and neurogenesis.

NOP were small cells with a simple bipolar morphology. This morphology is similar to that of pOPC derived from developing mouse and rat CNS tissues (Chen et al., 2007) and of gliogenic progenitors of the SVZ (Levison and Goldman, 1993), but contrasts with the morphology of mature parenchymal OPC/NG2-glia observed in vivo, and cultured brain slices, which display a complex array of fine branching processes (Butt et al., 2005; Wigley et al., 2007; Fulton et al., 2010; Fannon et al., 2015). Notably, the morphology of NOP is similar to that of multipotential postnatal SVZ progenitors (Levison and Goldman, 1997); thus, the simple morphology of NOP is consistent with an intermediate progenitor phenotype. In line with this classification, markers associated with OPC differentiation, such as Prox1 (Kato et al., 2011), Gpr17 (Fumagalli et al., 2011), and O4 antigen (Gard and Pfeiffer, 1989), were barely detectable in NOP, but were upregulated strongly in response to growth factor withdrawal and treatment with T3, a stimuli typically used to trigger OPC differentiation in vitro. NOP also lacked expression of PDGFRα, a protein with well-defined roles in promoting OPC proliferation (Pringle et al., 1989) and survival (Barres et al., 1992). This antigenic profile differed markedly to that of pOPC, which we confirmed to express high levels of PDGFRα, PROX1, O4 antigen, plus mRNA for Gpr17. NOP therefore displayed morphological, antigenic, and functional characteristics of immature intermediate progenitors.

The OPC medium used to convert NSC to the early-NG2 glia contained PDGF-AA and IGF-1, yet NOP lacked PDGFRα. IGF-1 exerts influences over both NSC and OPC (reviewed in Ziegler et al., 2015); thus, it is likely that the conversion process was stimulated by IGF-1. Culturing of NOP in OL medium lacking PDGF-AA and containing T3 stimulated the expression of PDGFRα protein. The timing of PDGFRα expression in NOP differs to that observed in the embryonic nervous system, where PDGFRα expression precedes that of NG2 by 2 days (Nishiyama et al., 1996). Similarly, a recent single-cell transcriptomic analysis of human OPC report distinct peaks for PDGFRα and NG2 expression, with NG2 peaking later in development than PDGFRα (Perlman et al., 2020). However, the developmental profile of PDGFRα transcripts we observe before and after differentiation of NOP (Figure 3) is consistent with data from human fetal cells where A2B5+ glial precursors exhibit markedly lower levels of these transcripts compared to committed OPC (Leong et al., 2014). Similarly, analysis of mixed CNS cultures isolated from various postnatal CNS regions revealed a population of NG2+ progenitors that lacked expression of the A2B5, a defined marker for OPC in vitro (Baracskay et al., 2007). Interestingly, analysis of embryonic cortical explants indicates the presence of NG2+ progenitors prior to the arrival of A2B5+ progenitors, while in vitro studies identify them as direct ancestors to A2B5+ OPC. Based on these observations, Baracskay et al. (2007) propose a model that, in good agreement with the present findings, places NOP as an in vitro pre-progenitor to OPC.

In keeping with an immature progenitor phenotype, NOP express transcripts associated with NSC such as Nes, Hes1, and Ascl1, and are tripotential, exhibiting a capacity to generate O4+/MBP+ OL, and astrocyte-like GFAP+ cells and βIII tubulin+ neurons when cultured in appropriate conditions. The NOP/OL population downregulates these NSC genes during differentiation in OL medium; thus, it would be interesting to compare their astroglial and neuronal potential with the more immature NOP cells. Regarding the identify of NOP-derived GFAP+ cells, BMP4 stimulation, as used here, is recognized to drive the differentiation of NPC toward an astroglial fate (Gross et al., 1996); thus, the GFAP+ cells, which had morphologies expected of cultured mouse astrocytes (Schildge et al., 2013; Juneja et al., 2020), are likely to represent astroglial lineage cells. Nevertheless, GFAP is also expressed by NPC/radial glia populations; thus, in the absence of other lineage markers, we term these cells astroglial-like. The astroglial potential of NOP is consistent with a number of genetic fate mapping studies, revealing the production of astrocyte populations from embryonic NG2-glia (Zhu et al., 2008a,b, 2011; Huang et al., 2014, 2019) and NG2-glia/OPC in vitro (Diers-Fenger et al., 2001; Suzuki et al., 2017). However, the extent and anatomical distribution of this astrogenesis remains an open question, with some studies reporting NG2-glia derived astrogenesis in the spinal cord, cerebellum, and ventral forebrain (Zhu et al., 2008a,b), and others either reporting a distribution restricted to ventral forebrain alone (Huang et al., 2019), or finding no direct evidence to support this fate (Tognatta et al., 2017). Nevertheless, the astrocytic potential of NOP is reminiscent of GRP, a distinct progenitor stage connecting NSC to OL and astrocyte lineages that express Nes, and that can be isolated from embryonic spinal cord tissues (reviewed in Martins-Macedo et al., 2021). However, as implied by their name, GRP lack neurogenic potential. In contrast to this, a neurogenic fate has been discussed for NG2-glia. For example, NG2-glia expressing a CNPase-GFP transgene were found to generate electrically active hippocampal neurons in vivo (Belachew et al., 2003). Of note, the same study identified a population of NESTIN+/NG2+ glia within the SVZ of early postnatal mice, implying a link between this antigenic profile, which we also describe for NOP, and a neurogenic potential. Similarly, a neurogenic potential among NG2-glia has been demonstrated by in vitro fate mapping of retrovirus-labeled SVZ progenitors (Levison and Goldman, 1997), and in vivo by genetic fate mapping methods (Rivers et al., 2008; Guo et al., 2010). However, other studies using different reporter lines have failed to confirm these observations (Zhu et al., 2008a; Huang et al., 2014) and the neurogenic potential of NG2-glia remains controversial (reviewed in Guo et al., 2021). Notwithstanding this debate, other OPC genes, such as proteolipid protein (PLP), are associated with a neurogenic progenitor phenotype during embryonic development (Delaunay et al., 2008). Interestingly, both embryonic Plp1-progenitors and NOP express the radial glia marker protein BLBP, and a recent genetic fate mapping study has linked transient NG2 expression to embryonic radial glia (Tognatta et al., 2017). Taken together, these data identify oligodendroglial gene expression as a feature that marks certain populations of embryonic neurogenic progenitors. In this context, NOP represent a promising tool with which to investigate the neurogenic potential of embryonic NG2-progenitors. In particular, studies examining the fate of NOP following CNS transplantation would provide a test of the neurogenic potential of embryonic NG2-glia that could complement current data from cre recombinase-based fate mapping studies (reviewed in Guo et al., 2021). Moreover, irrespective of the existence, or not, of a neuronal fate among endogenous NG2-glia, the potential benefits of cell-based neurogenic therapies provide a strong motivation to explore the fates of NOP in vivo.

In our protocol, NOP were generated from mouse ES cells within 18 days, with a further 7 days required to convert these cells to a typical OPC phenotype expressing PDGFRα, O4, and Gpr17 antigens. The generation of OPC/OL from ES cells within 25 days is considerably faster than other protocols using mouse ES cells and other non-CNS sources. For example, (Neman and de Vellis, 2012) report a protocol generating mature OL from mouse ES cells within 48 days, while Zhang et al. (2019) generated functional OL from bone marrow derived OPC within 40–50 days. The relatively short protocol, and the ability to easily isolate homogeneous populations of NOP, represents a useful feature of the present protocol. Moreover, NOP are highly proliferative; thus, they can be easily expanded to provide large numbers of cells to support a range of applications, including further studies to explore the fundamental properties of embryonic NG2-glia/OL pre-progenitors (Baracskay et al., 2007), including their in vivo fate potential, or to enable the rapid production of OPC for conventional in vitro assays involving OL differentiation and myelination, such as the screening of pro-myelination compounds.

In conclusion, the new protocol we have described provides a rapid and efficient means to produce homogenous populations of immature ES-derived NOP that can be sequentially converted to populations of OPC and myelinating OL, or terminally differentiated into other types of neural cells such as astrocyte and neurons. Using this system, we have derived data that identifies NG2 as marker for an intermediate OL pre-progenitor that lacks the complete antigenic profile for OPC. Therefore, in addition to providing an efficient and scalable source of OPC/OL for in vitro studies of myelination, we predict this method could be used to further advance our knowledge of NG2 glial functions, and examine their involvement in the earliest stages of oligodendrogenesis.
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The neurovascular unit (NVU) is a complex multi-cellular structure consisting of endothelial cells (ECs), neurons, glia, smooth muscle cells (SMCs), and pericytes. Each component is closely linked to each other, establishing a structural and functional unit, regulating central nervous system (CNS) blood flow and energy metabolism as well as forming the blood-brain barrier (BBB) and inner blood-retina barrier (BRB). As the name suggests, the “neuro” and “vascular” components of the NVU are well recognized and neurovascular coupling is the key function of the NVU. However, the NVU consists of multiple cell types and its functionality goes beyond the resulting neurovascular coupling, with cross-component links of signaling, metabolism, and homeostasis. Within the NVU, glia cells have gained increased attention and it is increasingly clear that they fulfill various multi-level functions in the NVU. Glial dysfunctions were shown to precede neuronal and vascular pathologies suggesting central roles for glia in NVU functionality and pathogenesis of disease. In this review, we take a “glio-centric” view on NVU development and function in the retina and brain, how these change in disease, and how advancing experimental techniques will help us address unanswered questions.
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INTRODUCTION

The brain and retina, which constitute the central nervous system (CNS), are highly complex tissues, requiring high levels of energy for function and tight control for health. To achieve this, they contain a specialized vasculature that controls parenchymal homeostasis, transport of metabolites, and confers, in part, so-called immune privilege (Forrester et al., 2018; Taylor and Ng, 2018). Most importantly, the bi-directional movement of molecules across the blood-tissue barriers is strictly controlled to maintain CNS health and brain function. For many decades the focus of this regulatory capacity lay at the endothelial cell (EC), the predominant cell of the blood-brain barrier (BBB), but more recently the wider neurovascular unit (NVU) has been recognized as providing functionality. The NVU is a complex multi-hetero-cellular structure of EC, neurons, glia, smooth muscle cells (SMCs), pericytes, and extracellular matrix (ECM). Together, these components regulate blood flow and metabolism, thus allowing the controlled exchange of nutrients and metabolic waste products (Hawkins and Davis, 2005; Lok et al., 2007). To meet the high metabolic demand of the CNS, particularly in response to an intensification of physical or mental activity, increased neuronal activity leads to subsequent changes in cerebral blood flow (functional hyperemia), in a process called neurovascular coupling. While neurons can directly regulate this system (McConnell et al., 2017), glial cells are often in direct physical contact with the vasculature and neurons, thus are critically positioned to interface between these cellular components where they may contribute to the relay of information and act as a modulator of such crosstalk. Additionally, NVU components are crucial for brain protection and homeostasis as ECs form the BBB, and glia physically ensheathing the blood vessels are seen as a secondary barrier (Kutuzov et al., 2018). With this close physical interaction between ECs and glia, nutrients required for CNS function are delivered from the blood vessels to neurons mainly via glia cells (Hurley et al., 2015), while waste compounds are passed via glial cell to microglia or back into the bloodstream (Marina et al., 2018). Dysfunction of the NVU is characterized by dysregulation of neurovascular coupling, neuron death, gliosis, microglia activation, mural cell transmigration, and BBB breakdown (Zlokovic, 2005; Willis, 2011). Dysfunction of the BBB is associated with increased vascular leakage, transcellular transport, immune cell infiltration, and reduction of intercellular junctions (Figure 1). Accordingly, glial cells and other NVU cells work closely together to maintain CNS function and maintenance.
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FIGURE 1. Schematic of the neurovascular unit (NVU) in health and disease. The NVU is a hetero-cellular complex formed by glia, neurons, vSMCs, pericytes, microglia, and blood vessels, that form the blood-brain barrier (BBB) and blood retina barrier (BRB). Glia cells (green) impact neurons (orange), endothelial cells (ECs) (magenta), and each other. For NVU functionality, various direct (i.e., glia-to-glia, tripartite synapse, endfoot-to-EC, EC-to-endfoot) and indirect (i.e., neuron-to-EC via glia, neuron-to-EC via mural cells, microglia) pathways need to be considered. Upon disease multi-level changes are observed, including altered cell shapes, function, and interactions [see also (Lécuyer et al., 2016; Jha et al., 2018)]. NVU component changes include gliosis, neuron death, EC-connectivity changes, mural cell transmigration, and microglia activation.


In this review, we discuss glia cell types and their role in the NVU, by examining glia specializations to support neurons, the vasculature, and neuro-vascular interactions in the NVU. Lastly, we will highlight how rapidly improving techniques and tools will help us answer pressing outstanding questions in the field. While this review is not meant to be an exhaustive list of the many types of glia within the CNS, we aim to highlight their importance for the development, function, and dysfunction of the NVU in the brain and retina.



COMPONENTS OF THE NEUROVASCULAR UNIT

The complex interaction between NVU cells requires each cellular component to operate in a complex and coordinated manner to ensure homeostatic control of the BBB and blood retina barrier (BRB). Each component exhibits specialized features that are critical to the overall maintenance of NVU function (Figure 1). Briefly, ECs form a single-layer lining of tubular blood vessels, which are specialized depending on the vascular bed in which they are situated (Chico and Kugler, 2021). At the BBB/BRB, ECs exhibit reduced pinocytosis/transcytosis (O’Brown et al., 2019; Villaseñor et al., 2019), increased expression of tight junction molecules, such as claudins, occludin, or zonula occludens 1 (ZO-1; Figure 2A; Fanning et al., 1999; Nitta et al., 2003), and exclude free transport of substances over 400kDa (Pardridge, 2001). Mural cells, which constitute pericytes and vascular smooth muscle cells (vSMCs), are positioned in the basement membrane shared with ECs, maintain vascular stability, provide structural support for blood vessels, govern vasodilation/constriction (Tong et al., 2021), as well as contribute to NVU function by BBB maintenance (Armulik et al., 2010; Bell et al., 2010; Henshall et al., 2015). Neurons in the NVU transduce signals and control local cerebral blood flow directly, such as via nitric oxide (NO), as well as indirectly via glia cells, such as via arachnoid acid or potassium (K+) (Attwell et al., 2010). Additionally, neuronal activity itself shapes vascular and BBB formation via levels of neurotransmitter release (Lacoste et al., 2014; Whiteus et al., 2014). Glial cells physically ensheath blood vessels with their endfeet, creating the semi-permeable glia limitans (Kutuzov et al., 2018). Importantly, glia physically connect vessels to neurons (Zonta et al., 2003), modulate neurotransmission, and impact neurogenesis (Argente-Arizón et al., 2017; Falk and Götz, 2017). Microglia, macrophages, and perivascular macrophages (PVM) play roles in phagocytosis and the CNS inflammatory response, ensuring CNS maintenance and health (Guillemin and Brew, 2004; Serrats et al., 2010). The vascular basement membrane, which encompasses blood vessels, acts as a passage for fluid transport (Morris et al., 2016), while the perivascular basal laminae and ECM molecules support the glio-vascular interface (Hoddevik et al., 2020). Together, these components form a spatially and functionally integrated NVU with bidirectional communication, namely neuro-vascular-coupling and vascular-neuro-coupling. However, the precise mechanisms of the diverse roles of glial cells in NVU form, maintenance and function remain unclear. Answering these fundamental questions will be of particular importance as the NVUs’ main role is considered neurovascular coupling, but indeed various other aspects such as integration of signaling, metabolism, and homeostasis occur across NVU components and thus must also be considered.
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FIGURE 2. Glia-endothelial interactions. (A) Pathways across the BBB and BRB allow for the transport of various types of molecules. (B) Glial signaling impacts ECs [i.e., glial-derived neurotrophic factor (GDNF), transforming growth factor β (TGF-β), Ang1, fibroblast growth factor 2 (FGF2), and vascular endothelial growth factor (VEGF)] and in turn BBB stability (dotted arrow). (C) BBB stability is highly dependent on EC inter-cellular junction integrity including adherens junctions, gap junctions, junctional adhesion molecules, and tight junctions adapted from Abbott et al. (2006); Malik and Di Benedetto (2018).




OVERVIEW OF GLIAL CELLS TYPES AND THE NEUROVASCULAR UNIT

Glia were originally described as scaffolds providing structural support and maintaining biophysical integrity (Virchow, 1856), making their role in supporting the structure and biophysical integrity of the CNS their most widely described function (Losada-Perez, 2018). However, glia are now being increasingly appreciated for their many other functional and regulatory roles, such as neurotransmission, BBB function, and controlling immunity (Table 1). To fulfill the variety of specialized functions required, glia cells are highly specialized according to each CNS region with respect to proteomic signatures, electrophysiology, Ca2+ signaling, morphology, and proximities to synapses (Tsai et al., 2012; Molofsky et al., 2014; Ben Haim and Rowitch, 2017; Chai et al., 2017). Moreover, even within morphological groups, such as astrocytes, there is heterogeneity of cell types and their pathological responses (John Lin et al., 2017; Hasel et al., 2021) that may also reflect regional differences in the structure and function of the NVU.


TABLE 1. Summary of glia cell types, function, shape, and markers.
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The most abundant and widespread glial cell type in the brain are astrocytes. Astrocytes are fivefold more numerous than neurons (Sofroniew and Vinters, 2010), with individual astrocytes contacting up to two million neuron synapses with elaborate morphologies (Oberheim et al., 2009). This high spatial correspondence between astrocytes and neurons is accompanied by astrocytes regulating neuron health by controlling neurotransmitters, such as glutamate or adenosine, as well as maintaining hydromineral brain homeostasis, such as Ca2+, Cl–, or water (Simard and Nedergaard, 2004; Keaney and Campbell, 2015; Price et al., 2018). In addition to contacting neurons, astrocytes also contact blood vessels, affecting local blood flow by regulating blood vessel diameters by vasoconstriction (e.g., by arachnoid acid) and vasodilation (e.g., by prostaglandins) (Kimelberg, 2010). Astrocytes also physically and functionally contribute to the BBB and its permeability for factors such as molecular traffic of glucose or proteins (Abbott et al., 2006). Thus, astrocytes are central to the function of a healthy functioning NVU, and overall CNS function.

In the retina, the principal glial cell type are Müller glia (MG), which contact blood vessels and neurons, fulfilling similar functions as astrocytes in the brain (Newman and Reichenbach, 1996; Subirada et al., 2018). The structure, morphology, and species-specific differences of retinal MGs are well described (Cajal, 1995) and MG exhibit at least five apico-basal domains that stretch from the apical stem around photoreceptors to the basal endfoot in the inner limiting membrane (Wang et al., 2017). However, MG are not just highly organized apico-basally, but also laterally to interact with other cells; this intercalation between cells is in a so-called tiled fashion, thereby contacting almost all cells within the retina (MacDonald et al., 2017; Wang et al., 2017). The retina is protected by two separate components of the BRB. The outer (oBRB) consists of retinal pigment epithelium and the inner (iBRB) is located at the level of the retinal capillaries. The latter is established by MGs and pericytes, with dysfunction being implicated in several retinal diseases such as diabetic retinopathy (DR; Cunha-Vaz et al., 2011; Frey and Antonetti, 2011; Díaz-Coránguez et al., 2017; Park et al., 2017). In the mammalian retina, there are also astrocytes that contact blood vessels and are pivotal as a structural growth template during angiogenesis, mainly via vascular endothelial growth factor (VEGF) and Hypoxia-inducible factor (HIF) pathways, following ganglion cell templates (O’Sullivan et al., 2017; Paisley and Kay, 2021). This suggests that MG and astrocytes may work together in the mammalian retina to influence the development of the NVU as well as to regulate its function. In humans, the retinal astrocytes are limited to the inner vascular plexus, while MG contact both plexi and are likely to induce the BRB functionality/maturity in the deep plexus, raising the likelihood for differential coupling between astrocytes and MG in the healthy and potentially diseased retina (Tout et al., 1993; Fruttiger, 2007; Ashraf et al., 2020). However, MG are the only glia found in the fovea, which is free of astrocytes, microglia, and vascular EC, suggesting that in some regions of the retina MG are sufficient to solely meet the functional needs required for high acuity vision (Reichenbach and Bringmann, 2020).

Besides the principal glial cells in the brain and retina (i.e., astrocytes and MG), other glial cells exist to fulfill crucial functions in the CNS. During development, progenitors, so-called radial glia, will divide to generate neurons and glia (Rakic, 2003), while also making contact with the vasculature where they contribute to the regulation of CNS angiogenesis. In certain CNS regions, radial glia persist into adulthood as stem cells, contributing to BBB maintenance via retinoic acid signaling (Sharif et al., 2018). Microglia are the primary immune cells in the CNS, surveying their environment and responding to insult, fulfilling roles in phagocytosis and inflammation where they express both pro-inflammatory (e.g., IL-1β) and anti-inflammatory (e.g., IL-10) molecules, with subsequent upregulation of factors such as Glial Fibrillary Acidic Protein (GFAP). Additionally, microglia-to-astrocyte crosstalk in response to glutamate plays a role in neuro-immune-interactions (Nimmerjahn et al., 2005; Macht, 2016), and microglia are required for normal neurogenesis, mostly by nerve growth factor (NGF) and tumor necrosis factor (TNF; Matejuk and Ransohoff, 2020). Another type of glia, called ependymal cells, line the brain ventricles, producing cerebrospinal fluid, and subpopulations acting as progenitors for astrocytes and oligodendrocytes (Bigio, 2010; Furube et al., 2020). Thus, there are several types of glia found within each CNS tissue, yet several pressing questions remain to understand the importance of glia in the NVU. These include what role do glial cells play in driving NVU formation during development, how are glial cells directed to contact and support multi-cellular units within the NVU, and what are the consequences of dysfunction of these glial components on NVU function.



GLIAL SUPPORT FOR NEURONS IN THE NEUROVASCULAR UNIT

The fact that glia are a structurally integral part of the NVU physically linking the vasculature and neurons, emphasizes their functionality in BBB/BRB formation and CNS development.

Glia cells provide structural support to neuronal tissues for anisotropic mechanical tension (Nagashima et al., 2017), and loss of MG in the retina results in tearing of the tissue due to the loss of their biophysical support (MacDonald et al., 2015). Another biophysical role of glia is that they can swell, which subsequently affects the NVU by spatial changes. The impact of glia volume changes on neurons is facilitated and relayed by the fact that glia ensheath pre- and post-synaptic terminals of neurons to form the “tripartite synapse” (Araque et al., 1999; Santello et al., 2012; Hillen et al., 2018). Due to this physical proximity, changes in glia cell size can modulate the extracellular space and subsequently neuron excitability (Florence et al., 2012; Vecino et al., 2016). This is achieved by the synergistic activity of Aquaporin 4 (Aqp4), a channel protein, which is needed for water transport and is enriched in astrocytic endfeet (Gleiser et al., 2016), as well as the transient receptor potential cation channel TRPV4 for Ca2+ influx (Jo et al., 2015). However, even though Aqp4 and TRPV4 are considered main factors, glia swelling is a complex process and, depending on the context, other factors were shown to play a role in glia volume changes. These include K+ ion transport via connexin 43, Kir 4.1, or Na+/K+-ATPase, and ion flux via Na+-K+-Cl– co-transporter (NKCC1), or glutamate movement via specialized transporters (Lafrenaye and Simard, 2019). These factors can also change in disease or upon injury, as exemplified by sulfonylurea receptor 1 – transient receptor potential melastatin 4 (SUR1-TRPM4) which is upregulated in CNS injury (Mehta et al., 2015), but the impact of such changes on NVU function remain poorly defined.

Besides this physical link, glia also functionally link NVU components, exemplified by their impact on EC junctions, transporters, and pathways (Figure 1; Hayashi et al., 1997; McAllister et al., 2001; Haseloff et al., 2005). This functional link is in part achieved by factors such as glial cell line-derived neurotrophic factor (GDNF), VEGF, fibroblast growth factor 2 (FGF2), or angiopoietin-1 (Figures 2B,C; Igarashi et al., 1999; Lee et al., 2003; Lécuyer et al., 2016; Blanco-Suarez et al., 2018; Jha et al., 2018). But glia cells are also key to supporting neurotransmission by removal of neurotransmitters to terminate synaptic transmission and reestablish neuronal excitability, thus avoiding toxic overstimulation, called excitotoxicity (Turner and Adamson, 2011). Glia also directly regulate neuronal activity within the synapse (Pannasch and Rouach, 2013; Sibille et al., 2014) and synchronize/modulate synaptic inputs (Fellin et al., 2004; Fellin, 2009) on the level of signaling via gliotransmitters, such as gamma-aminobutyric acid (GABA), glutamate, or cytokines (Kim et al., 2020). The major neurotransmitters are the excitatory glutamate and the inhibitory GABA, working together to regulate CNS function. Following the removal of neurotransmitters from the synaptic cleft, glia cells transfer these neurotransmitters back to neurons in a process called the glutamate-glutamine cycle that requires ammonia (NH3) and ammonium ion (NH4+) derived from NVU blood vessels (Bak et al., 2006; Limón et al., 2021), thus reestablishing functional neuron neurotransmitter pools. This maintenance of synaptic potentials comes at a very high metabolic cost with the energy for this provided by astrocytes and blood vessels (Vergara et al., 2019). While it was previously assumed that both glutamate and GABAergic neurons are under astrocytic control, a recent in vitro study challenges this, suggesting that GABAergic neurons establish functional synaptic transmission without glia (Turko et al., 2019). Another neuromodulator released from neurons or glia (Butt, 2011), impacting neuronal function, is adenosine derived from adenosine triphosphate (ATP) breakdown. Adenosine stimulates receptors that regulate the release of GABA, glutamate, acetylcholine, noradrenaline, 5-HT, and dopamine (Sperlágh and Vizi, 2011).

Thus, glia are specialized morphologically, biophysically, and molecularly to support and regulate the NVU. However, the multitude of glial functions within the NVU makes it challenging to discern which mechanisms are necessary and sufficient for NVU form and function. To understand the role of glia cells, further studies are needed where glia cells are disrupted (i.e., lacking, inhibited, or overactive). Such studies will allow us to disentangle NVU interactions, establish the exact role of glia cells within it and the pathophysiological consequences.



GLIA CELLS AND THE NEUROVASCULAR UNIT VASCULATURE: ANGIOGENESIS AND REGULATION OF BLOOD FLOW

As glia directly contact and ensheath blood vessels, they directly influence EC structure and function rather than passively co-exist. Indeed, in the last decade, it has become clear that glial cells play an active role in facilitating vascular angiogenesis via expression of factors, such as VEGF or transforming growth factor 1β (TGF-1β) in radial glia cells (Virgintino et al., 2003; Welser et al., 2010; Biswas et al., 2017; Siqueira et al., 2018). Moreover, radial glia were shown to stabilize murine nascent cortex vessels via inhibition of Wnt signaling and proliferation in EC in a contact- and age-dependent manner, a process which is potentially mediated by MMP-2 (Ma et al., 2013). Glia cells, specifically CNS-specific macrophages (microglia), were also shown to play pivotal roles in the fusion of blood vessels, called anastomosis. This is achieved by Notch1-expressing macrophages that link path-seeking dll4-expressing vascular tip cells (Outtz et al., 2011) as well as by acting as physical chaperones which express TIE2 and NRP1, regulating anastomosis downstream of VEGF-mediated endothelial tip cell induction (Fantin et al., 2010). After vessel- and NVU-formation, glia are also pivotal for BBB maturity, via factors such as retinoic acid supplied by radial glial cells, which increases BBB stability and the expression of BBB-specific genes such as p-glycoprotein (P-gp), occludin, and Glut-1 (Mizee et al., 2013) [see details for BBB transport systems and junctions (Zhao et al., 2015)]. Similarly, astrocytic Src suppressed C kinase substrate (SSeCKS) reduces VEGF and increases EC tight junctions (Lee et al., 2003), or astrocytic angiotensin-converting enzyme-1 (ACE-1), which produces angiotensin II that facilitates BBB maturation and junction protein stabilization (Lavoie and Sigmund, 2003; Wosik et al., 2007). ECs and glia interact bidirectionally in NVU development. Firstly, radial glia support EC maturation toward decreased proliferation, reduced tip cell marker DLL4, and reduced vascular permeability, thus supporting BBB maturation. Subsequently, ECs increase GFAP-positivity in radial glia in a VEGF-A dependent manner, leading to astrocyte differentiation and NVU formation (da Silva et al., 2019). In addition to these molecular impacts, the migration patterns of blood vessels, astrocytes, and neurons are closely associated with each other like scaffolds, with astrocytes providing VEGF for EC migration and, vice versa, ECs in turn provide oxygen for astrocyte differentiation (Bozoyan et al., 2012; Duan et al., 2017; O’Sullivan et al., 2017). Critically, in pathology, lactate-stimulated MG express G-protein–coupled receptor 81 (GPR81), which triggers neovascularization via pathways such as Wnt or Norrin (Madaan et al., 2019).

Besides these roles in angiogenesis, glia are also pivotal in regulating blood flow via regulating NVU synaptic activity as well as by releasing factors such as calcium, NO, arachidonic acid, and prostaglandins (Gordon et al., 2007; Attwell et al., 2010; Biesecker et al., 2016; Magaki et al., 2018). It was also shown that angiotensinogen-to-angiotensin II cleavage occurs in glia, with angiotensin I receptor (AT1-R) causing vasoconstriction (Kawamura et al., 2004), while AT2-R causing vasodilation (Fletcher et al., 2010). Moreover, glia contribute to vasodilation indirectly by interaction with other NVU components such as pericytes, which then, in turn, impacts the vasodilatory state (Nortley and Attwell, 2017). Here, one important molecule is calcium, with calcium signaling not only being coordinated between glia cells (Muñoz et al., 2015), but also ECs (Thakore et al., 2021). It remains to be understood to which extent glia-EC signaling is indirectly (via neurons or pericytes) or directly coupled. Lastly, neuron-derived NO regulates glia-mediated vasodilation via prostanoids and epoxyeicosatrienoic acids (Someya et al., 2019). Together, glial cells therefore not only play a role in angiogenesis, anastomosis, EC maturation, and blood flow regulation, with glia dysfunction potentially leading to BBB breakdown, pathological vascularization, dysregulation of vasoregulation and failure to deliver sufficient oxygenation.



RECIPROCAL NEURONAL-TO-VASCULAR TRANSPORT VIA GLIA

As the CNS has high metabolic demands and lacks a carbohydrate storage system, the NVU is critical to serving the retina and brain metabolic needs as glucose has to be continuously supplied via the blood to meet the constant CNS energy demand. This is particularly crucial as neurons rely on oxidative metabolism, making them sensitive to changes in levels of oxygen and potentially ischemia (Turner and Adamson, 2011); on the other hand, astrocytes rely on glycolytic metabolism, and glucose can be stored in them in the form of glycogen, rendering them central players in NVU and CNS metabolism (Öz et al., 2007). Crucially, pyruvate carboxylase, an enzyme that is key to synthesizing the neurotransmitter glutamate from glucose via the anaplerotic pathway, is almost exclusively expressed in astrocytes, positioning them as essential producers of the neurotransmitters GABA and glutamate (Schousboe et al., 2019). Recently it was shown that retinal MG also conduct anaplerosis (Singh et al., 2020), suggesting that MG support retinal NVU metabolism similar to astrocytes in the brain.

While the majority of vascular-to-neuron glucose metabolism occurs directly via glia in the NVU, a minor proportion of the glucose flux happens directly between blood vessels and neurons (Maoz et al., 2018). At the end of glycolysis, lactate and pyruvate are produced, but instead of being merely “end-products” they are utilized further to generate energy. Indeed, lactate is taken up by neurons and is metabolized in preference to glucose when both are available (Bouzier-Sore et al., 2003; Bouzier-Sore et al., 2006). Once transported into the neuron, lactate is converted to pyruvate and used for ATP production. Thus, glia not only provide compounds for neurons but also complement them in their metabolic requirements. Besides glucose metabolism, astrocytes are also crucial for fatty acid oxidation (FAO) to generate ATP, and catabolic ketogenesis to generate ketone bodies for neuronal metabolism; with ketone bodies or lactate being used by neurons as an energy substrate to produce ATP (Bélanger and Magistretti, 2009; Souza et al., 2019). Importantly, neurons produce toxic fatty acids that are endocytosed by NVU astrocytes for cytoprotection and CNS health (Ioannou et al., 2019). Metabolically, astrocytes also play a critical role in L-serine de novo synthesis, which is converted to D-serine in neurons, acting as a co-agonist of N-methyl-D-aspartate (NMDA) receptors (Yamasaki et al., 2001). Together, these data demonstrate that glial cells play a key role in maintaining the homeostatic status of the metabolism of neurotransmitters, glucose, FAO, L-serine, as well as NO, essential for maintaining normal function of the NVU. Any disturbance of this fine-tuned balance, therefore, such as would occur in diseases as diverse as stroke and diabetes, will influence NVU function resulting in further failure to supply adequate essential substrates for normal neuronal function.

In addition to the above metabolic coupling, neuron-to-vascular coupling is achieved by NO, a gaseous neurotransmitter acting as a vasodilator that is needed for neurovascular coupling and regulating the vasodilatory vascular response, called functional hyperemia (Hoiland et al., 2020). In hyperemia, glia cells are essential in relaying either vasodilation or vasoconstriction depending on the available NO concentration (Metea and Newman, 2007). Further to physiological NO, glia-mediated NO and gliosis-related production of reactive oxygen (ROS) or nitrogen species (RNS), play a role in nitro-oxidative stress such as in neuroinflammation and disease such as epileptogenesis. Indeed, Sharma et al. suggest that epilepsy is preceded by a cascade of reactive gliosis, ROS/RNS, inflammatory cytokines, and neurodegeneration (Sharma et al., 2019). This neuro-vascular metabolic coupling of glucose, fatty acid, L-serine, and NO via glia is dependent on glia directly contacting ECs within the NVU. The required spatial connections between endfeet and ECs are partially achieved via connexins, which form intercellular gap junction channels and hemichannels that are expressed in ECs and astrocyte endfeet, as well as are associated with BBB maturation (Zhao et al., 2018). Also, Pannexins (Panx) that resemble connexin-based hemichannels, are thought to play a role in vasculo-neuro coupling although there is still a debate on their function in CNS development and health (Giaume et al., 2020).



GLIAL CELLS AND THE NEUROVASCULAR UNIT IN DISEASE – PATHOGENESIS, AND DYSFUNCTION

Beyond their roles in physiological conditions, glia and microglia contribute to neuroinflammation in response to injury, stroke, or other neurological diseases (Cekanaviciute and Buckwalter, 2016). They act as primary initiators of the inflammation cascade by increased reactivity and the secretion of factors such as chemokines (Sofroniew and Vinters, 2010; Karve et al., 2016). One ubiquitous biomarker of so-called glial activation is increased expression of GFAP (Diaz-Arrastia et al., 2013). Despite the extensive list of definitions for different glia cell states, the field agrees that inactive and reactive glia cells display changes in molecular profiles, including alterations in the cytoskeleton, metabolism, chaperones, secreted proteins, signaling proteins, and transporters. These molecular changes are accompanied by morphological transformation in cellular phenotype, such as hypertrophy (Escartin et al., 2021), which may impact the ability of glial cells to provide multiple support functions for each NVU component(s) and hence its uncoupling.

Besides the physiological functions of glial cells in inflammation, their roles in pathological settings are of wider interest. For example, increasing evidence also shows glia as a link between vascular and neurological contributions in cognitive impairment, Alzheimer’s Disease (AD), and seizures (Burda and Sofroniew, 2014; Edison et al., 2018; Price et al., 2018; Diaz Verdugo et al., 2019). Neuropathologically, AD is characterized by intracellular neurofibrillary tangles and brain parenchymal amyloid β-peptide (Aβ) deposits. The latter form neuritic plaques and cerebral amyloid angiopathy, leading to angiopathy and NVU dysregulation (Soto-Rojas et al., 2021). Astrocytes have been shown to degrade amyloid-beta in an apolipoprotein E (APOE)-dependent manner, a process that could be impaired in AD (Koistinaho et al., 2004), leading to plaque formation. Neurodegenerative disorders are complex conditions with multiple underlying causes and the role of glia has not been fully elucidated (Gleichman and Carmichael, 2020). Nevertheless, several astrocyte/glia risk factor genes, such as APOE, particularly the E4 isoform (Pihlstrøm et al., 2018) or Clusterin (CLU) and FERM Domain Containing Kindlin 2 (FERMT2) (Verheijen and Sleegers, 2018), have been identified for AD. Also, it is generally acknowledged that AD involves inflammatory responses, initiated, or mediated via microglia and astrocytes that lead to BBB breakdown (Akiyama et al., 2000; Nagele et al., 2004). Throughout AD disease progression, different aspects were found to affect the NVU. In pre-senile AD, increased proliferation (Ki-67), gliosis (GFAP), and vascular changes, but not neurogenesis were shown (Boekhoorn et al., 2006). In late-onset AD, vascular dysregulation and BBB breakdown are considered as the earliest biomarker (Iturria-Medina et al., 2016; Sweeney et al., 2018), with vascular dysregulation preceding changes in amyloid beta deposition, metabolism, function, structure, and memory. However, future work is needed to link genetic and mechanistic causes of AD and the spatiotemporal impacts on individual NVU components and NVU function.

In the retina, understanding the NVU and glia contribution is of particular interest as NVU dysfunction can precede neural dysfunction in patient retinas, such as in patients with Type 1 Diabetes who exhibit DR (Lasta et al., 2013). In DR and other retinal diseases, inflammation and accompanying side effects are critical contributors to disease progression and vision loss. Crucially, it has been shown that MG provide VEGF, which contributes to the upregulation of inflammatory markers, such as ICAM1 and TNFα (Le, 2017). These pro-inflammatory compounds induce pathological vascular leakage and retinal neovascularization, making anti-VEGF therapies an important therapeutic strategy in DR. In DR, it was shown that the MGs that express VEGF display a distinct morphology (Pierce et al., 1995), suggesting that they enter a reactive phenotype with altered function before expressing VEGF, which in turn leads to changes in NVU and vascular function. Besides morphological changes and increased VEGF expression, MG also show altered expression of trophic factors in DR, such as NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), ciliary neurotrophic factor (CNTF), or glial cell line-derived neurotrophic factor (GDNF), as well as inflammatory factors such as interleukin 1β (IL-1β), IL-6, IL-8, and TNF-α. Together, these factors contribute to disease progression and neuron survival (Boss et al., 2017). Indeed, in diabetes, it is likely that such changes result in early NVU dysfunction and subsequent failure of neurovascular coupling and hence an insufficient supply of nutrients, which then cause further damage to the NVU. Another retinal disease with clear implications of MG dysfunction is macular telangiectasia 2 which causes loss of central vision due to vascular defects (MacTel 2) (Powner et al., 2010a,b). Critically, it was shown that loss of MG matches the area of macular pigment depletion in MacTel 2 patients (Powner et al., 2010b). Moreover, the loss of these MG impacts on the NVU as a secondary hallmark feature of MacTel 2 is the formation of dysfunctional telangiectatic vessels. One potentially crucial aspect when thinking about the regional restriction of MG loss and vascular defects is that macular MG rely more on serine biosynthesis than peripheral MG (Zhang T. et al., 2019), with serine synthesis disruption resulting in mitochondria dysfunction and oxidative stress and ultimately retinal pathology (Zhang et al., 2018). This retinal pathology is also associated with swelling-induced MG volume changes (Lafrenaye and Simard, 2019) and penetration of astrocytes into deeper layers (Coffey et al., 2007). Thus, rather than having a passive role in pathogenesis, the activation state of glia, together with changes in their morphology and molecular expression, is directly associated with disease progression of diseases such as DR and MacTel 2.

Finally, it is important to note that retinal demand for oxygen is even greater than that of the brain. This is especially so during dark adaptation when metabolic activity and oxygen demand is high. The configuration of the vascular supply to the retina means that during high demand the functional reserve of oxygen is minimal, even when neurovascular coupling maximizes functional hyperemia. This makes the retina extremely vulnerable to hypoxic damage and so even small alterations to the function of any component of the NVU, including MG, is likely to result in compromised retinal function.



FUTURE DIRECTIONS AND AREAS OF SCIENTIFIC INTEREST


Combining the Strengths of Models

As the NVU is a heterologous structure formed by different cell types, it is crucial to study the NVU, and the role of glial cells in it, in various models to understand how those cells integrate to form a functional NVU. Despite our increased understanding of NVU and BBB formation, our insight into the exact processes that glial cells regulate in NVU formation and function is still far from complete. This is emphasized by the fact that in vivo studies are still limited in experimental scope and flexibility.

As an in vivo model, rodents are an invaluable pre-clinical asset to study glia and their role in the NVU. However, caution has to be paid when wanting to draw direct conclusions from pre-clinical models. For example rodent glial cells are smaller and less complex than human glial cells, with human astrocytes being 2.6-fold larger, 10-fold more GFAP-positive primary processes, and relaying signals faster (Oberheim et al., 2009), suggesting that NVU metabolism and signaling dynamics are different between rodents and human. Similarly, certain glial cells are primate-specific, such as interlaminar astrocytes, and can therefore not be studied in rodents (Colombo et al., 1995; Colombo and Reisin, 2004). To complement NVU and glia studies in rodents, zebrafish have also been invaluable, particularly as NVU function and development can be studied in real-time in vivo and throughout the CNS (Gestri et al., 2012; Richardson et al., 2017; Angueyra and Kindt, 2018). Zebrafish characteristics, such as ex utero development, genetic tractability, and embryonic transparency render them a crucial asset (MacDonald et al., 2017; Richardson et al., 2017). Crucially, the site of the BBB is conserved in zebrafish and humans in capillary ECs (O’Brown et al., 2018). However, even though neurovascular coupling was shown to be conserved, it remains to be answered to which extent the NVU is truly conserved across species (Chhabria et al., 2018). Again, glia in zebrafish and mammals show differences, exemplified by the lack of typical stellate astrocytes in zebrafish (Grupp et al., 2010) as well as the fact that progenitor cells are widely maintained in the zebrafish adult CNS while being mostly transient in mammals (Than-Trong and Bally-Cuif, 2015). However, zebrafish are being increasingly used as an experimental model to contribute to the understanding of astrocyte development and function (Mu et al., 2019; Chen et al., 2020; Muñoz-Ballester et al., 2021). Importantly, zebrafish radial glia are capable of adult neurogenesis and harbor a very high regenerative capacity, making zebrafish a suitable model to study de- and re-generation (Thummel et al., 2008; Kroehne et al., 2011; Gemberling et al., 2013; Goldman, 2014; Powell et al., 2016). In vitro, reductionist models have also been invaluable in providing insights to study glia and their role in the NVU. However, glial cultures, originally established by dissociation and plating of brain homogenates (Booher and Sensenbrenner, 1972; McCarthy and de Vellis, 1980), lose their structural context, rendering the information obtained of limited relevance. Similarly, cultured MGs were previously shown to de-differentiate (Hauck et al., 2003; Otteson and Phillips, 2010) casting doubt on the translatability of the data to in vivo settings. Advancements in establishing 3D cell cultures, however, have allowed for more physiological insights into glia biology (Haycock, 2011; Watson et al., 2017). This is especially the case when considering recent NVU studies in organoids (Nzou et al., 2020) and organ-on-a-chip (Maoz et al., 2018) models. Still, in comparison to in vivo models, in vitro studies are often considered to provide limited insight into their tissue context and developmental processes only recapitulating single-timepoint and -context information (Duke et al., 2004; Helms et al., 2016).



Manipulating the Composition and Function of the Neurovascular Unit

Our morphological and functional understanding of the NVU, through examining the molecular composition and regional specifications of the different cell types in the CNS, has also advanced significantly. This has allowed us to begin to understand the molecular profiles of cellular components of the NVU as well as their specialization and conservation across species (Cahoy et al., 2008; Roesch et al., 2008; Zhang et al., 2014; Vanlandewijck et al., 2018; Ross et al., 2020). One aspect of particular interest is to examine glia-to-EC contacts, whether this is impacted by regional specialization, and whether this and NVU function, is influenced by glia/EC identities. Understanding such specializations will provide novel insights into the integration of CNS barriers provided by the ECs, basal lamina, and glia limitans, as their specialization might cause them to respond differently to stimulation, injury, or disease and how it affects the NVU. Regional specializations and barrier properties might also elucidate new routes for drug delivery. Thus, to understand how NVU components function as a unit, it is also crucial to establish the contribution of the individual components and how different NVU cell types combine spatially and functionally together. While the latter can be achieved by careful observation, the former usually requires system changes, ideally cell-specific, to be introduced (e.g., removal, over-expression, inhibition of proteins or cells, etc.). This is exemplified by a recent study that used tamoxifen-inducible astrocyte ablation in mice, showing that astrocytes are key to maintaining the integrity of the BBB as loss of astrocytes coincided with vascular leakage and decreased EC ZO-1 expression (Heithoff et al., 2021) and BRB (Puñal et al., 2019), thus confirming early work undertaken over three decades ago (Janzer and Raff, 1987). This BBB alteration could not be rescued by other cells. Moreover, these alterations were accompanied by non-proliferative astrogliosis which, over time, limited vascular leakage (Heithoff et al., 2021). In addition, functional imaging is allowing the unraveling of NVU functions such as neuronal activity using dynamic calcium imaging (Chhabria et al., 2018) and cellular relationships following metabolic compound exchanges (Kanow et al., 2017). Similarly, optokinetic response measurements are increasingly used to measure visual acuity (Dietrich et al., 2019; Sugita et al., 2020). Linked to performing functional imaging, understanding metabolic fluxes, storage, and turnover is crucial in beginning to understand how NVU components communicate and support each other’s function and how they may be disturbed in disease. This understanding of metabolic pathways is particularly challenging as metabolites are difficult to visualize, particularly over long periods of time. Multi-modal studies using live dyes, in vitro designs, as well as computational modeling, will help in the understanding metabolic pathways, fluxes via glia, as well as direct neuron-to-vascular transport.



In vivo Imaging and Objective Quantification to Understand Glial Cell Interactions

To understand the role of glia and the NVU, the correct tools are needed to visualize components with sufficient resolution to resolve subcellular structures. For this, zebrafish are particularly well suited as transgenic reporter lines exist to label as well as manipulate (i.e., upregulation, downregulation, and loss of function) each component of the NVU in vivo. As such, multi-transgenic reporter lines can be generated to visualize complex cell structures and interactions in the developing retina (Lieschke and Currie, 2007). Further, the function of the NVU can be visualized in real-time in vivo using several physiological readouts such as blood flow (e.g., red blood cell movement) or neuronal activity (calcium reporters). Elaborate integrations of NVU studies are needed to answer questions on the spatiotemporal integration of angiogenesis, barrierogenesis, gliogenesis, and NVU function. This is exemplified by recent studies (Rosa et al., 2015; Zhang R. et al., 2019) showing that neuronal activity during development impacts glial maturation at the synapse. However, it is unclear how these events may in turn influence glial support for neurons and ultimately NVU formation. Combining state-of-the-art visualization tools, examinations of NVU dynamics and functional studies in vivo will compliment high-resolution structural studies [e.g., electron microscopy (Willis, 2011)] and provide further insights into the roles of glia in the form and function of the NVU.

As glial morphology is tightly linked to their function, quantitative objective analysis of glia morphology can provide novel insights. Recent advances in NVU in vivo imaging, such as Two-photon microscopy (TPM), Intrinsic optical signal imaging (IOSI), Optical coherence tomography (OCT), or Laser speckle contrast imaging (LSCI) will greatly contribute to our understanding of NVU functionality and dynamics (Yoon and Jeong, 2019). This will enable imaging of functional readouts, such as blood flow, following neuronal stimuli including exposure to light flicker in the retina, to ascertain the impact of glial dysfunction on neurovascular coupling mediated events. This is complemented by ever more sophisticated tools in which to study the NVU in freely behaving animals (Cong et al., 2017; Senarathna et al., 2019) as well as the ability to investigate NVU function during development (Chhabria et al., 2018). The advancement of imaging modalities and spatio-temporal resolution offers great benefits for understanding these developmental and functional relationships in the NVU (Figure 3). However, one drawback to having this increase in resolution is the exponential increase in the amount of data that is generated per experiment. With the vast amount of experimental data, data analysis and computational expertise has become a limiting factor for many laboratories. Trained specialists and specialized data analysis training are needed to extract meaningful data in a high-throughput, standardized, and objective manner (Levet et al., 2021). Dedicated specialized computational approaches can address this analytical bottleneck to analyze data, and push scientific boundaries by computationally modeling what is experimentally impossible. This could be by in silico multi-transgenics (i.e., artificially overlaying transgene expression on a reference tissue) to establish a virtual retina atlas, similar to the zebrafish brain atlas, allowing for further neuronal activity mapping (Randlett et al., 2015) and co-localization analysis (Ronneberger et al., 2012) in silico. Similarly, deep learning approaches open new avenues from feature mining (Dollar et al., 2007), over retinal ganglion counting (Masin et al., 2021), to fundus and OCT analysis (Badar et al., 2020). Furthermore, this is accompanied by an increased assessment of feature and data connectivity and relationships, such as principal component analysis and Uniform Manifold Approximation and Projection (Allaoui et al., 2020). Additionally, carefully designed data analysis workflows will provide new insights into our data and the NVU, most likely in a way that is beyond current comprehension.


[image: image]

FIGURE 3. Advancements in image acquisition methods and resolution, enable the study of NVU component interactions as shown here by the interaction between MG endfeet (blue) and blood vessels (magenta), separated by the BM (white arrowhead; inset) in the developing zebrafish retina. The image was acquired with Zeiss LSM 900 AiryScan2 microscopy that allows in vivo acquisition with a resolution of 120 × 120 × 350 nm (x,y,z).


The coupling of quantitative analysis of glia shape and NVU function will also be essential in understanding the kinetics of NVU degeneration and dysfunction in disease (Luengo-Oroz et al., 2011). This is exemplified by studies that link cell feature information to genomic profiles (Yuan et al., 2012) or even link feature analysis to image cytometry, which measures cellular protein and DNA in images (Tárnok, 2006). Once robust and repeatable ways to characterize glia morphology are established, it will be possible to directly link cell morphology to function and to their molecular profiles, which could then in turn be linked to NVU functionality studies. One prominent example used transcriptomics to identify and classify retinal bipolar cells by matching their molecular expression with cell morphology (Shekhar et al., 2016). These comprehensive experimental paradigms could be used for each component in the NVU, throughout its development, to identify the molecular mechanisms regulating cell shape, function, and connectivity. These insights into precise cellular mechanisms that control the development and function of the NVU may also inform the pathogenesis of disease in mature tissues. As such, identification of the molecular and morphological changes (e.g., glial hypertrophy), that potentially precede pathology in disease, would facilitate the diagnosis of NVU dysfunction and provide the opportunity for early treatment and better clinical outcomes.



CONCLUSION

It is increasingly clear that glial cells are critical for NVU development, function, maintenance, and dysfunction in disease. However, uncovering the precise contribution of glial cells to the NVU has been challenging to date, particularly when trying to understand and integrate their dual contribution to neurons and the vasculature. With the advancement of imaging, computational and genetic tools, it will be possible to use multidimensional approaches (morphology, function, genetics, interactions, and dynamics) to clarify the exact role(s) of glial cells in the NVU. Examining the role of glia in the “neuro-glial-vascular unit” with such a holistic approach will enhance the understanding, diagnosis, and treatment of aging and disease in the nervous system.
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NG2 (nerve/glial antigen 2) glia are uniformly distributed in the gray and white matter of the central nervous system (CNS). They are the major proliferating cells in the brain and can differentiate into oligodendrocytes. NG2 glia do not only receive synaptic input from excitatory and inhibitory neurons, but also secrete growth factors and cytokines, modulating CNS homeostasis. They express several receptors and ion channels that play a role in rapidly responding upon synaptic signals and generating fast feedback, potentially regulating their own properties. Ca2+ influx via voltage-gated Ca2+ channels (VGCCs) induces an intracellular Ca2+ rise initiating a series of cellular activities. We confirmed that NG2 glia express L-type VGCCs in the white and gray matter during CNS development, particularly in the early postnatal stage. However, the function of L-type VGCCs in NG2 glia remains elusive. Therefore, we deleted L-type VGCC subtypes Cav1.2 and Cav1.3 genes conditionally in NG2 glia by crossbreeding NG2-CreERT2 knock-in mice to floxed Cav1.2 and flexed Cav1.3 transgenic mice. Our results showed that ablation of Cav1.2 and Cav1.3 strongly inhibited the proliferation of cortical NG2 glia, while differentiation in white and gray matter was not affected. As a consequence, no difference on myelination could be detected in various brain regions. In addition, we observed morphological alterations of the nodes of Ranvier induced by VGCC-deficient NG2 glia, i.e., shortened paired paranodes in the corpus callosum. Furthermore, deletion of Cav1.2 and Cav1.3 largely eliminated N-methyl-D-aspartate (NMDA)-dependent long-term depression (LTD) and potentiation in the hippocampus while the synaptic input to NG2 glia from axons remained unaltered. We conclude that L-type VGCCs of NG2 glia are essential for cell proliferation and proper structural organization of nodes of Ranvier, but not for differentiation and myelin compaction. In addition, L-type VGCCs of NG2 glia contribute to the regulation of long-term neuronal plasticity.

Keywords: L-type Ca2+ channels, oligodendrocyte lineage, myelination, neuron-NG2 glia synapses, neuronal plasticity, CACNA1C, CACNA1D


INTRODUCTION

NG2 glia constitute about 5–8% of brain cells. They are uniformly distributed in the gray and white matter of the central nervous system (CNS) and act as oligodendrocyte precursor cells (OPC) (Nishiyama et al., 2009). In the adult CNS, NG2 glia are the major proliferating cell population outside neurogenic regions (e.g., subventricular zone and hippocampus). The cortical NG2 glia population is mostly maintained by local proliferation of existing NG2 glia (Hughes et al., 2013), whereas a small proportion of NG2 glia is generated from the subventricular zone migrating into the postnatal corpus callosum (Tripathi et al., 2011; Hill and Nishiyama, 2014). Within the NG2 population region-specific differences exist (Dawson et al., 2003). The proliferation rate of NG2 glia is faster in white than in gray matter with the shortest cell cycle in the corpus callosum (2.7 days), compared to spinal cord (4.4 days), and optic nerve (7.6 days), and almost 3 weeks (18.6 days) in the cortex (Zonouzi et al., 2011; Young et al., 2013).

NG2 glia express a variety of cell surface receptors and ion channels allowing them to detect and respond to a series of physiological activities, which regulate their own proliferation and differentiation (Larson et al., 2016). These ion channels and receptors, such as tetrodotoxin (TTX)-sensitive voltage-gated Na+ channels and glutamate receptors, were reported to have a dynamic expression level within their lifespan (Chittajallu et al., 2004; Zonouzi et al., 2011; Spitzer et al., 2019). NG2 glia can express voltage-gated Na+ channels in both white and gray matter of the postnatal brain. Blocking AMPA (α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors (AMPARs) or modifications of the GluA2 subunit of AMPARs in NG2 glia results in an impaired morphological development of OPCs and promoted proliferation and differentiation (Fannon et al., 2015; Chen et al., 2018).

Several voltage-gated Ca2+ channels (VGCCs, α1 subunits) are prominently expressed by NG2 glia: high-voltage activated L-type (Cav1.2 and Cav1.3), P/Q type (Cav2.1), and N-type (Cav2.2) as well as low-voltage activated T-type (Cav3.1 and Cav3.2) (Verkhratsky et al., 1990; Haberlandt et al., 2011; Zhang et al., 2014; Larson et al., 2016; Sun et al., 2016). Messenger RNA transcriptome and electrophysiology data revealed that L-type VGCC subtypes Cav1.2 and Cav1.3 predominate in early postnatal NG2 glia (Haberlandt et al., 2011), with decaying levels during the subsequent differentiation into mature oligodendrocytes (Fulton et al., 2010; Paez et al., 2010). Cav1.2 is required for multiple aspects of NG2 glia development throughout life of rodents. Its deletion during early postnatal stages restrains proliferation and maturation of OPCs, thus limiting myelination in the postnatal mouse brain (Cheli et al., 2016). Cav1.2 has been also described as a regulator for OPC maturation during the remyelination of the adult brain (Santiago González et al., 2017). Moreover, Cav1.2 deletion causes cell death in adult corpus callosum within a week after recombination. The remaining OPCs proliferate rapidly and fill the gap (Pitman et al., 2020). In addition, the L-type VGCC subtype Cav1.3 has been detected in NG2 glia by RNA sequencing as well (Zhang et al., 2014). Here, we aim to investigate the functional roles of L-type VGCC subtypes Cav1.2 and Cav1.3 by taking advantage of tamoxifen inducible NG2-CreERT2 knock-in mice to delete Cav1.2 and Cav1.3 selectively in NG2 glia.



MATERIALS AND METHODS


Transgenic Mice

All experiments were carried out at the University of Saarland in strict accordance with the recommendations of European and German guidelines for the welfare of experimental animals. Animal experiments were approved by the Saarland state “Landesamt für Gesundheit und Verbraucherschutz” in Saarbrücken/Germany [animal license numbers: 72/2010, 65/2013, 34/2016 and FKI_cervical dislocation (§ 4)].

All mouse lines were maintained in C57BL/6N background and on a 12 hour (h) light/dark cycle at 20°C. Transgenic mice were housed at the animal facility of the CIPMM and fed a breeding diet (V1125, Sniff) ad libitum. NG2-EYFP knock-in mice (Karram et al., 2008), cacna1c floxed mice (Moosmang et al., 2003, 2005) and cacna1d-EGFP flexed mice (Satheesh et al., 2012) were kindly provided by Jacqueline Trotter (Mainz), Sven Moosmang (Munich) and Dusan Bartsch (Mannheim), respectively. The NG2 (cspg4)-CreERT2 knock-in mouse line had been generated previously (Huang et al., 2014). CAG-EGFP reporter mice (CMV-β actin promoter and loxP flanked CAT gene18 upstream of the EGFP cassette; Nakamura et al., 2006) were obtained from Leda Dimou (Ulm). The Rosa 26-td Tomato mouse line (Ai14) was obtained from Hongkui Zeng (Allen Institute) (Madisen et al., 2010). Mice were always heterozygous or wildtype at the NG2/cspg4 and reporter loci.



Tamoxifen Administration and 5-Bromo-2-Deoxyuridine Treatment

Tamoxifen (T5648, Sigma-Aldrich, St. Louis, MO, United States) was dissolved in corn oil (Sigma-Aldrich) at the final concentration of 10 mg/mL. Mice were intraperitoneally injected with tamoxifen 7 days postnatally (P7) and P8 with a dosage of 100 mg/kg, once per day. In all experiments, both male and female mice were used. 5-Bromo-2-Deoxyuridine (BrdU) (Sigma-Aldrich, Taufkirchen bei München, Germany) (1 mg/mL) was dissolved in autoclaved water. To label proliferative cells, all tamoxifen treated mice received BrdU in drinking water for 3, 7, 10 and 14 days in the beginning of the 10th postnatal week and then were analyzed within 24 h after BrdU treatment was stopped (Rivers et al., 2008). Fresh BrdU water was given every two days.



Tissue Preparation and Immunohistochemical Analysis

Mice were anesthetized by intraperitoneal injection of a mixed solution of ketamine (250 mg/kg bodyweight, Ketavet, Pfizer, Germany) and xylazine (50 mg/kg bodyweight, Rumpon, Bayer Healthcare, Germany) and intracardially perfused by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) (Cãtãlin et al., 2017). After perfusion, brains, cervical spinal cords, and optic nerves were dissected and then post-fixed in the same fixative for 12–16 h at 4°C. Brains were immersed with PBS and 40 μm free-floating brain slices were cut with a vibratome (Leica VT1000S). Coronal forebrain sections at the hippocampal level (Bregma −1.34 to −1.82 mm), medial prefrontal cortex (PFC) (Bregma 2.22–1.54 mm) and anterior corpus callosum (Bregma 1.10–0.50 mm) as well as sagittal sections of the cervical spinal cords were collected.

Tissue slices were treated with blocking solution (0.3% Triton X-100 and 5% horse serum in PBS) for 1 h at room temperature (RT), and then transferred to primary antibodies to incubate for at least 12 h at 4°C. Brain and spinal cord slices were rinsed three times with PBS and then incubated in fluorescent secondary antibodies for 1 h at RT. DAPI (at the final concentration of 0.025 μg/mL) was added to secondary antibodies to detect nuclei. Primary and secondary antibodies were diluted in blocking buffer for use. Optic nerve tissue was treated as whole mount with modified blocking buffer including 1% Triton X-100.

For BrdU staining, brain slices were treated as previously described (Guo et al., 2010). Briefly, after finishing all the immunostaining steps except BrdU, brain slices were fixed in 2% paraformaldehyde for 30 min at RT and followed by denaturing in 2 M HCl at 37°C for 45 min. Then slices were rinsed with PBS and treated with anti-BrdU antibody as well as the secondary antibodies in blocking solution sequentially as described above.

The following primary antibodies were used: rabbit anti-GFP (1:1,000, Clontech, Mountain View, CA, United States), rat anti-PDGFRα (1:500, BD Pharmingen, San Diego, CA, United States), goat anti-PDGFRα (1:500, R&D Systems), mouse anti-CC1 (1:50, Calbiochem, Darmstadt, Germany), goat anti-Sox10 (1:50, R&D Systems), rat anti-BrdU (1:1,500, Abcam, Cambridge, United Kingdom), rabbit anti-cleaved caspase3 (1:500, Cell Signaling Technology, Danvers, MA, United States), rabbit anti-Caspr (1:1,000, Abcam), mouse anti-MBP (1:1,000, Biolegend, San Diego, CA, United States).

Donkey anti-mouse, goat, rabbit or rat secondary antibodies (1:1000) conjugated with Alexa488, Alexa555, Alexa633 or Alexa647 were purchased from Invitrogen (Grand Island, NY, United States). Goat anti-rabbit or rat secondary antibodies (1:500, conjugated with Cy5 were purchased from Dianova (Hamburg, Germany).



Imaging Acquisition and Analysis

Confocal images were taken using a laser-scanning microscope (LSM-710, Zeiss, Oberkochen, Germany) with appropriate excitation and emission filters. Z-stack images were taken at 0.5–2 μm intervals and processed with ZEN software (Zeiss, Oberkochen, Germany). Cell differentiation and proliferation capacity was analyzed in 3–4 slices and for each animal both optic nerves were examined.

To capture overviews of brain sections, epifluorescent images were taken by a fully automated slide scanner (AxioScanZ.1, Zeiss, Oberkochen, Germany) equipped with an HBO lamp (HXP 120V, LEJ, Jena, Germany), appropriate excitation and emission filter sets, a Plan-Apochromat 10×/0.45 objective for pre-focusing and a Plan-Apochromat 20×/0.8 objective for fine focus image acquisition. The filter settings of excitation/emission wavelengths (in nm) were set as follows: 353/465 (DAPI), 488/509 (green), 548/561 (red) and 650/673 (infrared). Offline image stitching (7 μm stacks, variance projection) and further analysis were performed with ZEN software (Blue Edition, Zeiss). Cell counting was performed from 2–4 sections of overview images per mouse.



Morphological Analysis

Confocal images were taken for morphological analysis from cortical NG2 glia in layer II/III with 0.438 μm intervals. Isolated PDGFRα+ and reporter+ cells were used for analysis. To quantify morphological changes on mutant NG2 glia, two approaches were performed, Sholl analysis and a binary particle analysis. Quantitative radial distribution of glial arborization processes were automatically evaluated by adapting a method first used to investigate the morphology of neurites for neurons (Sholl, 1953). In this study we used the logarithm of the radius and compared it to the logarithm of the ratio between the number of intersections (N) and the area of the corresponding circle (πR2), the formula is (log(R) vs. log(N/πR2) calculated by the Sholl analysis plugin of Fiji software. This method could well discriminate various cell types and is able to detect morphological differences of the same cell type in different regions (Milosevic and Ristanovic, 2007). The branching was analyzed by maximum intensity projections of 8-bit confocal images. The threshold of each individual cell was automatically adjusted before log-log analysis. The default minimum radius for the soma was set to 5 μm and every 1 μm increased one circle until the farthest point. The normalization was set to the area of each corresponding circle. In addition, we performed a binary particle analysis with the same raw data using the Particle Analysis function of Fiji and counted all particles of 0.2–4.15 μm2. In this analysis, the particles above 4.15 μm2 were excluded.



Ex vivo Experiments


Acute Brain Slices Preparation

Mice were anesthetized with isofluran (Abbvie, Ludwigshafen, Germany) and after cervical dislocation the brain was removed and immersed in an ice-cold, oxygenated (5% CO2/95% O2, pH 7.4) slice preparation solution containing (in mM) 87 NaCl, 3 KCl, 25 NaHCO3, 1.25 NaH2PO4, 3 MgCl2, 0.5 CaCl2, 75 sucrose, and 25 glucose. Coronal vibratome slices of 300 μm thickness were prepared (Leica VT 1200S, Nussloch, Germany) and then transferred to a Nylon basket slice holder for incubation in artificial cerebral spinal fluid (ACSF) containing (in mM) 126 NaCl, 3 KCl, 25 NaHCO3, 15 glucose, 1.2 NaH2PO4, 1 CaCl2, and 2 MgCl2 at 32°C for 0.5 h. Subsequently, brain slices were taken out of the water bath and placed to RT with continuous oxygenation before use.



Electrophysiology

Slices were transferred to the recording chamber and continuously perfused with oxygenated ACSF containing (in mM)1 MgCl2 and 2.5 CaCl2 at a flow rate of 2–5 mL/min. NG2 glia were identified using a Zeiss microscope (Axioskop 2 FS mot, Zeiss) with a 40× water immersion objective and filter sets for YFP and GFP. Images were detected with a QuantEM 512SC camera (Photometrics, Tucson, United States) and displayed on a monitor. Whole-cell membrane currents were recorded by an EPC 10 USB amplifier (HEKA Elektronik GmbH, Lambrecht, Germany), low pass filtered at 3 kHz and data acquisition was controlled by Patchmaster software (HEKA). Patch pipettes (resistance, 7–9 MΩ) were fabricated from borosilicate capillaries (Outside diameter: 1.5 mm, inside diameter: 0.86 mm; Sutter Instrument Co., United States) using a Micropipette Puller (Model P-97, Sutter Instrument Co.). Patch pipettes were filled with an intracellular solution containing (in mM) 120 KCl, 2 MgCl2, 5 EGTA, 10 HEPES and 5 Na2ATP (pH∼7.2) for recording membrane currents of NG2 glia. The holding potential in voltage-clamp mode was −80 mV. Resting membrane potential was measured within 30 s after establishing the whole-cell recordings. To record L-type Ca2+ currents, pipette solutions contained (in mM): 120 CsCl, 1 MgCl2, 0.5 CaCl2, 5 EGTA, 10 HEPES, 5 Na2ATP and 20 tetraethylammonium chloride (TEA), its pH value was adjusted to ∼7.2 with CsOH. The extracellular solutions contained (in mM) 120 TEA, 10 HEPES, 5 CaCl2, 5 4-aminopyridine (4-AP) and 10 glucose. TTX (1 μM) was added in the bath to block voltage-gated Na+ channels. NG2 glia could be clearly distinguished from reporter+ pericytes due to their distinct morphologies (Ziskin et al., 2007). In NG2-CreERT2 mice, recombined NG2 glia differentiate into reporter+ oligodendrocytes. However, these oligodendrocytes could be easily distinguished in terms of their much lower membrane resistance and quite different morphology.

To record excitatory postsynaptic currents (EPSCs), NG2 glia in layer II/III of the somatosensory cortex were voltage-clamped while a concentric bipolar microelectrode (MicroProbes, United States) was placed in the layer V close to the border of layer IV, with a stimulus duration of 300 μs (Lalo et al., 2014). Patch pipettes were filled with a solution containing (in mM) 125 K gluconate, 20 KCl, 2 MgCl2, 0.5 EGTA, 5 HEPES and 5 Na2ATP, its pH value was adjusted to 7.2 with KOH. 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX, 30 μM) and D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5, 30 μM) were applied via a custom-made perfusion system.

Compound action potentials (CAPs) were recorded in the corpus callosum as previously described (Crawford et al., 2009). Micropipettes filled with ACSF had a resistance of 1–3 MΩ. Inward responses were evoked in current-clamp mode by varying the intensity of stimulus pulses (0.2–4.0 mA) at 1 mm distance between recording and stimulation electrodes, with a stimulus duration of 200 μs. Sample sweeps were acquired every 5 s. Callosal conduction velocity was estimated by changing the distance from 2.5 to 0.5 mm between the stimulating and recording electrodes with a constant stimulus. To enhance the signal to noise ratio, we averaged the least 15 successive sweeps. Data analysis was performed with Igor pro 6.3.7.2 (WaveMetrics, Oregen, United States). The callosal axon conduction velocity was fitted with Graphpad Prism 7.0 (GraphPad Software, Inc., La Jolla, CA, United States).

Field excitatory postsynaptic potentials (fEPSP) were recorded in CA1 of hippocampus by stimulating Schaffer collaterals of CA3. Picrotoxin (50 μM) was perfused in the bath to inhibit ionotropic γ-aminobutyric acid type A receptors (GABAARs). Stimulus duration was 200 μs, current injection was 30–80 μA. Micropipettes filled with ACSF had a resistance of 1–3 MΩ. To elicit LTD, low frequency stimulation (LFS) was performed at 1 Hz for 15 min (Luscher and Malenka, 2012). To evoke LTP, triple θ-burst stimulation (TBS3) was used (Wang et al., 2016). TBS consisted of 10 bursts (4 pulses each burst, 100 Hz) delivered at an interburst interval of 200 ms, and repeated once at 10 s. The stimulation intensity was adjusted to evoke ∼30–60% of the maximum response. Waveform analysis was performed by Igor pro 6.3.7.2. The statistical analysis was conducted in Graphpad Prism. All experiments were conducted at RT.



Ca2+ Imaging

In acutely isolated brain slices of transgenic mice, fluorescent reporter-positive NG2 glia were loaded with 100 μM Fluo-4 potassium salts via the patch pipette during whole-cell patch-clamp recordings. Fluo-4 potassium salts (ThermoFisher Scientific Inc.) were prepared into stock solution at a concentration of 2 mM in water and then stored at −20°C. Before every experiment, Fluo-4 was dissolved into pipette solution containing (in mM) 125 potassium gluconate, 20 KCl, 2 MgCl2, 0.05 EGTA, 10 HEPES and 5 Na2ATP and 0.018 CaCl2, its pH value was adjusted to 7.2 with KOH. The dye was allowed to diffuse into fine processes at least for 30 min before imaging. The holding potential in voltage-clamp mode was at −80 mV. Zeiss microscope equipped with 63× water immersion objective was used to visualize the regions of interest and the images were captured with a QuantEM 512SC camera. Imaging acquisition was controlled by Imaging Workbench software 5.2.20.6 (INDEC BioSystems, United States) at 20 Hz. To evoke signals, cells were depolarized from −110 to 10 mV for 100 ms by 25 pulses (Haberlandt et al., 2011). The baseline was recorded for 10 s before stimulating. Photobleaching was corrected by a mono-exponential curve. The equation: I(t) = A∗exp(-t/τ) where the intensity I(t) is a function of time t. The mono-exponential approach considers a homogeneous fluorochrome population with the rate of photobleaching and initial intensity A. Changes in [Ca2+]i, measured as changes in fluorescence intensity (ΔF), were calculated by ΔF/F0 = (F - F0)/F0. F0 is the baseline fluorescence. Data analysis was performed with Image J and custom-made scripts with Matlab R2014a (MathWorks, United States) and Graphpad Prism.



Statistical Analysis

Statistic differences were analyzed using the unpaired two-tailed student t-test for two group comparison and one-way ANOVA for multi-group comparison. The levels of significance were set as ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Data are shown as mean ± SEM. Mann-Whitney tests were used when data did not show a Gaussian distribution.



RESULTS


Postnatal Removal of L-Type Ca2+ Channel Subtypes Cav1.2 and Cav1.3 in NG2 Glia

To study the expression of L-type voltage-gated Ca2+ channels (VGCCs) in NG2 glia in different brain regions during CNS development, we analyzed reporter+ NG2 glia in the white matter (corpus callosum, CC) and gray matter (somatosensory cortex, sCTX; medial prefrontal cortex, mPFC, and hippocampus, HC) by whole-cell patch clamp recordings using acute brain slices of NG2-EYFP mice (Karram et al., 2008) and NG2-CreERT2-td Tomato (Huang et al., 2014) mice [from postnatal 3 days (P3) up to 12 weeks]. In order to record isolated Ca2+ currents, we increased [Ca2+] in the extracellular solution to 5 mM and blocked voltage-gated Na+ channels by tetrodotoxin (TTX) and K+ channels by Cs+, tetraethyl ammonium (TEA) and 4-aminopyridine (4-AP) (Haberlandt et al., 2011). Depolarizing voltage steps from −60 to +50 mV elicited respective Ca2+ currents. Inward currents could be evoked starting from −40 mV with a peak at about 0 mV and decline with increasing voltage steps (Figure 1A). In the somatosensory cortex, the peak Ca2+ inward currents were vastly blocked by L-type Ca2+ channel blocker nimodipine (87.6% ± 10.5%, n = 4 cells from 3 mice), while the T-type Ca2+ channel blocker mibefradil only partially reduced the peak inward currents by 14.3% ± 6.5% (n = 5 cells from 3 mice, Figure 1A). It indicated that L-type voltage-gated Ca2+ channels were predominantly expressed in NG2 glia. By examining NG2 glia in different brain regions during CNS development, we found that not all NG2 glia expressed L-type Ca2+ channels in the investigated brain regions (sCTX, HC, CC, and mPFC) and that the proportion varied between age and region (proportion of non-Cav expressing NG2 glia shown in dark gray, Figure 1B). It is worth noting that, the proportion of non-Cav expressing callosal NG2 glia is higher than in the cortical population. By analyzing Cav-expressing NG2 glia in various brain regions, we observed age-dependent changes of the peak Ca2+ current density. It decreased significantly with age in the cortex, while it large stayed constant in hippocampus and white matter. In the somatosensory cortex, the expression level of L-type VGCCs in NG2 glia reached its maximum in the first 2–3 postnatal weeks (P3–9, -3.20 ± 0.37 pA/pF, n = 28 cells; P10-28, −2.88 ± 0.26 pA/pF, n = 33 cells; >P29, −1.82 ± 0.15 pA/pF, n = 42 cells), and then decreased from the fifth postnatal week (Figure 1B). In the medial PFC, we observed a similar peak Ca2+ current density that decreased remarkably in the second week after birth (P3–9, −3.15 ± 0.37 pA/pF, n = 10 cells; P10–28, -1.71 ± 0.31 pA/pF, n = 10 cells; >P29, −1.22 ± 0.22 pA/pF, n = 5 cells). The membrane capacitance of NG2 glia in the cortex, hippocampus and corpus callosum did not vary during CNS development, with an average value of 20–30 pF (data not shown). These data demonstrate that L-type voltage-gated Ca2+ channels are widely expressed in most NG2 glia in all analyzed brain regions, including gray and white matter during CNS maturation. Specifically, the expression level of L-type VGCCs in the cerebral cortex significantly decreased adult mice.
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FIGURE 1. Conditional deletion of L-type voltage-gated Ca2+ channel subtypes Cav1.2 and Cav1.3 in NG2 glia. (A) Ca2+ current recordings. Peak inward currents of NG2 glia in the somatosensory cortex were strongly blocked by L-type Ca2+ channel blocker nimodipine and only weakly blocked by T-type blocker mibefradil. (B) L-type Ca2+ peak current densities in different brain regions (sCTX, somatosensory cortex; HC, hippocampus; CC, corpus callosum; mPFC, medial prefrontal cortex) during CNS maturation. Within the first month postnatally the expression levels of VGCC decreased by about 30% in cortical areas, but appeared largely unchanged in HC and CC. Each pie chart represents the proportion of NG2 glia with Cav expression (in light gray) and non-Cav expression (in dark gray). (C) Genetically modified mouse lines for NG2 glia-specific Cav1.2 und Cav1.3-specific gene deletion. (D) The upper panel depicts the tamoxifen injection protocol. Tamoxifen was administered at postnatal 7 and 8 days, the electrophysiological analysis was performed 3 weeks later. The bottom panel depicts the distribution of peak Ca2+ current amplitudes of control and double knockout (dKO) mice. None of the dKO NG2 glia had larger peak Ca2+ currents than −100 pA currents. The number of dKO NG2 glia with currents between −100 pA to −40 pA were reduced compared to controls. Half of the dKO NG2 glia displayed peak currents smaller than −40 pA. (E) I/V relationships of control and mutant mice including Cav1.2/Cav1.3 single and dKO mice. (F) The peak Ca2+ current density of mutant NG2 glia is strongly reduced in comparison to controls. Each datapoint represents recordings from a single NG2 glial cell. More than three mice per group were studied. (G,H) Ca2+ imaging of NG2 glia after loading with Fluo 4 potassium salts by whole-cell patch-clamp recording. Ca2+ elevations of NG2 glia in the somatosensory cortex were evoked by successive depolarization to 10 mV in control (G) and dKO mice (H). The basal fluorescence prior to 0 s was subtracted from all the images shown here. Scale bar = 5 μm. (I,J) Somatic Ca2+ elevation upon depolarization was significantly decreased in mutant NG2 glia. (K,L) Pharmaceutical inhibition of Ca2+ rises by verapamil in control (K) and mutant NG2 glia (L). (M) Verapamil could largely abolish the Ca2+ signals in control (K), but it had no effects on mutant NG2 glia. *p < 0.05; **p < 0.01; ***p < 0.001.


To investigate the functional roles of Cav1.2 and Cav1.3 in NG2 glia, we took advantage of the tamoxifen-inducible Cre DNA recombinase to ablate Cav1.2 (cacna1c) and Cav1.3 (cacna1d) specifically in NG2 glia by crossbreeding homozygous floxed Cav1.2 (Moosmang et al., 2003, 2005) and flexed Cav1.3 (Satheesh et al., 2012) to NG2-CreERT2 knock-in mice (Huang et al., 2014; Figure 1C). These triple transgenic mice were crossbred to CAG-EGFP reporter mice (Nakamura et al., 2006) to label recombined cells. As our previous data showed peak expression of L-type VGCCs in NG2 glia in the first postnatal week (Figure 1B), we evoked recombination by intraperitoneal injection of tamoxifen once per day at postnatal days 7 and 8 (Figure 1D). In total, we recorded 12 mutant NG2 glial cells. In three of them we did not detect inward currents when depolarized to 0 mV (>0 pA). None of the cells showed inward currents larger than −100 pA currents. Most of the cells had inward currents between −100 pA to 0 pA. L-type Ca2+ currents of NG2 glia were reduced in all mutant mice (dKO) compared to controls at three weeks after tamoxifen administration (Figures 1D–F). Peak Ca2+ current density of controls (CTL) was −2.50 ± 0.22 pA/pF, and was reduced to −0.85 ± 0.39 pA/pF in dKO mice (Figure 1F). After loading Fluo 4 potassium-salt during whole-cell recordings, single-cell Ca2+ imaging showed that Ca2+ influx via the plasma membrane of NG2 glia induced a Ca2+ release, that could be largely inhibited by L-type VGCC blocker verapamil (ΔF/F0 CTL vs. verapamil, 0.54 ± 0.04 vs. 0.22 ± 0.07, n = 4 cells, Figure 1K). Thereby, substantiating that voltage-gated Ca2+ influx into NG2 glia occurs mainly through L-type VGCCs (Figures 1G,K). Upon depolarization Ca2+ elevation in mutant NG2 glia was smaller than in control (CTL 0.45 ± 0.03 vs. dKO 0.31 ± 0.05, control from 9 cells of 5 mice, dKO from 8 cells of 4 mice, Figures 1H–J). However, we still could observe Ca2+ induced Ca2+ release in mutant NG2 glia upon depolarization, while verapamil had no effect on Ca2+ elevation (ΔF/F0 dKO vs. verapamil, 0.43 ± 0.06 vs. 0.37 ± 0.06, n = 3 cells, in Figures 1L,M). Probably T-type Ca2+ channels compensate in the absence of L-type VGCCs. These data indicate that Ca2+ influx into NG2 glia mainly occurs via the activation of L-type voltage-gated Ca2+ channel. Removal of Cav1.2 and Cav1.3 from NG2 glia at early postnatal stages did not affect cellular activities. T-type voltage-gated Ca2+ channels might be upregulated in Cav1.2/1.3 deficient NG2 glia.



Ablation of Cav1.2 and Cav1.3 Inhibited Proliferation of Cortical NG2 Glia, but Did Not Affect Their Differentiation Into Mature Oligodendrocytes

In the mature brain, uniformly distributed NG2 glia are the major proliferating cell population. Cumulative BrdU labeling of NG2 glia in the corpus callosum reached a plateau at ∼55% in 7–10 days, while in the cortex, the labeling increased linearly for 21 days until ∼40% of NG2 glia were BrdU+ (Rivers et al., 2008). To assess the self-renewal of Cav1.2 and Cav1.3 deficient NG2 glia, we performed an immunohistochemical analysis of mutant mice and their littermate controls treated with BrdU in drinking water for 10 days in the beginning of the 10th postnatal week. Platelet-derived growth factor receptor α (PDGFRα, short: Pα) and CC1 (a monoclonal antibody against adenomatous polyposis coli) expression were used to identify NG2 glia (Nishiyama et al., 1996; Huang et al., 2019) and mature oligodendrocytes (Zhu et al., 2012; Bin et al., 2016), respectively. We observed that some BrdU+ cells were Pα+ and CC1– in the corpus callosum (CC, Figure 2A) and somatosensory cortex (sCTX, Figure 2C) of controls, indicating proliferating NG2 glia (arrowhead). Other BrdU+ cells were Pα– and CC1+ (arrow) in all regions, indicating that these NG2 glia differentiated into oligodendrocytes after proliferation. In mutant mice, both Pα+CC1–BrdU+ and Pα–CC1+BrdU+ cells could be found in the CC (Figure 2B) and sCTX (Figure 2D). Our findings suggest that NG2 glia in both white and gray matter still keep dividing in the absence of L-type VGCCs.
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FIGURE 2. Conditional gene ablation of Cav1.2 and Cav1.3 inhibited the proliferation of NG2 glia in the cortex. (A–D) Epifluorescence images showing BrdU+ cells immunoactivity to PDGFRα or CC1 in the CC (A,B) and sCTX (C,D) of control and dKO mice. (E) The percentages of proliferating NG2 glia in the white and gray matter. In the gray matter, the number of proliferating NG2 glia from dKO mice was much lower than controls. Each datapoint represents results obtained from a single mouse. (F) Densities of the NG2 glia populations in control and mutant mice remained similar in various brain regions. (G) The density of proliferating NG2 glia in the CTX was significantly decreased. (H,I) The proportion of proliferating NG2 glia (H) in the CC was higher than controls, while the proportion of proliferated oligodendrocytes (I) in the CC was lower than controls. No difference could be detected in the gray matter. (J) The cumulative labeling of NG2 glia in the somatosensory cortex showed that a small proportion of still proliferating NG2 glia. The numbers in the graph represent mouse number. *p < 0.05; **p < 0.01; ***p < 0.001.


However, the number of proliferating NG2 glia in the sCTX of dKO mice was much lower than in controls, while the number of proliferating NG2 glia in CC was unchanged (Figure 2E). The cell density of NG2 glia in all analyzed brain regions was not altered in dKO mice compared to their littermate controls (Figure 2F). In addition, we performed Caspase 3 staining to identify potentially increased cellular apoptosis. No difference was detected in the forebrain between dKO and control mice (data not shown), suggesting that deletion of Cav1.2 and Cav1.3 did not induce NG2 glial cell death in corpus callosum and cortex, respectively. Therefore, we performed a cumulative BrdU administration experiment in dKO mice and their littermate controls for 3, 7, and 14 days to assess the turnover of NG2 glia. The proportion of proliferating NG2 glia increased in controls (up to 53.0 ± 6.8% cells in 14 days post BrdU), whereas <20% of cortical NG2 glia in dKO mice were proliferating (only 17.8 ± 3.3% cells 14 days post BrdU, Figure 2J). The population of proliferating cells also did not increase in dKO mice, even though the BrdU treatment was prolonged. Altogether, our data revealed that Cav1.2 and Cav1.3 proteins are playing an important role in mediating proliferation of NG2 glia, but do not affect their survival.

Furthermore, by employing immunostaining against PDGFRα and CC1 to investigate the differentiation of proliferating NG2 glia in the absence of Cav1.2 and Cav1.3, we observed that the proportion of proliferating NG2 glia (Pα+CC1–BrdU+) in the corpus callosum of dKO mice was increased (Figure 2H), while the number of differentiated oligodendrocytes (Pα–CC1+BrdU+) was reduced remarkably (Figure 2I). This suggests that L-type VGCCs also have a function in regulating the oligodendrogenesis of proliferating subpopulation of NG2 glia especially in the white matter.

To evaluate whether loss of Cav1.2 and Cav1.3 in NG2 glia could impair their differentiation, we performed co-immunostainings against Pα and CC1 in hippocampal brain slices in 10 weeks old mice. The reporter recombination efficiency was about 50% in both white and gray matter (Supplementary Figure 1E). In the corpus callosum and cortex of controls, some GFP+ cells were Pα+ and CC1– (arrowhead) and therefore identified as NG2 glia. The remaining GFP+ cells were Pα– and CC1+ (arrow) and determined as mature oligodendrocytes (Supplementary Figures 1A,C), consistent with previous work (Huang et al., 2014). In dKO mice, both cell types, Pα+ CC1– NG2 glia and Pα– CC1+ oligodendrocytes were detected in corpus callosum and cortex (Supplementary Figures 1B,D). More than 80% of GFP+ cells in the corpus callosum expressed the oligodendrocyte specific marker CC1 in both control and dKO mice (CTL, 81.15 ± 1.72%, n = 6 mice; dKO, 82.14 ± 1.87%, n = 8 mice, Supplementary Figure 1F). In the cortex of dKO mice, 33.82 ± 1.43% of GFP+ cells were Pα+ NG2 glia and in control mice 27.36 ± 3.00%. 64.20 ± 1.55% of GFP+ cells in dKO mice were CC1+ oligodendrocytes, while 70.14 ± 2.55% of GFP+ cells in controls (Supplementary Figure 1G). Since no differences could be detected, these data indicate that the capability of NG2 glia to differentiate into oligodendrocytes was not influenced by deleting Cav1.2 and Cav1.3 proteins in white and gray matter.



Loss of NG2 Glial Cav1.2 and Cav1.3 Changed Their Morphology

To investigate the morphology of NG2 glia in the absence of Cav1.2 and Cav1.3, a Sholl analysis (Sholl, 1953) in combination with a binary particle analysis was performed on isolated Pα+GFP+ NG2 glia in layer II/III of the cerebral cortex. NG2 glia exhibit numerous and highly branched processes (Figure 3A). The Sholl analysis (Figure 3B) showed that Cav1.2/1.3 deficient NG2 glia had less intersections than controls in the distance between 32 and 41 μm away from the soma (Figure 3C), suggesting that Cav1.2/1.3 deficient NG2 glia lose some of their fine processes.
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FIGURE 3. Conditional gene ablation of Cav1.2 and Cav1.3 resulted in a less complex morphology of NG2 glia and shortened paired paranodes. (A) A typical NG2 glia cell in layer II/III of cortex from CTL and dKO mice. (B) Sholl analysis with process intersections being counted every 1 μm. (C) In the range of 32–41 mm, i.e., far away from the soma, Cav1.2/1.3 deficient NG2 glia displayed less processes than controls. (D–F) The processes quantification using binary threshold analysis shows that Cav1.2/1.3 deficient NG2 glia had less particle-shaped varicosities (D), which occupied a smaller total area (E) than control NG2 glia, while the average particle size was unaltered (F). Each datapoint represents data from a single NG2 glial cell. (G) Co-immunolabeling of CASPR (green) and MBP (red) in the CC. Scale bar = 5 μm. (H) The paired paranodes in mutant mice were shorter than controls. Each datapoint represents data obtained from a single mouse. The upper depicts the quantification of paired paranodes. (I) The distribution of paired paranodes in dKO mice showed a left shift compared to controls. *p < 0.05; **p < 0.01.


To confirm this finding, a binary particle analysis was applied. Particle size was defined as GFP-fluorescent areas of 1–20 pixel2 (0.05–4 μm2). Cav1.2/1.3 deficient NG2 glia had 41% less particles than controls (dKO, 272.7 ± 25.6 particles, n = 30 cells from 4 mice; CTL, 384.4 ± 24.4 particles, n = 41 cells from 3 mice. The total area of these particles from dKO mice was similarly reduced by 39% (dKO, 112.90 ± 13.31 μm2; CTL, 156.40 ± 12.52 μm2) (Figures 3D,E). No differences in the average size of these particles could be found (CTL, 0.40 ± 0.01 μm2; dKO, 0.38 ± 0.02 μm2) (Figure 3F). These data revealed that Cav1.2/1.3 deficient NG2 glia occupied less space in the cortex and their processes were shorter than controls with a less complex morphology. Altogether, it implies that mutant NG2 glia have fewer contacts with axons or other cell types, such as astrocytes.

The morphological changes suggested that also myelin structures could be affected as well, although Western blot analysis of myelin proteins (data not shown) and myelin basic protein (MBP) immunostainings (Supplementary Figures 2A,B) showed no differences as response to the removal of Cav1.2 and Cav1.3, neither in white nor in gray matter. The expression of contactin-associated protein (CASPR) is restricted to the paranodal regions of mature myelinated axons in the peripheral and central nervous system (Einheber et al., 1997). Therefore, we used CASPR and MBP co-staining to further investigate the myelinated structures in the absence of L-type VGCC (Figure 3G). We estimated the paired paranodal length by measuring CASPR staining (Figure 3H top). In the corpus callosum of dKO mice, the length of paired paranodes was significantly shortened as compared to controls, while no difference could be detected in the length of nodes of Ranvier (Figure 3H). The distribution of paired paranodes showed a shorter distribution (Figure 3I, shift to the left side). In addition, we examined paired paranodes in other white matter regions (spinal cord and optic nerve), but could not find differences there (Supplementary Figure 3 and Table 1). Our data suggest that the loss of Cav1.2 and Cav1.3 in NG2 glia affected the formation of callosal myelinated structures, while it had no impact in other CNS regions with compacted myelin (spinal cord and optic nerve).


TABLE 1. The length of paired paranodes in the white matter.

[image: Table 1]To determine putative functional consequences of shortened paranodes, CAP of callosal axons were recorded in acute brain slices prepared from dKO mice and their littermate controls at 8–12 week-old mice. Previously, properties of callosal CAPs had been described as biphasic waves with an early component evoked by fast conducting myelinated axons (N1) and a later occurring component mainly from slower unmyelinated axons (N2) (Crawford et al., 2009). Callosal CAP recordings at five different distances between stimulus and recording electrodes from control and dKO mice were quantified and compared (Supplementary Figure 2D). Conduction velocity of myelinated callosal axons was calculated by linear regression with a value of 0.847 mm ± 0.046 ms–1 (n = 21 slices from 5 mice) in controls and 0.853 ± 0.042 ms–1 in dKO mice (n = 13 slices from 3 mice), whereas conduction velocity of unmyelinated axons was 0.311 ± 0.095 ms–1 in controls and 0.314 ± 0.093 ms–1 in dKO mice (Supplementary Figure 2D). No differences were detected in the conduction velocities of axons in the corpus callosum. The callosal CAP responses of both waves N1 and N2 increased proportionally upon the increment of stimulus currents in control and dKO mice (Supplementary Figure 2C). Obviously, the slight shortening of paranodal structures upon NG2-glial ablation of Cav1.2 and Cav1.3 is not sufficient to affect the conduction velocity of callosal axons.



Ablation of Cav1.2 and Cav1.3 in NG2 Glia Affected Neuron-Glia Microcircuits

The formation of synapses is not restricted to neurons, also NG2 glia receive synaptic input (Bergles et al., 2010; Fröhlich et al., 2011; Sakry et al., 2011). Such neuron-NG2 glia synapses are down-regulated during the differentiation process into mature oligodendrocytes (Dimou and Gallo, 2015). NG2 glia also secrete cytokines or release transmitters to regulate neuronal networks (Birey et al., 2015). Therefore, we tested whether deletion of Cav1.2 and Cav1.3 also had an impact on synaptic input by recording EPSCs of NG2 glia in layer II/III of somatosensory cortex and stimulating presynaptic axons in layer V in the presence of the GABAAR (γ-Aminobutyric acid type A receptor) antagonist picrotoxin. Age-matched NG2-EYFP mice were used as controls. The EPSC amplitude of Cav1.2/1.3 deficient NG2 glia was −70.34 ± 17.94 pA (n = 7 cells from 3 mice). No differences were observed in controls (−105.30 ± 11.92 pA, n = 20 cells from 5 mice) (Figure 4A). Pharmacological inhibition using 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and (2R)-2-amino-5-phosphonopentanoic acid (D-AP5), selective blockers for AMPAR and NMDAR currents, showed that EPSCs of cortical NG2 glia were mainly mediated by AMPARs and NMDARs (Figures 4B,C). No differences were observed between control and dKO mice indicating that the deletion of Cav1.2 and Cav1.3 did not alter the expression density of glutamate receptors on the membrane of NG2 glia.


[image: image]

FIGURE 4. Functional consequences of the conditional L-type VGCCs gene ablation for NG2 glia-neuron interaction and synaptic plasticity. (A) Evoked excitatory postsynaptic currents (EPSCs) in cortical NG2 glia of CTL and dKO mice. (B) EPSC amplitudes of CTL and dKO mice. (C) Inhibition of EPSCs in CTL and dKO mice by antagonists of AMPARs and NMDARs. Each datapoint represents data obtained from a single NG2 glial cell. (D) Long-term depression (LTD) evoked by low-frequency stimulation (LFS) could be elicited in controls, but not in dKO mice. Each datapoint represents recordings from a single slice. More than three mice per group were analyzed. Scale bar, x = 2 ms, y = 0.5 mV. (E) Long-term potentiation (LTP) evoked by triple θ-burst stimulation (TBS3) in dKO mice were significantly decreased compared to controls. Scale bar, x = 5 ms, y = 0.5 mV. **p < 0.01; ***p < 0.001.


It has been reported that a bidirectional crosstalk between NG2 glia and their adjacent cells such as neurons and astrocytes at neuron-NG2 glia synapses contributes to the regulation of neuronal networks. NG2 glia respond to neuronal signals by rising intracellular Ca2+, a potential signaling trigger by which NG2 glia may become an active player in neuron-glial circuits (Wigley et al., 2007). Based on our previous findings of decreased intracellular Ca2+ (Figure 1J) and less complex morphology (Figure 3) in mutant NG2 glia, we suspected that neuron-NG2 glia synapses might be disturbed and thereby could affect neuronal plasticity. To determine whether knockout of Cav1.2 and Cav1.3 from NG2 glia would influence the neuronal network, we performed field recordings of excitatory postsynaptic potentials (fEPSP) in the hippocampal CA1 by stimulating CA3 region. Acute brain slices were prepared from dKO mice and their littermate controls at 8–12 weeks. And indeed, long-term depression (LTD) evoked by low-frequency stimulation (LFS) could be elicited in controls, however not in dKO mice (CTL, 76.7 ± 3.4%, n = 14 slices from 6 mice; dKO, 110.2 ± 7.1%, n = 18 slices from 7 mice, Figure 4D). This LTD could be blocked by D-AP5 (data not shown). When 25 μM NMDA was applied in the bath for 7 min, LTD could be evoked in controls, but not in dKO mice (data not shown). These data indicate that the loss of Cav1.2 and Cav1.3 in NG2 glia impaired NMDA-dependent LTD in the hippocampus. Furthermore, by performing high-frequency stimulation in the hippocampal CA3, we could evoke long-term potentiation (LTP) in dKO mice, which was 27% lower than in controls (CTL, 192.6 ± 19.4%, n = 7 slices from 4 mice; dKO, 140.0 ± 14.2%, 11 slices from 5 mice, Figure 4E). All these data suggest that NG2 glia play an important role in neuronal plasticity regulated by the activation of NG2 glial L-type voltage-gated Ca2+ channels.



DISCUSSION

In oligodendrocyte lineage cells, L-type voltage-gated Ca2+ channels are highly expressed in progenitor cells and rapidly down-regulated when differentiating into mature oligodendrocytes, suggesting that L-type VGCCs mostly regulate the function of progenitor cells, namely NG2 glia. Influx of Ca2+ ions via the plasma membrane of NG2 glia induces Ca2+-induced Ca2+ release from the endoplasmic reticulum, followed by a rapid rise of intracellular Ca2+ and subsequently triggering a series of cellular activities at different time scales, ranging from immediate responses to neuronal signals to long-term processes such as differentiation, proliferation and migration. In this study, we used the tamoxifen-inducible CreERT2 system to investigate the functional roles of NG2 glia. Our results show that NG2 glia do not require the L-type VGCC subtypes Cav1.2 and Cav1.3 for their differentiation into mature oligodendrocytes or for myelination. In the gray matter cortex, removal of Cav1.2 and Cav1.3 led to a decrease of proliferating NG2 glia, but not in the white matter corpus callosum, thereby indicating a distinct heterogeneity of NG2 glia in different brain regions. In the absence of L-type VGCCs, NG2 glia lost parts of their complex morphology and alterations of paranodal myelin structures. Notably, inhibiting the intracellular Ca2+ rise by ablation of Cav1.2 and Cav1.3 selectively in NG2 glia consequently affected neuronal activities. Obviously, NG2 glial L-type VGCCs are parts of the modulatory system that determines the neuronal network activities.


L-Type Voltage-Gated Ca2+ Channel Subtypes Cav1.2 and Cav1.3 Are Not Required for Differentiation Into Mature Oligodendrocytes and Subsequent Myelination

Our electrophysiological data showed that in the gray matter most NG2 glia expressed L-type VGCCs. The expression level of L-type VGCCs reached a peak in the first postnatal week, and then exhibited a decline in an age-dependent manner. In particular, Ca2+ currents decreased largely in young adult mice after weaning compared to early postnatal stages in the gray matter (Figure 1B). Therefore, we postulated that L-type VGCCs could play crucial roles in the behavior of NG2 glia, such as, differentiation and proliferation, specifically in the early postnatal stage. Hence, we administered tamoxifen to young mice at postnatal day 7 and 8 to remove Cav1.2 and Cav1.3 in NG2 glia at the peak expression level. However, our data showed that the differentiation of NG2 glia into mature oligodendrocytes was not affected, neither in white nor in gray matter. Similarly, the loss of Cav1.2 and 1.3 did not affect the expression of major myelin proteins such as MBP. However, the lengths of specific paranodal myelin structures were reduced in the absence of L-type VGCCs, though without affecting axon conduction velocity (Figure 3 and Supplementary Figure 2).

Our observations on the impact of L-type VGCCs on NG2 glial differentiation and subsequent myelination are not consistent with published data, where ablation of Cav1.2 using a BAC transgenic NG2-CreER mouse line resulted in reduced oligodendrocyte numbers at early postnatal periods. In corpus callosum, cortex and striatum, also myelin formation was strongly impaired 3 weeks after recombination (Cheli et al., 2016). We explain these diverging results by the use of different genetic mouse lines. Since we are using NG2-CreERT2 knock-in mice, which are less prone to transgenic artifacts, our observations appear to be more reliable than conclusions obtained from BAC transgenic mice with a less consistent recombination efficiency (Guo et al., 2021). In contrast, we still observed a rise of intracellular Ca2+ upon depolarization in Cav1.2/1.3 deficient NG2 glia, probably generated by a compensatory upregulation of T-type Ca2+ VGCCs after deletion of L-type Ca2+ VGCCs. In line with this observation, NG2 glial Ca2+ signals evoked by trains of 10 postsynaptic potentials (100 Hz) are mainly generated by low-voltage activated T-type Ca2+ channels (Sun et al., 2016). This might also explain the lack of strong myelin alterations in the dKO mice. Moreover, as we showed that the number of Cav-expressing NG2 glia in the corpus callosum was lower than in the cortical gray matter (Figure 1B). It can be considered that the other subpopulation of non-Cav expressing NG2 glia compensated the phenotype induced by Cav-expressing NG2 glia in the corpus callosum.



Cav1.2 and Cav1.3 Are Playing Central Roles in Regulating the Proliferation of NG2 Glia

In the mature brain, NG2 glia are maintained mainly by local self-renewal, especially in the gray matter. Upon treatment of BrdU, we observed less proliferating NG2 glia in the Cav1.2/Cav1.3-dKO gray matter, while cell survival and apoptosis based on cleaved caspase 3-staining was not affected (Figure 2). Cumulative administration of BrdU indicated only 20% of cortical NG2 glia proliferation in dKO mice after a week compared to control cells. Obviously, L-type VGCCs strongly determine the proliferation NG2 glia in the gray matter.

However, using another BAC transgenic mouse line targeting OPCs (Pdgfrα-CreER), Cav1.2 deletion resulted in a loss of OPCs in the adult corpus callosum, a week after induction of recombination. OPC density could recover within 2 weeks by fast proliferation of surviving Cav1.2-deficient NG2 glia (Pitman et al., 2020). NG2 glia have been shown to become functionally heterogeneous in different brain regions and kinetically vary with age (Dimou and Gallo, 2015; Spitzer et al., 2019). Notably, the ablation of Cav1.2 in NG2 glia was performed in the adult brain (at postnatal 60). In our study, tamoxifen-dependent recombination was induced at a peak expression level of L-type VGCCs in the gray matter at postnatal days 7 and 8. In addition, our data demonstrated about 50% of NG2 glia expressing L-type Ca2+ channels in the corpus callosum with smaller Ca2+ currents at an earlier time point. We cannot exclude that callosal proliferation doesn’t require the modulation by L-type VGCC in the first 2 postnatal weeks. By virtue of shorter cell cycle of callosal NG2 glia (Young et al., 2013), their self-renewal occurs faster than that in the gray matter. Taken together, L-type VGCCs of NG2 glia mediate different aspects during the development of CNS maturation.



Morphological Changes Induced the Impairment of Neuronal Networks?

NG2 glia play important roles in maintaining CNS homeostasis by mediating astroglial glutamate uptake and neuronal glutamatergic signaling (Bergles et al., 2010). NG2 glia can not only receive synaptic input from both glutamatergic and GABAergic neurons (Bergles et al., 2000; Lin and Bergles, 2004), but also secrete factors, regulate OPC development, and in turn might modulate the neuronal network (Birey et al., 2015; Sakry et al., 2015). NG2 glia lose synaptic input when they differentiate into oligodendrocytes with a decrease in glutamate receptor expression (Kukley et al., 2007, 2010; De Biase et al., 2010). Neuron-glia synapses undergo activity-dependent modifications to long-term potentiation (LTP) at excitatory synapses, which was induced at neuron-NG2 glia synapses involving Ca2+-permeable AMPA receptors on NG2 glia in the hippocampus (Ge et al., 2006). In addition, ablation of NG2 glia causes deficits in the excitatory glutamatergic synaptic transmission in the PFC of the adult brain (Birey et al., 2015). NG2 protein deletion results in a striking reduction in NMDA receptor dependent LTP in pyramidal neurons of the somatosensory cortex and diminished NMDA and AMPA receptor-dependent current amplitudes in these neurons (Sakry et al., 2014). This list of compelling evidence demonstrates the pivotal bidirectional crosstalk between NG2 glia and the surrounding neuronal network and underlines the novel physiological role of NG2 glia in regulating information processing at neuronal synapses.

Upon Cav1.2 and 1.3 deletion NG2 glia lost their complex morphology. It is tempting to speculate that this could affect neuron-NG2 glia synapses, and based on putative loss of contact NG2 glia would be isolated from the surrounding neuronal network. However, we observed that deletion of Cav1.2 and Cav1.3 channels did not alter EPSC amplitudes of NG2 glia and their expression density of glutamate receptors, which were still predominantly mediated by Ca2+ permeable AMPA receptors, consistent with previous studies (Ge et al., 2006). These results indicate that lack of L-type VGCCs does not interfere with formation and basic properties of neuron-glia synapses. Furthermore, neuronal communications require primarily intracellular Ca2+ rise via Ca2+ permeable AMPARs or voltage-gated Ca2+ channels as well as extracellular K+ depolarization. To investigate the L-type VGCC contributing to neuronal activities, we evaluated neuronal plasticity reflected by LTD and LTP in the hippocampus. Both hippocampal LTD and LTP were impaired after deletion of Cav1.2 and Cav1.3 in NG2 glia, indicating L-type VGCC as key regulators in modulating neuronal networks. However, the underlying mechanism still appears enigmatic. We hypothesize that NG2 glia could modulate neuronal plasticity by secreting specific growth factors or cytokines and making fast feedback to neurons, initiated by intracellular Ca2+ rise though the activation of L-type VGCCs.

In summary, this work utilizes the simultaneous removal of L-type VGCC subtypes Cav1.2 and Cav1.3 to investigate the functional roles of NG2 glia. We could show the contribution of Cav1.2 and Cav1.3 in regulating the proliferation of NG2 glia. Ca2+ influx into NG2 glia through the activation of L-type VGCCs could consequently contribute to modulate neuronal activities.
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Supplementary Figure 1 | NG2 glia still differentiate into oligodendrocytes in mutant mice after conditional Cav1.2/Cav1.3-gene ablation. (A–D) Mutant cells exhibited immunoreactivity to PDGFRα or CC1 in the corpus callosum (CC) and somatosensory cortex (sCTX) of CTL and dKO mice after tamoxifen administration. Scale bars = 10 μm. (E) The recombination efficiency of CAG-EGFP reporter mice. (F,G) The percentages of Pα+ GFP+ and CC1+ GFP+ cells were in the CC and CTX between controls and dKO mice.

Supplementary Figure 2 | (A) Epifluorescent images of immunostainings against MBP (red) and nuclear DAPI (blue) staining in controls and mutant mice. Scale bar = 500 μm. (B) Quantification of MBP fluorescent intensities in different brain regions of mutant mice and controls during development. (C,D) Stimulus responses (C) of myelinated axons (N1) and non-myelinated axons (N2) and axon conduction velocity (D) estimated by compound action potential (CAP) recordings in the CC.

Supplementary Figure 3 | Ablation of Cav1.2 and Cav1.3 did not affect myelin structures in spinal cord and optic nerve. (A–D) Confocal images showing immunostaining against Caspr and MBP in the spinal cord (SP, A,B) and optic nerve (OP, C,D) of control and dKO mice. (E) Lengths of paired paranodes were quantified in the spinal cord. Each datapoint represents one mouse. (F) Lengths of paired paranodes determined in the optic nerve.
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The term glia describes a heterogenous collection of distinct cell types that make up a large proportion of our nervous system. Although once considered the glue of the nervous system, the study of glial cells has evolved significantly in recent years, with a large body of literature now highlighting their complex and diverse roles in development and throughout life. This progress is due, in part, to advances in animal models in which the molecular and cellular mechanisms of glial cell development and function as well as neuron-glial cell interactions can be directly studied in vivo in real time, in intact neural circuits. In this review we highlight the instrumental role that zebrafish have played as a vertebrate model system for the study of glial cells, and discuss how the experimental advantages of the zebrafish lend themselves to investigate glial cell interactions and diversity. We focus in particular on recent studies that have provided insight into the formation and function of the major glial cell types in the central nervous system in zebrafish.
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INTRODUCTION


The Importance of Glia

Although originally characterised as bystanders to neuronal function by Virchow in 1846, constituting the “glue” of the nervous system (Somjen, 1988), the possible roles of glia in supporting efficient nervous system function have since been vastly explored. It is now well established that glial cells are important throughout life, with recent research highlighting their significant contributions to nearly all aspects of nervous system function (Barres, 2008; Allen and Lyons, 2018). Since their initial description over a century ago, glial cells have been investigated in many diverse model organisms, each providing distinct strengths, with many aspects of glial biology highly conserved across species from invertebrates to humans (Freeman and Doherty, 2006; Lyons and Talbot, 2015; Shaham, 2015; Zuchero and Barres, 2015; Jäkel and Dimou, 2017; Yildirim et al., 2019). Here, we focus on the contribution of the zebrafish as a model organism to investigate the development and function of the major glial cell types in the vertebrate central nervous system (CNS), from radial glial cells, Müller glial cells, astrocytes, oligodendrocyte progenitor cells (OPCs) and oligodendrocytes (OLs) through to microglia.




THE ADVANTAGES OF ZEBRAFISH TO STUDY GLIAL CELLS

The zebrafish is well suited to follow the highly dynamic activities of glial cells, their interactions with other cells, and the molecular mechanisms that control their formation and function throughout life. This is because of a number of distinct advantages of the zebrafish as a vertebrate model system [as reviewed by Lieschke and Currie (2010) and Stewart et al. (2014)]. The small size of adult zebrafish (a few cm long) and their relatively quick life cycle (embryo to sexually mature adult in circa 2–3 months) make zebrafish a cost-effective model organism to maintain in large numbers. Secondly, the external development of zebrafish allows access to embryos from the single-cell stage, including for microinjections, e.g., for early genetic manipulation (Driever and Stemple, 1994; Kawakami et al., 2004). Additionally, the larval zebrafish remains optically transparent for the first weeks of its life, which enables molecules, cells and tissues of interest to be non-invasively imaged within the animal (Swinburne et al., 2015; Bin and Lyons, 2016). Furthermore, despite an analogous generation time when compared to rodents, zebrafish embryos develop very rapidly compared to other models, growing from a fertilised egg to a freely swimming larval fish which displays complex behaviours within a few days of egg fertilisation (Orger and De Polavieja, 2017). This rapid development, coupled with the fact that female zebrafish can produce hundreds of eggs at a time, facilitate large-scale screens on thousands of embryos and larvae over days to weeks. Also, and very importantly, zebrafish have a well conserved genome with other vertebrates (Howe et al., 2013). However, unlike other vertebrates, zebrafish have many duplicated genes following an additional whole genome duplication event in their ancestry (Howe et al., 2013). Despite this, zebrafish exhibit many conserved molecular mechanisms underpinning cellular physiology through to animal behaviour, including regulation of glial cell development (Jadhav et al., 2009; Goldman, 2014; Lyons and Talbot, 2015; Mathews and Appel, 2016b; D’Rozario et al., 2017; Jurisch-Yaksi et al., 2020). Together these properties allow the study of glial cells as they colonise the nervous system of the zebrafish in the first weeks of embryonic-larval life.


Tools to Study Glial Cells and Their Cell-Cell Interactions in vivo

A major goal in the field of glial cell research is to understand the cellular behaviour and complex interactions of glia with other cell types, and how these combine to affect overall circuit formation and function. Zebrafish provide the opportunity to directly observe glial cell dynamics and cell-cell interactions in vivo over time in the living organism without the need for invasive surgical techniques, which are typically required for analogous analyses in other systems such as murine models (Hill et al., 2018; Hughes et al., 2018). High resolution imaging of fluorescently labelled glial cells of interest can be carried out in the optically transparent zebrafish larvae over the first 1–2 weeks of life, as glial cells populate the CNS (Lyons and Talbot, 2015; Preston et al., 2019; Figure 1). At yet later stages, live in vivo imaging can be carried out using zebrafish with mutations in pigment genes such as golden, nacre and casper (Lister et al., 1999; Lamason et al., 2005; White et al., 2008).
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FIGURE 1. A summary of key glial cells of the zebrafish central nervous system and their timeline of development.


Advances in the development of fluorescent reporters means that morphological and functional characteristics of glial cells can be examined within the zebrafish [exemplified throughout and reviewed in Bin and Lyons (2016), Czopka (2016), and D’Rozario et al. (2017)]. These enable intricate processes such as OPC migration and proliferation (Kirby et al., 2006), myelin sheath formation and growth (Klingseisen et al., 2019), and the dynamic behaviour of microglia (Casano et al., 2016), to be investigated at high resolution in real time in vivo. In addition, reporters of cell state and function have become available, e.g., those with pH and ion sensitivity, which have enabled investigation of glial cell activity including Ca2+ activity in astrocytes (Chen et al., 2020), OPCs (Marisca et al., 2020), and myelinating oligodendrocytes (Baraban et al., 2018; Krasnow et al., 2018), the phagocytic properties of microglia (Peri and Nüsslein-Volhard, 2008; Hughes and Appel, 2020), and even functional activity of entire populations of neurons (Kim et al., 2017; Vanwalleghem et al., 2020) and glia (Baraban et al., 2018; Mu et al., 2019), including as they interact (Diaz Verdugo et al., 2019). In addition, various photo-activatable reagents are available and can allow, for example precisely timed glial cell ablation (Auer et al., 2018), or stimulation of migration (Sieger et al., 2012; Piller et al., 2021). Furthermore, integration of microscopy and behavioural platforms now enables in depth characterisation of glial cells during specific behaviours. For example, arenas wherein zebrafish are presented with virtual reality visual stimuli can now be used to measure neuronal and glial cell activity using optical methods that span from single cell resolution, through to brain-wide analyses of entire cell populations (Engert, 2012; Ahrens et al., 2013; Cong et al., 2017), providing invaluable insight into neural-glia control of circuit function in a live animal (Diaz Verdugo et al., 2019).



Genetic Screening and Investigation

Another major goal in glial cell research is to identify genes required for their development, function and cell-cell interactions. One of the principal ways this has been investigated in the zebrafish is through the use of forward genetic screens, which provides a means for unbiased discovery of gene function. Briefly, adult animals (males in zebrafish) are exposed to mutagens to create random heritable mutations in the genome, with later generation offspring screened for phenotypes of interest, followed by identification of the causative lesion to link phenotype and genotype (Patton and Zon, 2001; Lyons and Kegel, 2019). Although initial forward genetic screens were carried out in invertebrate model organisms such as Caenorhabditis elegans and Drosophila melanogaster (Nüsslein-Volhard and Wieschaus, 1980; Brenner, 2003), innovative work by Streisinger et al. (1981) in the 1980s demonstrated that forward genetic strategies were also feasible in the zebrafish. In the 1990s large-scale mutagenesis-based forward genetic screens were carried out by the Nüsslein–Volhard and Driever laboratories, and highlighted the power of the zebrafish as a model for gene discovery in vertebrates (Driever et al., 1996; Haffter et al., 1996). Since these pioneering screens, which identified hundreds of mutations disrupting numerous biological processes, several dedicated forward genetic screens have been carried out to investigate genes essential for glial cells, including those regulating OPC, oligodendrocyte and microglial cell formation and function (Kazakova et al., 2006; Pogoda et al., 2006; Peri and Nüsslein-Volhard, 2008; Mathews et al., 2014; Mazaheri et al., 2014; Meireles et al., 2014; Shiau et al., 2014; Kearns et al., 2015; Shen et al., 2016; Villani et al., 2019). We will highlight recent insights throughout this piece and, for further information, we direct readers to the following reviews (Lawson and Wolfe, 2011; Kegel et al., 2019). In the now classic three generation forward genetic screen, following mutagenesis of male zebrafish, animals are crossed with female zebrafish to generate a cohort of first generation individuals carrying unique random mutations. These animals are used to seed a second generation, which nowadays often involves combining with transgenic reporters with fluorescently labelled cells or structures of interest to allow for facile screening of third generation offspring for disrupted phenotypes (Lyons and Kegel, 2019). Given the genetic tractability of zebrafish, it is now possible to select from many available stable transgenic lines which specifically label glial cells [e.g., Kirby et al. (2006), Jung et al. (2010), Preston et al. (2019), Chen et al. (2021), Marisca et al. (2020), Wu et al. (2020)]. Furthermore, mutations in potential glial cell-regulating genes can be investigated in the context of the entire circuit by studying effects on complex forms of neuronal activity or behaviours such as specific swimming patterns, or sensorimotor behaviours including escape responses or prey capture, which are displayed in zebrafish within just a few days of egg fertilisation (Bianco et al., 2011, 2015; Mcclenahan et al., 2012). Developments in genome and RNA sequencing now enable more rapid and accurate identification of the causative lesions that underlie phenotypes than following early screens (Bowen et al., 2012; Henke et al., 2013).

Alongside forward genetic screens, the use of reverse genetic approaches to interrogate specific genes of interest have provided insight into glia in zebrafish, presenting a complement to mutagenesis-based screening approaches. Unlike forward genetic screens, wherein random mutations are induced in the genome, reverse genetic approaches utilise the genetic tractability of the zebrafish to apply targeted approaches to investigate specific gene function. One of the most popular techniques initially used to interrogate gene function in zebrafish utilised synthetic morpholino antisense oligonucleotides (MOs), which either block mRNA splicing or protein translation (Nasevicius and Ekker, 2000). These tools provided fundamental insights into the development of glial cells in zebrafish, particularly with respect to investigating the conservation in zebrafish of genes known to regulate glial cell development in mammals e.g., Park et al. (2002, 2004). However, although MOs provide a straightforward means to inhibit gene function, they have a number of limitations including off-target effects, variable gene knockdown and depleted efficiency over time, meaning great care must be taken in their use (Stainier et al., 2017). As for essentially all model organisms, the employment of recently discovered gene targeting approaches have revolutionised genetic analyses of zebrafish. For example, genetic knock out or knock in zebrafish can now be efficiently generated using Zinc finger nuclease (ZFN) technology, transcription activator-like effector nucleases (TALENS), and most recently, and most extensively, CRISPR/Cas9-based strategies [for reviews see Huang et al. (2012), Gaj et al. (2013), Ma and Liu (2015), Liu et al. (2017, 2019), Cornet et al. (2018), and Hans et al. (2021)].

The efficiency of new reverse genetic technology is continually improving, enabling more rapid investigation of genes for glial function. One example of this is the use of CRISPR/Cas9 strategies that can now be utilised to reliably induce somatic mutations with high efficiency in F0 embryos, called “crispants.” These significantly increase the speed with which genetic manipulations can be investigated (Keatinge et al., 2021; Klatt Shaw and Mokalled, 2021; Kroll et al., 2021), which can allow the investigation of duplicated genes, those with potentially redundant functions and even multiple pathways in parallel. From a practical view, these technologies reduce the personnel and space requirements of mutagenesis-based forward genetic screens, thereby allowing scalable investigation of gene function by most laboratories. Despite the efficiency of constitutive gene targeting in zebrafish, cell-type specific analyses of gene function is more technically challenging. A long-standing method to assess cell autonomous vs. non-autonomous gene function in zebrafish has been the creation of genetic chimeras by cell transplantation, which has been used to assess the roles of various factors in zebrafish glia, but is a method most suited to the analysis of single cell behaviour, given its chimeric nature (Lyons et al., 2009; Monk et al., 2009; Perlin et al., 2011; Mensch et al., 2015). Another approach widely used in the field is the expression of specific genes under the control of cell type specific drivers, e.g., the expression of wild-type genes on a mutant background, or the expression of dominant negative or constitutively active forms of genetic regulators, which has also provided insight into glial function in zebrafish (Supplementary Table 1). More recently, the creation of cell type specific knockout zebrafish using CRISPR-based strategies has also been carried out (Ablain et al., 2015), and strategies to do so are accumulating and show great promise. Although additional work remains to optimise such approaches for widespread analysis of candidate function in a cell type specific manner, they have already been utilised to provide insight into glial cell specific gene function in zebrafish (Chen et al., 2020; Marshall-Phelps et al., 2020). Complementary molecular approaches to profile cells including RNA sequencing, which is well established in zebrafish (Mazzolini et al., 2019; Wheeler et al., 2019; Farnsworth et al., 2020; Marisca et al., 2020) and, more recently, spatial transcriptomics, which is being optimised for use in zebrafish (Holler et al., 2021; Okochi et al., 2021), provide invaluable platforms for future investigation of the molecular basis of glial cell function in the zebrafish.

In parallel to forward and reverse genetic approaches to assess gene function, the field of optogenetics has revolutionised neuroscience by allowing researchers to take control of the functional firing and signalling properties of neurons and glial cells (Warden et al., 2012; Cho et al., 2016; Kato et al., 2019; Mu et al., 2019; Lee et al., 2020). A principal set of tools in optogenetics are light-sensitive ion channels, which can be activated to control the electrical activity of cells. Given the ease of transgenesis, small size and optical clarity of zebrafish embryos and larvae, it is no surprise that numerous optogenetic actuators have been employed in zebrafish, principally to assess neuronal circuit function (Antinucci et al., 2020). Furthermore, the emergence of various methods to influence signalling pathways in a light-inducible manner (Arrenberg et al., 2009; Buckley et al., 2016; Harris et al., 2020; Mruk et al., 2020) with readouts of many aspects of cellular function, provides exciting opportunities for future study of glial cells, and the importance of neuron-glia interactions in circuit function in zebrafish.



Chemical Screening

As well as their advantages for genetic screening, zebrafish also provide a platform for drug discovery in a vertebrate model. Their rapid external development, small size (head to tail length of larvae with all major glial cell types present circa 5 mm long), and ability to absorb compounds through their skin, allows simple drug administration to live animals, enabling testing of thousands of compounds, even in multi-well plate format (Macrae and Peterson, 2015). Furthermore, the use of zebrafish enables multiple readouts of drug effects. These include simple phenotypic assessment of general health, development, organ growth and cardiovascular function. Additionally, behavioural readouts can be used to determine drug toxicity, alongside specific transgenic reporters for more in-depth cellular analysis. Since their first use in zebrafish, chemical screens have identified many promising compounds for various biological processes, with several taken to clinical trials [reviewed in Patton et al. (2021) and references therein]. In the context of glial biology, chemical screening based approaches have been utilised to identify compounds to enhance oligodendrogenesis and myelination (Buckley et al., 2010; Early et al., 2018), regulators of astrocytic function (Wheeler et al., 2019) and glial regulators of nerve regeneration (Bremer et al., 2017). Indeed, the investigation of glial cells in the context of regeneration and disease is now intensely investigated across models (Hamon et al., 2016; Cayre et al., 2021) and is a burgeoning aspect of research (Franklin et al., 2020; García-García et al., 2020; Eastlake et al., 2021; Hammond et al., 2021; Schirmer et al., 2021) that will form the basis of future reviews. In this piece, however, we will focus on the larger body of work that to date has investigated the development of glial cells in zebrafish, and begun to investigate their fundamental functional roles in the healthy nervous system.




GLIAL CELLS IN THE ZEBRAFISH; ORIGINS, DIFFERENTIATION AND FUNCTION

Studies in zebrafish have provided insights into glial cells of the CNS, peripheral nervous system (PNS) and indeed those that lie at and play essential roles at the boundary of the CNS and PNS. Insights into how zebrafish have informed our understanding of peripheral and boundary glia have been reviewed elsewhere (Kucenas, 2015; Monk et al., 2015; Ackerman and Monk, 2016; D’Rozario et al., 2017; Fontenas and Kucenas, 2018; Muppirala et al., 2020) and so we will focus this review on the major glial cells of the CNS summarised in Figure 1.


Glia of the Zebrafish Central Nervous System


Radial Glial Cells

The first cells in the zebrafish to emerge with glial characteristics are radial glial cells which develop with the formation of the neuroepithelium from approximately 10 hours post fertilisation (Kim et al., 2008). Like other vertebrates, radial glial cells in the zebrafish are classified by their characteristic radial processes, which span from the basal to the apical (ventricular) surfaces of the neuroepithelium. Indeed, radial cells with glial characteristics represent the major progenitor cell of the early developing CNS, which can both self-renew and give rise to differentiated cell types, first to neurons, and later to oligodendrocyte progenitor cells, and then to astrocytes (Lyons and Talbot, 2015; Jurisch-yaksi, 2020). In mammals, following developmental neurogenesis and throughout the majority of the neuraxis, most radial glial cells ultimately detach from the ventricular zone, losing their radial morphology and subsequently contributing to the generation of bona fide astrocytes (Kriegstein and Götz, 2003). In other regions of the mammalian CNS, radial glia adopt heterogeneous states with various potentials to contribute to new cell generation throughout life (Götz et al., 2015; Falk and Götz, 2017). In the zebrafish however, neurogenesis is much more protracted and can, in principle, occur throughout the majority of the neuraxis throughout life (Kroehne et al., 2011; Kyritsis et al., 2012; Jurisch-Yaksi et al., 2020). Mirroring this capacity to serve as progenitor cells throughout life, a large proportion of radial glia in zebrafish retain their radial morphology life-long. In addition some radial glia appear to transition into a state with more specialised functions analogous to mammalian astrocytes. For example, both zebrafish radial glial cells and mammalian astrocytes share expression of the water transport protein aquaporin-4 and glutamate transporter Eaat2b, suggesting that they may conduct similar functions including regulating CNS water homeostasis and levels of neurotransmitters in the extracellular space (Grupp et al., 2010; McKeown et al., 2012; Papadopoulos and Verkman, 2013). Indeed, more recent studies have shown that some radial glial-like cells adopt gross morphological and functional features that overlap with those of mammalian astrocytes (Mu et al., 2019), and yet others appear to differentiate into bona fide astrocytes as discussed in the “Radial Astrocytes” and “Astrocytes” sections and summarised in Figure 2 below.
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FIGURE 2. Key characteristics and functional properties of zebrafish and mammalian astrocytes. For simplicity we refer to astrocytes as cells with a radial morphology, or those which have adapted a morphology akin to radial astrocytes. The use of “…” refers to areas of astrocyte biology which require further investigation.




Müller Glial Cells

In the mammalian CNS, additional glial cells with radial morphologies are known to be present in specific brain areas, e.g., Bergmann glia in the cerebellum and Müller glia in the retina, the latter of which have been extensively investigated in zebrafish. The vertebrate retina consists of six principal neuronal cell types and one primary glial cell, the Müller glial cell. Müller glial cells have a radial morphology (akin to radial glia) and extend over all three retinal layers, giving them the ability to contact neurons, maintain homeostasis and influence retinal structure (Goldman, 2014). Several developmental regulators which control the highly complex radial morphology of Müller glia cells and their even spacing throughout retinal layers have been identified in the zebrafish by utilising CRISPR based screening (Charlton-Perkins et al., 2019). Interestingly, a number of these appear to be highly conserved across species (Fairchild et al., 2018), suggesting that Müller glia morphogenesis is regulated by highly conserved differentiation programmes. Genes including pax2a, itga5, itga6 and itgb1a, as well as those in the nephrins and cadm gene families have been prioritised as interesting candidates for further future investigation (Charlton-Perkins et al., 2019).

Under normal conditions Müller glial cells have several conserved functions across model organisms, including recycling neurotransmitters, maintaining ionic balance and interacting with retinal microglial cells. For example, mammalian Müller glia, like their radial glial counterparts, express glutamate transporter EAAT2, and expression of Eaat2 orthologs is also observed in zebrafish Müller glia (Niklaus et al., 2017), which mediates removal of excess glutamate released from photoreceptor synapses, implying conservation in the roles of these cells across vertebrates. Indeed, when Eaat2a was depleted in zebrafish larvae, reduced electroretinographic responses were recorded (Niklaus et al., 2017), supporting the conclusion that Müller glia can influence synaptic function in the zebrafish, as in mammals. Furthermore, Müller glia have been shown to play an essential role in maintaining the tissue integrity of the retina, as retinas in zebrafish lacking Müller glia cells tear apart due to reduced tensile strength (MacDonald et al., 2015).

Similar to radial glial cells, Müller glia have been shown to be highly regenerative in response to injury in zebrafish as Müller glia cells can regenerate neurons, as well as all major retinal cell types (Powell et al., 2016; Sifuentes et al., 2016; Wan and Goldman, 2016). In contrast, Müller-glia derived progenitors in mammalian models have a more limited capacity to regenerate different cell types (Goldman, 2014). Therefore, future studies investigating the differences between mammalian and zebrafish Müller glia cells will be essential to determine the signalling pathways that are essential for efficient retinal repair.

The range of roles carried out by Müller glia cells in the retina highlights the functional diversity of glial cells with radial morphologies in different regions of the CNS. In the zebrafish, many distinct markers have been used to identify different radial glial cell populations (Bernardos and Raymond, 2006; Cuoghi and Mola, 2009; Farnsworth et al., 2020), with some cell morphologies and functions displaying characteristic biology assigned to radial glial cells whilst others are more reminiscent of astrocyte-like cells.



Radial Astrocytes

Studies in mammals have made it entirely clear that astrocytes are potent regulators of various aspects of neural circuit formation and function (Freeman, 2010; Clarke and Barres, 2013; Stogsdill and Eroglu, 2017; Dallérac et al., 2018; Farhy-Tselnicker and Allen, 2018; Perez-Catalan et al., 2021; Sancho et al., 2021). Astrocytes play a number of essential roles in the mammalian nervous system including modulating synapse formation, pruning, and physiology (Chung et al., 2015; Farhy-Tselnicker and Allen, 2018). Additionally, astrocytes can metabolically support the CNS, with extensive interactions with the vasculature and most major cell types of the CNS, including neurons, OPCs, oligodendrocytes and microglia (Clemente et al., 2013; Chung et al., 2015; Allen and Eroglu, 2017; Nutma et al., 2020). Reflecting their multiple roles, mammalian astrocytes have a complex morphology with an array of cellular processes that make connections with a host of these cellular targets (Allen and Lyons, 2018). However, the extent to which astrocyte-like cells with such complex morphology exist in zebrafish, or contribute to neural circuit structure and function was, until recently, quite unclear. In a tour de force study, Mu et al. (2019) showed that radial glial/astrocyte-like cells with complex morphologies do indeed exist in zebrafish and play an important role in neural circuit computations. In this study cells with both a radial process and an endfoot at the ventricular surface also had a huge network of cellular processes in synaptic regions. By whole-brain in vivo imaging of calcium transients of these cells as well as neurons while zebrafish were executing a specific behaviour, the authors were able to ascribe a role for these radial astrocytes in circuit computations (Mu et al., 2019). In this study, Mu and colleagues investigated the mechanisms of futility-induced passivity, or giving-up behaviour, which is a behaviour employed by many animals to conserve energy in-between high-activity phases (Warden et al., 2012; Andalman et al., 2019). Zebrafish elicit a visuomotor behaviour called the optomotor response to stabilise their position in the moving currents of river water, e.g., to not be swept downstream in a river upon an increasing current (Orger et al., 2000; Vladimirov et al., 2014). This response can be recapitulated experimentally in a virtual reality system by projecting moving bar patterns to the fish to simulate water flow and, in response, zebrafish elicit forward swims to stabilise their position relative to the moving bars. In one iteration of this experimental paradigm, animals are actually head-restrained using agarose while the bar patterns are projected and fictive swimming is induced, which can be assessed by electrophysiological recording of motor output. Sensory feedback corresponding to this measured fictive motor output is then provided back to the animal by way of adjusting the moving bar pattern. However, the experimenter can change the sensory feedback by altering the moving bar patterns. For example, if one simply keeps the bars moving at the same speed, i.e., not adjusted in line with the fish’s predicted motor output, the fish will have the “experience” of being swept along by the virtual current, despite its attempts to stabilise its position. After a certain period (tens of seconds) with such feedback, animals “give-up” on this apparently futile behaviour, hence the term futility-induced passivity.

By carrying out whole-brain light-sheet imaging of calcium activity in effectively all brain neurons, together with that of radial astrocytes during futility-induced passivity, the authors showed that while the activity of certain specific neurons decreased upon the switch to giving up, radial astrocyte activity in specific brain regions increased, and in fact proceeded, both the decrease in neuronal activity and the switch in behaviour. This implicated radial astrocytes in driving the giving up behaviour. The causal role of radial astrocytes in regulating both neuronal activity and the switch to the passive state was investigated in numerous complementary manners, using optogenetic, chemogenetic, pharmacological and cell-ablation based manipulations of radial astrocytes (Mu et al., 2019). Although the precise circuit mechanisms remain to be fully defined, this study provides direct evidence that radial astrocytes can integrate and in turn regulate neuronal activity and behaviour in a living vertebrate. Even though the cells whose activity was imaged in this study were referred to as radial astrocytes it remained unclear what proportion of these astrocyte-like cells actually retained a radial-like morphology. Given the historical lack of documentation of cells with a truly astrocytic (star-like) non-radial morphology in anamniotes, it was assumed that essentially all such cells may retain a radial morphology and thus a hybrid radial glial/astrocytic state. However, a very recent study has shown that this is not necessarily the case and that cells with definitive astrocyte-properties exist in fish (Chen et al., 2020) (Figure 2).



Astrocytes

It is important to note that the study of glial cells in zebrafish remains of relatively modest volume compared with that of mammalian models, and until the advent of transgenic reporter tools, approaches to visualise glial cell morphology in zebrafish typically relied on a restricted number of antibody-based labelling approaches (Grupp et al., 2010). Therefore, the fact that cells with a bona fide astrocyte nature had not been identified reflected more absence of evidence than evidence of absence. Indeed, it was a breakthrough in transgenic reporter technology that unlocked the evidence for astrocytes in zebrafish. Starting with an in situ hybridisation screen of candidate astrocyte markers from the mammalian literature, Chen et al. (2020) selected the glutamate aspartate transporter (Glast) as a strong candidate maker of astrocytes in zebrafish. Upon making transgenic constructs and stable reporter lines using glast regulatory sequence, Glast expressing cells were shown to have a number of similarities to mammalian astrocytes (Figure 2). Using live in vivo imaging Chen and colleagues first demonstrated that zebrafish Glast-expressing cells transform in morphology from radial glial cells into cells that display complex morphologies akin to mammalian astrocytes (Figure 2). Furthermore, Glast-expressing cells display tiling behaviours, in order to maximise CNS coverage, similar to mammalian astrocytes (Bushong et al., 2002) (Figure 2). Using the glast regulatory sequence to drive expression of a genetically encoded indicator defined patterns of Ca2+ activity highly characteristic of those seen in mammals (Nett et al., 2002; Wang et al., 2019) were observed (Figure 2), which importantly were shown to be sensitive to regulation by norepinephrine, as in mammals (Ding et al., 2013; Paukert et al., 2014). Additionally, Glast-expressing cells in the zebrafish expressed glutamine synthetase in their somata and processes, which is also enriched in mammalian astrocytes and is known to be essential for neuronal interactions (Norenberg and Martinez-Hernandez, 1979). Interestingly, astrocyte-like Glast-expressing cells in the zebrafish spinal cord were also found to closely associate with synapses, identified utilising the presynaptic vesicle glycoprotein 2A, suggesting that zebrafish astrocytes may play an important role in mediating synaptic formation and function (Figure 2). Given the large body of literature indicating that astrocytes regulate effectively all stages of synapse formation and function in mammals (Chung et al., 2015; Farhy-Tselnicker and Allen, 2018), it will be important to determine to what extent this is true in zebrafish (Figure 2). For example, given their close proximity to synapses, similar to astrocytes in mammalian models (Stogsdill et al., 2017), it is possible that zebrafish astrocytes may play a role in the clearance of ions and neurotransmitters from the extracellular space, and potentially also in gliotransmission. Given the power of zebrafish for investigation of cell structure, function and interactions at sub-cellular resolution, one can envision future studies that combine high resolution imaging of glial cells with functional imaging of neuronal and synaptic activity during the execution of specific behaviours, to explore the regulation of synaptic formation and function by astrocytes in zebrafish. One area of increasingly obvious importance from studies in mammals is that of heterogeneity with respect to subtypes and states of astrocytes (Oberheim et al., 2012; Poskanzer and Molofsky, 2018; Bellini et al., 2019), which will also be important to investigate in zebrafish by combining molecular profiling studies with the advantages of visualising cell structure and function in vivo using zebrafish in health, and ultimately also in disease-relevant experimental paradigms.



Oligodendrocyte Lineage Cells


Oligodendrocyte Progenitor Cells

In addition to astrocytes and neurons, radial glial cell progenitors can also produce OPCs. OPCs (also known as NG2 cells) are an abundant group of progenitor cells in the CNS throughout life, which are principally known for their ability to generate myelinating oligodendrocytes (Mitew et al., 2014) (Figure 3). OPCs and oligodendrocytes are, to date, the most extensively studied glial cell lineage in zebrafish, with the focus having been on their formation and functions in the embryonic hindbrain and spinal cord. The majority of such early born OPCs in the zebrafish initially derive from the progenitor of motor neuron (pMN) domains of the ventral CNS, as in mammals (Lu et al., 2002; Park et al., 2002; Zhou and Anderson, 2002; Shin et al., 2003; Lamason et al., 2005; Li et al., 2007; Kucenas et al., 2008). Later in development, OPCs and oligodendrocytes in the zebrafish and other vertebrates colonise the entire brain (Richardson et al., 2006; Bergles and Richardson, 2016), but because these have been much less extensively studied in zebrafish we will focus on studies which have investigated the development of OPCs from the pMN domain.
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FIGURE 3. Key characteristics and functional properties of zebrafish and mammalian OPCs and oligodendrocytes. The use of “…” refers to areas of OPC/oligodendrocyte biology which require further investigation.



Oligodendrocyte Progenitor Cell Specification

As in mammals, pMN progenitors in zebrafish initially generate motor neurons, then switch to producing OPCs in a process tightly regulated by a collection of transcription factors, signalling molecules and extracellular cues. For example, various transcription factors including Olig2 and Nkx2.2, and signalling pathways including Hedgehog have all been shown to have important conserved roles in OPC specification in zebrafish and mammals (Lu et al., 2000, 2002; Park et al., 2002; Kirby et al., 2006; Sun et al., 2006; Li et al., 2007; Kucenas et al., 2008; Lyons and Talbot, 2015) (Supplementary Table 1). More recently, mechanisms of Sonic hedgehog signalling regulation were investigated by Scott et al. (2020) who explored the effects of transcriptional repressor prdm8 on OPC specification. By live in vivo imaging they show that pMN cells in prdm8 mutant embryos have elevated Sonic hedgehog signalling and prematurely switch from motor neuron to OPC production (Scott et al., 2020). Intriguingly, Prdm8 was also shown to influence the fate of oligodendrocyte lineage cells, as prdm8 mutant embryos have increased numbers of oligodendrocytes but lack sufficient OPCs. Together, this suggests that the morphogen Sonic hedgehog plays an important role in controlling the timing of OPC specification in zebrafish (Ravanelli and Appel, 2015; Scott et al., 2020). Similarly, the Notch canonical signalling pathway also influences the timing of the pMN domain progenitor differentiation switch from motor neurons to OPCs. This has been shown in zebrafish where reduced Notch activity induced excess formation of primary motor neurons and reduced numbers of OPCs (Appel et al., 2001; Supplementary Table 1). In contrast, constitutive Notch activity promoted OPC production (Appel et al., 2001; Supplementary Table 1). Complementing this study, Snyder et al. (2012) found that disrupting fbxw7, a ubiquitin ligase that targets Notch for degradation, results in excess OPC production (Supplementary Table 1). Taken together, these data suggest that Notch signalling tightly regulates the timing of the pMN progenitor differentiation switch, and therefore plays a central role in OPC specification.

Concomitant with their specification, OPCs in zebrafish and mammals delaminate from the neuroepithelium and migrate towards their axonal targets. One interesting candidate which has been identified in zebrafish to affect the timing of neuroepithelial delamination to OPCs in the zebrafish is the microRNA mir-29, which can regulate the expression of the polarity genes pard3 and prkci (Hudish et al., 2013; Supplementary Table 1). How OPCs are specified in other regions of the neuraxis and at later stages, will require ongoing analyses, and in particular the way in which radial-glial-like progenitors present in zebrafish can give rise to OPCs following injury or demyelination awaits in-depth analyses ahead of comparison with mammals.



Oligodendrocyte Progenitor Cell Proliferation and Migration

Following delamination from the neuroepithelium OPCs in mammals proliferate extensively and migrate widely to take up positions throughout the parenchyma in which they both continue to proliferate and also adopt specialised functions, including the generation of myelinating oligodendrocytes (Figure 3). In contrast, at the stages and regions principally studied to date in zebrafish, OPCs have a relatively small volume to colonise. Indeed, the total distance that OPCs migrate from the pMN domain in the ventral spinal cord to nearby ventral axonal tracts where oligodendrocytes first differentiate is on the order tens of microns with dorsal regions of the hindbrain or spinal cord remaining only 100–200 μm from the pMN domain. These small distances mean that the OPC population doesn’t undergo a huge degree of expansion through proliferation and migration at early embryonic stages. To what extent principles of OPC population expansion and migration observed in mammals, e.g., whereby OPCs follow the brain vasculature to migrate over long distances (Tsai et al., 2016), are conserved in fish will require analyses at later stages and in other regions of the CNS when and where migratory routes are longer and, likely more complex. Nonetheless, several cell-cell interactions, as well as specific molecular factors have been identified that influence both OPC proliferation and migration in the developing zebrafish (Supplementary Table 1).

For example, OPC proliferation appears to be responsive to the density of axons fated for myelination in the embryonic zebrafish CNS, with OPC proliferation reduced in a mutant that lacked axons fated for myelination in the posterior spinal cord, Almeida and Lyons (2016). One set of axonal signals known to regulate many aspects of the oligodendrocyte lineage in mammals, including OPC proliferation, are those associated with neuronal activity (Geraghty et al., 2019). Indeed, a recent study has indicated that neuronal activity also influences OPC proliferation in the zebrafish where a pharmacologically-induced increase in neural activity resulted in increased OPC proliferation (Marisca et al., 2020). Although the axonal signals (activity-related or not) that regulate OPC proliferation in zebrafish await identification, receptors on oligodendrocytes that influence proliferation have been uncovered (Supplementary Table 1). In addition to proliferation, neuronal activity has also been implicated in regulating OPC migration in mammals (Harlow et al., 2015) and recently it was found that disruption to the AMPA receptor subunit GluR4A (encoded by gria4a) expressed on OPCs impaired migration in zebrafish (Piller et al., 2021) (Supplementary Table 1).

Following migration to their target regions, OPCs undergo a set of cell-cell interactions to demarcate the space in which they will ultimately reside. During this tiling behaviour OPCs continuously extend and retract processes to sample their environment and appear to be highly influenced by contact with surrounding OPCs, whereby contact between distinct OPCs appears to induce repulsion of contacting processes (Kirby et al., 2006). Indeed, when a single or small group of OPCs are ablated, nearby OPCs increase cell division to replenish numbers, fill the space, and reinitiate tiling behaviours (Kirby et al., 2006). This appears to be a largely conserved mechanism between species, given that similar observations were made in the cortex of mature mice, where neighbouring OPC processes exhibited contact-mediated withdrawal, and increased proliferation following damage to neighbouring OPCs (Hughes et al., 2013). Recently, in a mouse model, the molecular mechanism for this OPC-OPC interaction was proposed (Chavali et al., 2020), conservation of which remains to be tested in zebrafish, but appears likely, given the remarkable similarity in associated cell behaviour across species.



Oligodendrocyte Progenitor Cell Diversity

The broadly accepted view of OPCs is that they are principally sources of myelinating oligodendrocytes. However, it is now becoming clear that OPCs can exhibit a diverse array of functions beyond their roles in making myelinating oligodendrocytes (Harrington et al., 2020; Akay et al., 2021; Clayton and Tesar, 2021) (Figure 3).

The existence of OPCs with potentially distinct fates was first investigated in zebrafish by Kucenas et al. (2008), who showed that OPCs that express the transcription factor Nkx2.2a, an ortholog of rodent Nkx2.2, typically differentiate into myelinating oligodendrocytes, whereas OPCs that do not express nkx2.2a mostly remain as non-myelinating OPCs. The fate of distinct zebrafish OPCs was recently investigated further in a study that combined fate mapping of individual OPC clones, morphological characterisation of their dynamic behaviour by time-lapse microscopy, and associated single cell RNA sequencing (Marisca et al., 2020). This study confirmed the existence of two discrete groups of OPCs in the zebrafish spinal cord, those with cell bodies located within axonal tracts and those with cell bodies surrounded by the cell bodies of other cells, principally neurons (Marisca et al., 2020). Interestingly, OPCs with cell bodies located in the axon-dense areas tended to directly generate myelinating oligodendrocytes, whereas those with cell bodies in neuron/soma-rich areas tended to self-renew and remain relatively stable, although these cells could also generate the OPCs that moved to axon-rich areas. These two OPC types displayed both unique branching morphologies and very different patterns of calcium activity and interactions with axons. Interestingly, and perhaps surprisingly, OPCs with their cell bodies within the neuron-rich areas had higher levels of calcium activity, but yet infrequently differentiated, despite having extensive processes that made very stable contact with axons. Interestingly and correspondingly, these OPCs had a molecular signature of being responsive to neuronal activity, and it was these cells whose proliferation was responsive to changes in activity noted earlier (Marisca et al., 2020). This suggests that although neuronal activity can regulate OPC proliferation, it may not, directly at least, influence oligodendrocyte differentiation.

The function of OPCs beyond their generation of oligodendrocytes has been hard to experimentally disentangle, but has recently been investigated in zebrafish, by taking advantage of the presence of abundant OPCs in a brain area, the optic tectum, that does not become myelinated in the developing larva. The optic tectum is the largest retino-recipient brain structure in zebrafish, receiving input from a large proportion of retinal ganglion cell axons and is analogous to the superior colliculus in mammals. Upon arrival at the tectum, distinct retinal ganglion cell axons enter specific tectal layers where they make precise connections with defined tectal neuron dendrites (Erskine and Herrera, 2007). To investigate a potential role for OPCs in connectivity with target neurons, Xiao et al. (2021) ablated tectal OPCs and found that this resulted in enlarged axonal arbors in the tectum and branching of retinal ganglion cell axons beyond the tectal neuropil where target dendrites are located. Indeed, live imaging implicated OPCs in regulating axonal pruning/remodelling in vivo, which had previously been predicted by in vitro studies in mammals (Goldberg et al., 2004). Very interestingly, ablation of tectal OPCs in zebrafish also resulted in impairments to visual function. Recent investigation in rodent models suggest that OPCs can engulf axons in mammals (Buchanan et al., 2021), and even directly modulate neuronal activity (Sakry et al., 2014). Given the availability of reporters to label OPCs as well as synaptic and neuronal activity in zebrafish, it will be possible to directly and more deeply interrogate how OPCs affect both neuronal structure and function in vivo using zebrafish. As well as determining the currently unrecognised roles of OPCs in larval zebrafish, another exciting area of future study will be determining the functions of OPCs in the adult zebrafish brain (Tsata et al., 2020), both in health and disease.



Oligodendrocyte Differentiation

The process of oligodendrocyte differentiation from OPCs is one that can occur by default in the absence of axonal signals (Zeller et al., 1985; Lee et al., 2012; Bechler et al., 2018), upon the activation of gene expression programmes that ultimately converge on building the myelin sheath [reviewed in Czopka and Lyons (2011), Bergles and Richardson (2016), and D’Rozario et al. (2017)]. This default differentiation programme appears to be conserved in vivo in zebrafish, as evidence by relatively unaltered oligodendrocyte differentiation observed in mutants with a large reduction in axons fated for myelination (Almeida and Lyons, 2016). As observed in mammals, there appears to be a critical period following differentiation in which oligodendrocytes either commit to myelination, or undergo cell death (Takada and Appel, 2010; Almeida and Lyons, 2016). In general, the molecular regulation of oligodendrocyte differentiation and initiation of myelin gene expression appears well conserved with mammals (Supplementary Table 1). For example, the lysosomal transcription factor Tfeb was recently identified through a forward genetic screen in zebrafish as a negative regulator of myelination, whereby its abrogation leads to premature and excess myelination (Meireles et al., 2018). In parallel, mice lacking TFEB in oligodendrocytes were also found to exhibit precocious and excessive myelination (Sun et al., 2018). In the mouse this was found to be mediated, at least in part, by reduced cell death of newly generated oligodendrocytes. It remains to be determined precisely to what extent the molecular control of oligodendrocyte survival and myelination are distinct or overlap downstream of Tfeb, and how Tfeb and other major transcription factors co-operate to control oligodendrocyte differentiation.



Myelination by Oligodendrocytes

Similar to other vertebrates, zebrafish oligodendrocytes make multiple myelin sheaths on many axons upon differentiation (Figure 3), and although some differences in components have been noted the overall molecular composition and ultrastructural nature of myelin in zebrafish and mammals appears broadly similar (Jahn et al., 2009, 2020; Czopka and Lyons, 2011; Preston and Macklin, 2015; Czopka, 2016; Siems et al., 2021) (Figure 3). By live imaging of oligodendrocytes in zebrafish over time using transgenic reporters, Czopka et al. (2013) found that individual cells initiate formation of essentially all of their sheaths within a matter of hours following the initiation of the first sheath, pointing to a restricted period in which oligodendrocytes have to select axons for myelination. Following the selection of axons, the process of myelination continues via wrapping of the innermost layer of the myelinating process around and along the axon in a spiralling manner (Snaidero et al., 2014; Nawaz et al., 2015). Following the initial dynamic period of their formation, most sheaths are maintained over time, except for occasional sheath retractions (Czopka et al., 2013; Auer et al., 2018). Whereas initial myelin sheath formation occurs over a matter of hours, imaging studies indicated that subsequent wrapping-based sheath growth occurs over several days, before slowing down and growing in step with the overall growth of the tissue (Auer et al., 2018).

But how are specific axons selected for myelination and why do oligodendrocytes avoid other axons, and indeed other cellular targets for myelination? Almeida et al. (2018) recently found that the relative abundance of oligodendrocytes and axons fated for myelination influences targeting, given that in mutants with fewer axons fated for myelination or in animals with excess oligodendrocytes, oligodendrocytes made myelin around inappropriate targets including neuronal cell bodies. In contrast to myelinating neuronal cell bodies, oligodendrocytes in animals with fewer axons fated for myelination do not myelinate incorrect axons, suggesting more stringent mechanisms preventing their myelination, likely a combination of typically being of smaller axon calibre and expressing inhibitory signals (Klingseisen and Lyons, 2018). Following a forward genetic screen in zebrafish, it was subsequently found that the cell adhesion molecule Neurofascin functions in oligodendrocytes to prevent inappropriate myelination of cell bodies, a mechanism conserved in rodents (Klingseisen et al., 2019). This finding was also made in a parallel study, which implicated the neuronal partner of oligodendrocyte Neurofascin, Contactin1, in mediating correct myelin targeting (Djannatian et al., 2019). Studies in zebrafish have also indicated that certain axons can positively influence myelination (Almeida et al., 2011; Nelson et al., 2020), with many studies now demonstrating that neuronal activity can influence myelination (Nave and Werner, 2014; Baraban et al., 2016; Swire and ffrench-Constant, 2018; Williamson and Lyons, 2018). Studies in zebrafish have contributed to this, with evidence that blocking synaptic vesicle release from all neurons reduces the number of myelin sheaths made by oligodendrocytes and increasing activity increases sheath number (Mensch et al., 2015). Correspondingly, experiments in which the synaptic vesicle release of only some axons was affected indicated that myelination is biased towards higher activity axons (Hines et al., 2015; Koudelka et al., 2016), but interestingly that this only remains true of certain neuronal subtypes (Koudelka et al., 2016), a feature that has more recently also been shown to be true in rodents (Yang et al., 2020).

The mechanisms by which vesicle release regulates myelination was recently investigated by live-cell imaging a transgenic reporter (SypHy) that allows assessment of vesicular release along axons together with a reporter that allows assessment of myelination along the same axons. Somewhat surprisingly, it was found that axonal synaptic vesicle fusion increases upon myelination, and in fact requires myelination. Upon myelination, axonal vesicular fusion becomes enriched adjacent to sites of myelin sheath formation, where it becomes increased upon increasing neuronal activity, which in turn promotes myelination. This led to a feedforward model of activity-regulated myelination, whereby myelination stimulates the localised axonal vesicular release that in turn consolidates myelin sheath growth along axons (Almeida et al., 2021). Although the various molecular mechanisms that regulate the axonal vesicular release remain to be determined, the cell adhesion molecule N-cadherin has been proposed to mediate the effects of neuronal activity on myelination in zebrafish (Chen et al., 2017), and may do so by influencing vesicular recycling, as has been shown in mammals (Van Stegen et al., 2017). Recent data has also indicated that axons employ mechanisms that consolidate synapse formation in myelination. This was evidenced by observations that oligodendrocytes in zebrafish can localise the postsynaptic scaffold protein Psd95 to myelin sheaths, and that myelination can be dysregulated by interfering with molecules involved in synapse organisation (Hughes and Appel, 2019; Supplementary Table 1), also seen in mammals (Elazar et al., 2019). In addition to direct signalling between axons and myelinating processes, recent studies have also shown that neuronal activity can influence myelination indirectly, including through regulation of endothelin signalling from the vasculature, which influences myelin sheath production by oligodendrocytes in an Endothelin receptor B dependent manner in both fish and mice (Swire et al., 2019). Future studies will be required to elucidate the potentially multiple activity related axonal signals that influence myelination and the receptors on myelinating processes or on intermediate cells that mediate these effects.

Although the mechanisms of activity-regulated myelination remain to be fully disentangled, two parallel studies in zebrafish indicated that they may influence specific codes of Ca2+ activity in myelin sheaths, that in turn affect myelination. By live imaging individual myelin sheaths, distinct modes of Ca2+ activity were found to prefigure either myelin sheath retractions or myelin sheath elongation (Baraban et al., 2018; Krasnow et al., 2018). Global inhibition of neuronal activity indicated that roughly half of the calcium transients in myelin sheaths were regulated by neuronal firing (Krasnow et al., 2018). A causal role for localised myelin Ca2+ in mediating myelination was evidenced by the finding that localised Ca2+ dependent Calpain protease activity was responsible for driving myelin sheath retractions, Baraban et al. (2018) and that manipulating free Ca2+ levels influenced sheath elongation (Krasnow et al., 2018). How the firing patterns of individual neurons influences distinct Ca2+ activities in myelin sheaths remains to be determined, but is likely to be experimentally tractable in zebrafish by combining optogenetic control of neuronal activity with analyses of corresponding myelin responses. Another mechanism that has been proposed to influence myelination downstream of neuronal activity is that of the local translation of proteins, including myelin structural proteins such as myelin basic protein at the axon-myelin interface (Wake et al., 2011). It has been known for some time that oligodendrocytes transport mRNAs encoding myelin proteins to their distal myelinating processes (Colman et al., 1982), and a forward genetic screen in zebrafish revealed that such mRNA transport in oligodendrocytes is dependent on the kinesin motor protein Kif1b (Lyons et al., 2009). A more recent study has shown that neuronal activity can affect the regulation of mRNAs within myelin sheaths in zebrafish, and that specific 3′UTR elements in mbp mRNA regulate its localisation and local translation (Torvund-Jensen et al., 2018). To further investigate the mechanisms that regulate mRNA localisation to myelin sheaths, Yergert et al. (2019) tracked mRNAs as they were transported in vivo in the zebrafish. In doing so, distinct 3′UTR elements were identified which direct mRNA to areas of active sheath growth. This study also showed that additional mRNAs have conserved 3′UTR sequences, which appear to drive their localisation to myelin sheaths, including the mRNA encoding the RNA binding fragile X mental retardation protein FMRP, fmr1 (Yergert et al., 2019). The importance of fmr1 in directing sheath growth has also been demonstrated in zebrafish, whereby oligodendrocytes lacking fmr1 have shorter myelin sheaths (Doll et al., 2020), a phenotype that will be important to pursue in the context of understanding circuit function and relevance to developmental disorders.

In addition to mechanisms potentially related to activity-regulated myelination, studies in zebrafish have also provided insight into fundamental cell biology of myelination by oligodendrocyte in the CNS. Live imaging studies in zebrafish placed actin as a major regulator of sheath wrapping, as in mammals (Nawaz et al., 2015; Zuchero et al., 2015), and more recently this has been shown to be influenced by the p21-activated kinase 1 (Pak1) in zebrafish (Brown et al., 2021). In parallel to its role in influencing myelin targeting, oligodendrocyte Neurofascin has been shown to support the growth of myelin sheaths along axons, likely through its interaction with axonal Caspr (Klingseisen et al., 2019). In addition to the regulation of the growth of individual myelin sheaths, the total amount of myelin made by oligodendrocytes is an important factor, and one that has been shown to be regulated by the akt-mtor pathway (Mathews and Appel, 2016a), under the influence of the ubiquitin ligase Fbxw7 (Kearns et al., 2015), a factor that when absent can lead to Schwann cells in the peripheral nervous system myelinating multiple axons like oligodendrocyte through an unknown mechanism independent of its control of Mtor (Harty et al., 2019). Perhaps surprisingly, it remains unclear how the overall production of myelin is regulated over time, an area important for investigation in the future.




How Does Myelin Affect Circuit Function?

Myelin sheaths are well known to facilitate rapid action potential propagation along axons, through their lipid-rich, multilamellar composition (Nave and Werner, 2014; Stadelmann et al., 2019), their physiology (Suminaite et al., 2019), and their role in organising key ion channels along axonal subdomains, such as nodes of Ranvier (Sherman and Brophy, 2005; Stassart et al., 2018). In addition, myelin sheaths are thought to represent a conduit for the metabolic support of axons by oligodendrocytes, which has also been proposed to regulate axonal function and integrity (Nave, 2010; Nave and Ehrenreich, 2018) (Figure 3). Furthermore, the fact that myelination can be modified by neuronal activity (Figure 3), and that changes in myelination can affect conduction, has led to the hypothesis that activity regulated myelination may contribute to nervous system plasticity (Fields, 2015; Chang et al., 2016; Almeida and Lyons, 2017; Monje, 2018; Suminaite et al., 2019). The zebrafish offers a unique opportunity to investigate these questions. The first steps towards investigating how CNS myelin in zebrafish affected neural circuit function were however only recently investigated by Madden et al. (2021) in a mutant with disrupted myrf, myelin regulatory factor, which affected axonal conduction and zebrafish behaviour. They found that Myrf was required for normal myelination in the CNS (Supplementary Table 1), as in rodents (Bujalka et al., 2013), and that zebrafish myrf mutants displayed reduced action potential conduction velocity and have a decreased ability to sustain high frequency action potential firing. To assess the effects of these changes in circuit function on behaviour zebrafish startle responses were studied, which displayed an increased latency to perform startle responses and an aberrant behavioural choice upon sensory stimulation (Madden et al., 2021). Although much remains to be discovered, this study highlights the potential of the zebrafish to integrate electrophysiological protocols with live in vivo imaging and behavioural assays, which could also be combined with functional imaging of neuronal and circuit activity to fully interrogate how myelination affects neuronal function and circuit plasticity.




Microglia


Microglia Formation

Microglia are the resident immune cells of the central nervous system (Ransohoff and Cardona, 2010) (Figure 4). Recent genetic tracing, live cell imaging and transcriptomic sequencing data has revealed two waves of microglial development within the zebrafish (Xu et al., 2016; Ferrero et al., 2018; Wu et al., 2020) (Figure 1). The first wave originates from a population of primitive macrophages in the yolk sac (Herbomel et al., 2001; Ginhoux et al., 2010; Schulz et al., 2012). These migrate to the hematopoietic tissue [the rostral blood island (RBI)], and then from peripheral tissues to the optic tectum during early embryonic development (Herbomel, 1999). A second wave, which derives from hematopoietic stem cells from the ventral wall of the dorsal aorta replaces the original population later in development (Ferrero et al., 2018; Wu et al., 2020; Silva et al., 2021). A number of conserved transcription factors have been shown to be required for microglia development in zebrafish and mammalian models including Pu.1 and Irf8 (Rhodes et al., 2005; Li et al., 2011; Shiau et al., 2015) (Supplementary Table 1). Additionally, studies in the zebrafish have identified factors essential for the infiltration of yolk sac derived macrophages into the brain. For example, the receptor for macrophage-colony- stimulating factor (Csf1r), has been shown to be essential for microglia migration, as loss of function mutations in both paralogs which encode this receptor induce a complete loss of microglia in the developing zebrafish brain (Herbomel et al., 2001; Wu et al., 2018) (Supplementary Table 1), similar to findings in mammals (Ginhoux et al., 2010). Further dissection of the role of Csf1r using fate-mapping have identified distinct roles for the distinct paralogs of the csf1r gene in the zebrafish (Braasch et al., 2006); csf1ra and csf1rb. Whereas csf1ra is important for the initial developmental wave, and later microglia maintenance in the adult zebrafish brain, csf1rb has been shown to be essential for colonisation of the CNS by the second microglial wave (Ferrero et al., 2021).
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FIGURE 4. Key characteristics and functional properties of zebrafish and mammalian microglia. The use of “…” refers to areas of microglial biology which require further investigation.


Further studies have also highlighted an essential role for Xpr1, a phosphate exporter, in microglial colonisation of the brain (Meireles et al., 2014), where disruption of both paralogs reduces microglial number in the CNS (Supplementary Table 1). However, unlike the csf1r paralogs which independently impair microglial number, xpr1b appears to play a much more fundamental role in microglial function than xpr1a which was not required for microglial formation. Like the csf1ra mutants, xpr1b mutants do have a primitive macrophage population but, unlike the csf1ra mutation, even after migration into the brain these cells fail to differentiate into microglia, even in later larval developmental stages. Also deriving from a forward genetic screen for genes that regulate microglial formation was the identification of the Nod-like receptor Nlrc3-like gene as being essential for microglial infiltration to the brain. Interesting, Nlrc3l appears to function to downregulate excessive inflammation, whereby mutants exhibited hugely increased inflammation and aggregation of primitive macrophages in the yolk and vasculature preventing their migration to the brain (Shiau et al., 2014) (Supplementary Table 1), bringing up important questions on how peripheral inflammation can regulate CNS microglia, a topic of increasing broad interest.

Upon entry into the CNS, differentiation of microglia is classified based on up-regulation of apoE, downregulation of l-plastin and a ramified cell morphology (Herbomel et al., 2001), which can be regulated via a number of signalling pathways (Yang et al., 2021). Recent work indicates that the process of microglial precursor colonisation of the zebrafish CNS is promoted by programmed neuronal cell death, a normal aspect of early nervous system development in vertebrates (Nijhawan et al., 2000; Dekkers et al., 2013). Interestingly, recent studies in the zebrafish have shown a direct link between the numbers of neurons undergoing apoptosis in different CNS regions and the level of microglial infiltration into them. This was demonstrated by Xu et al. (2016) who showed that inhibition of neuronal cell death reduces the number of microglial precursors which enter the optic tectum in the developing zebrafish. To investigate the signals which may mediate this process, Casano et al. (2016) utilised a photoconvertible protein expressed in microglia to track the progress of microglia in a system with inducible neuronal cell death. Enhanced infiltration of microglia into specific regions with significant neuronal apoptosis was shown to be mediated by nucleotide-mediated chemotaxis, which has also been reported in murine studies (Haynes et al., 2006), where nucleotide release is associated with cell or tissue damage. Taken together these data demonstrate that neuronal apoptosis mediates microglial CNS infiltration into specific regions, which is used during zebrafish development to colonise the CNS and influence microglia number.



Functional Roles of Microglia

The process by which microglia engulf dying neurons has been investigated in the zebrafish by time-lapse imaging (Peri and Nüsslein-Volhard, 2008). Neuronal engulfment is reliant on combined interactions between Tim-4 and Bai1, two phosphatidylserine receptors on the microglial surface (Supplementary Table 1). Specifically, Bai1 is involved in phagosome formation and transport whilst Tim-4 is necessary for phagosome stabilisation via actin polymerisation (Mazaheri et al., 2014). Once phagocytosed, the Rag-Regulator complex is essential in the formation of lysosomes and efficient digestion of neuronal debris (Shen et al., 2016). Further investigations have added to the list of phagocytic signals that could prompt engulfment of dying neurons by microglial cells in the zebrafish including lysophosphatidylcholine, a phospholipid known to be released from apoptotic neurons (Xu et al., 2016) which is also a potent chemoattractant for microglia in rodents.

But how can microglia coordinate their migration towards phagocytic targets, and how are microglia recruited long distances throughout the CNS? One candidate signalling pathway, which has been shown to facilitate long range migration of microglia to damaged neurons is calcium signalling. Utilising a targeted laser neuronal ablation approach to damage neurons in the brains of larval fish expressing calcium reporters in microglia Sieger et al. (2012) observed rapid calcium waves which determined the direction and magnitude of the microglial response, as killing fewer neurons resulted in shorter range Ca2+ waves and migration of local microglia only. Furthermore, preventing the formation of such Ca2+ waves or chelating extracellular Ca2+ reduced microglia migration to sites of damage, suggesting that Ca2+ signalling plays an essential role in neuronal-microglial interactions. But how could neuronal signalling influence the generation of Ca2+ waves within microglia? Interestingly, the generation of Ca2+ waves was found to be dependent on glutamate and NMDA-receptor signalling, which may facilitate communication between neuronal and microglial cells in a number of physiological as well as disease/injury situations, given that microglial contacts with neurons have been shown to be affected by neuronal activity (Hughes and Appel, 2020). Microglia have also been implicated in synapse formation and function including synaptic pruning and removal of inappropriate synaptic contacts in mammals, which is a normal aspect of vertebrate development. In the zebrafish the contribution of glia to synapse formation, strengthening and pruning is far less extensively studied than in mammals, and remains an exciting area for future research. That being said, there is evidence to suggest that microglia in the zebrafish may play important roles in synaptogenesis. For example, a recent study from Silva et al. (2021) describe a novel subpopulation of synapse-associated microglia present in the midbrain and hindbrain. Synapse-associated microglia express the complement gene C1qc, a known protein which also regulates synaptic engulfment by microglia in rodents (Stevens et al., 2007; Hong et al., 2016), which could suggest that it may mediate similar functions in the zebrafish.

Microglia can also regulate homeostatic neuronal activity in zebrafish. This was explored in a study by Li et al. (2012) who integrated in vivo imaging of microglial cells, whole-cell electrophysiology recording, and glutamate uncaging. By monitoring microglial morphology, process dynamics and neuronal activity they showed that local increases in neuronal activity attracted microglial processes, which contacted the somas of highly active neuronal cells. Once microglia-neuron contacts were established after about 5 min this contact downregulated spontaneous activity in the neuron, which remained at a low level for at least 7 min even after the interaction. Further mechanistic investigation showed that this process was dependent on pannexin-1 hemichannels on the neuronal soma, triggering the release of signals which attract microglia via activation of the small Rho GTPase Rac in resting microglia (Li et al., 2012). Intriguingly, a recent study utilising a mouse model has provided further evidence that microglia may mediate negative feedback mechanisms to protect the brain from excessive activity, highlighting a conserved feature of microglia biology across species (Badimon et al., 2021). Together these results raise fascinating questions about the roles of microglia in regulating neural excitation in the healthy CNS, the potential roles of microglia at synapses, and the effects these may have on neuronal function if such interactions become perturbed in disease.

Interestingly, neuronal regulation of microglial function has recently been demonstrated to include microglial phagocytosis of non-neuronal cells. For example, microglia have recently been proposed to be capable of phagocytosing myelin sheaths during development. Similar to synapses and neurons, more myelin sheaths are initially produced in development than are eventually maintained over time. Whilst much of this was demonstrated to be driven by oligodendrocytes retracting myelin sheaths, as visualised in vivo in the zebrafish, Hughes and colleagues have recently described a contribution of microglia to developmental myelin sheath elimination. By studying the interactions of microglia with myelinated axons, they observed close association of microglia with both neuronal somas and myelinated regions of the axon (Hughes and Appel, 2020). Very interestingly, in animals with fewer microglia, individual oligodendrocytes had a greater number of myelin sheaths, without any significant effect on oligodendrocyte number, directly implicating microglia in the control of myelination by single oligodendrocytes (Hughes and Appel, 2020). This data raises a number of questions regarding the potential impacts of microglia in life long myelin plasticity and refinement of neural circuit structure and function, which await investigation. Microglia remain in the CNS throughout life with the ability to quickly transition into distinct functional states. Given that recent gene expression profiling studies have shown larval zebrafish microglia to have a conserved microglia signature in vivo compared to other model organisms, this places the zebrafish in a central position for future study of these cells (Mazzolini et al., 2019), in the healthy nervous system, but also in various disease modelling contexts, which are becoming established in zebrafish.






DISCUSSION

The current landscape of zebrafish glial research is an exciting one given the rapid advances in genetic manipulation strategies, imaging techniques, probes for labelling, fluorescent reporters, ablation techniques, optogenetics, drug screening and the ability to integrate many of these whilst also studying behavioural responses. Additionally, advances in cell type specific investigation of gene function, and platforms to simultaneously investigate glial and neuronal function within the context of behavioural outputs will, no doubt, place the zebrafish in a central position for future investigation of glial cells in health and disease.

Recent research has highlighted the diversity of functions played by glia in the zebrafish, and how their similarities with other model organisms can be used to identify conserved biological pathways. Moreover, differences between the highly regenerative zebrafish and other organisms provide a useful comparison where novel pathways with potential implications in repair can be investigated. Given the range of essential roles that glia perform in development, circuit function and lifelong maintenance of the healthy nervous system, it follows that disruption to glia, or changes to the functional roles which they play can characterise disease. The zebrafish, as a model organism, is emerging as a popular choice to study glial cells in disease and regeneration. For example, the roles of glial cells in epileptic seizures, brain tumours, degenerative disease, remyelination, peripheral nerve regeneration, retinal regeneration, and spinal cord repair are now being studied in zebrafish models of disease (Mokalled et al., 2016; Sifuentes et al., 2016; Karttunen et al., 2017; Chia et al., 2018, 2019; Frøyset et al., 2018; Saleem and Kannan, 2018; Diaz Verdugo et al., 2019; Neely et al., 2020). Given the applications of zebrafish to investigate glial cells throughout life, in disease and for screening applications we believe that this makes for exciting future research into glial cell function to complement that in other models.
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Children who survive cardiac arrest often develop debilitating sensorimotor and cognitive deficits. In animal models of cardiac arrest, delayed neuronal death in the hippocampal CA1 region has served as a fruitful paradigm for investigating mechanisms of injury and neuroprotection. Cardiac arrest in humans, however, is more prolonged than in most experimental models. Consequently, neurologic deficits in cardiac arrest survivors arise from injury not solely to CA1 but to multiple vulnerable brain structures. Here, we develop a rat model of prolonged pediatric asphyxial cardiac arrest and resuscitation, which better approximates arrest characteristics and injury severity in children. Using this model, we characterize features of microglial activation and neuronal degeneration in the thalamus 24 h after resuscitation from 11 and 12 min long cardiac arrest. In addition, we test the effect of mild hypothermia to 34°C for 8 h after 12.5 min of arrest. Microglial activation and neuronal degeneration are most prominent in the thalamic Reticular Nucleus (nRT). The severity of injury increases with increasing arrest duration, leading to frank loss of nRT neurons at longer arrest times. Hypothermia does not prevent nRT injury. Interestingly, injury occurs selectively in intermediate and posterior nRT segments while sparing the anterior segment. Since all nRT segments consist exclusively of GABA-ergic neurons, we asked if GABA-ergic neurons in general are more susceptible to hypoxic-ischemic injury. Surprisingly, cortical GABA-ergic neurons, like their counterparts in the anterior nRT segment, do not degenerate in this model. Hence, we propose that GABA-ergic identity alone is not sufficient to explain selective vulnerability of intermediate and posterior nRT neurons to hypoxic-ischemic injury after cardiac arrest and resuscitation. Our current findings align the animal model of pediatric cardiac arrest with human data and suggest novel mechanisms of selective vulnerability to hypoxic-ischemic injury among thalamic GABA-ergic neurons.
Keywords: cardiac arrest, thalamic reticular nucleus, GABA-ergic interneuron, microglia, neuronal degeneration, hypoxia, ischemia, reperfusion
INTRODUCTION
Cardiac arrest affects 12–18,000 children each year in the United States alone (Donoghue et al., 2005). It contributes to ∼30% of all pediatric deaths (Fink et al., 2016) and is a leading cause of brain injury in children (Graves et al., 1997; Maryniak et al., 2008; Ichord et al., 2018). No current treatments are available. Multiple treatment approaches have shown benefit in animal models of pediatric cardiac arrest, yet none has been translated into clinical practice. Even therapeutic hypothermia, with its broad molecular and physiologic impact, has failed to improve neurologic outcomes in pediatric cardiac arrest (Moler et al., 2015; Moler et al., 2017). A different approach to bridge the bench-bedside divide is needed.
One of the difficulties in translating findings in animal models to humans is the disparity in the severity of injury. Traditionally, animal models of cardiac arrest have focused on relatively mild injury with targeted survival >90%. Yet, in humans, cardiac arrest survival is <10% (Fink et al., 2016; Yan et al., 2020). Arrest times in animal models are short (7–9 min) compared to those observed in humans (∼11 ± 2 min) (Young et al., 2004; Herlitz et al., 2005; Herlitz et al., 2007; Goto et al., 2014; Tijssen et al., 2015). Long-term behavioral deficits in animal cardiac arrest survivors are relatively mild, comprised of learning and memory impairments on common laboratory tasks (e.g. Morris water maze) (Neumann et al., 2013). Yet, 50% of human cardiac arrest survivors experience severe neurologic deficits such as paralysis, spasticity (Scheibe et al., 2020), seizures and disorders of consciousness (Lim et al., 2004; Maryniak et al., 2008; Moler et al., 2015). Thus, in order to effectively test therapeutic strategies in pre-clinical cardiac arrest models, injury severity in animals must better approximate severity observed in humans.
An additional confounding factor has been historical focus on the delayed death of hippocampal CA1 neurons (Kirino, 2000). While this focus yielded several candidate mechanisms of cellular injury after hypoxia-ischemia-reperfusion (Neumann et al., 2013), therapies targeting these mechanisms have rarely been assessed in other neuronal populations susceptible to injury. Indeed, the very nature of neuronal populations affected by the more severe insult is less well characterized in animal models (Hogler et al., 2010). In humans, on the other hand, there is substantial evidence from MRI studies that deeper brain structures such as the basal ganglia and the thalamus are susceptible to hypoxic-ischemic injury (Fink et al., 2020; Vanden Berghe et al., 2020).
Thalamic injury in particular may have a profound effect on post-arrest recovery and neurologic function. Conscious perception of all senses, except olfaction, requires processing and relay of information from the thalamic sensory nuclei to the cerebral cortex. Decision making requires intact corticothalamic loops involving the mediodorsal thalamus (de Kloet et al., 2021). Attention (Wells et al., 2016) and sleep (Halassa et al., 2011) require an intact thalamic reticular nucleus. Even in the absence of overt cortical injury, isolated thalamic injury, as seen in necrotizing thalamic encephalitis (Wong et al., 2006) and in thalamic strokes (Fritsch et al., 2021), leads to dismal neurologic outcomes. We have previously demonstrated evidence of long-term thalamocortical circuit dysfunction after a relatively mild cardiac arrest during development (Shoykhet et al., 2012; Aravamuthan and Shoykhet, 2015; Shoykhet and Middleton, 2016; Middleton et al., 2017). Hence, a clear need exists for understanding which populations of thalamic cells are most susceptible to injury, the specific cellular mechanisms involved in injury to these populations, and the functional consequences of such injury.
Here, we develop a model of prolonged pediatric asphyxial cardiac arrest in developing rats with ischemia times and post-arrest physiologic disturbances matching those observed in children. We then characterize microglial activation and neuronal degeneration in the thalamus 24 h after resuscitation as a necessary first step towards understanding how injury to thalamic microglial and neuronal circuits contributes to post-arrest neurologic deficits.
METHODS
Animals
All experimental procedures involving animals were approved by the Institutional Animal Care and Use Committee at Washington University School of Medicine. Long Evans rats (Envigo, IL) at postnatal days (PND) 17–19 (day of birth = PND 0; n = 14) were used in the experiments. Rat brain development at this age corresponds roughly with that of a 2–4 years/old child (Semple et al., 2013), allowing us to model pediatric cardiac arrest outside of the neonatal period but still within the time window for ongoing brain maturation. Rats were housed with their mother in a temperature- and humidity-controlled environment with free access to water and food. The animals underwent 11 min (n = 3/3/3 arrested/resuscitated/survived 24 h), 12 min (n = 4/4/3 arrested/resuscitated/survived 24 h), 12.5-min + hypothermia (n = 6/5/5 arrested/resuscitated/survived 24 h) asphyxial cardiac arrest or sham (n = 3/3 sham surgery/survived 24 h) intervention. The animals were randomized by means of a sealed envelope. Histochemical and immunohistochemical experiments were performed on these groups 24 h after injury or sham treatment. The goal of this study is to characterize early neuronal degeneration as opposed to delayed neuronal death observed 3–7 days after injury (Tang et al., 2010; Shoykhet et al., 2012) This time point was chosen based on prior experiments as the earliest at which neuronal degeneration may be observed (Shoykhet et al., 2012). We used both male and female rats. The experimenter was blind to the injury status of the rats during image and statistical analyses.
Cardiac Arrest and Resuscitation
We further extended a previously described rat model of pediatric asphyxial cardiac arrest to produce severe injury comparable to that observed in children (Fink et al., 2004; Shoykhet et al., 2012). The ischemia time was lengthened to a maximum of 12.5 min. Prolonged cardiac arrest followed by resuscitation in this model results in ∼ 4–6 h of cardiovascular dysfunction, ∼8–12 h of coma and signs of spasticity observed as early as 12 h post-injury (Aravamuthan and Shoykhet, 2015). Due to injury severity, the resuscitated animals required up to 12 h of post-arrest critical care including invasive mechanical ventilation, continuous fluid and inotropic support, and temperature regulation with a homeostatic heating blanket. Sustained intensive care improved the 24 h survival rate from <50% in preliminary experiments to ∼85% (11/13) in this series.
Figure 1 shows the general workflow for asphyxial cardiac arrest and resuscitation followed by tissue processing. Briefly, PND 17–19 rats were anesthetized with isoflurane in 50/50 O2/N2 mixture, endotracheally intubated and maintained with pressure-controlled, time-cycled mechanical ventilation (Positive End Expiratory Pressure (PEEP) = 5, Peak Inspiratory Pressure (PIP) = 15–18, Rate 70–90 /min, I:E ratio 1:2). Femoral arterial and external jugular venous cannulas were placed for blood pressure monitoring and drug administration, respectively. Needle electrocardiogram (ECG) and electroencephalogram (EEG) electrodes were inserted subcutaneously. Respiratory parameters, arterial blood pressure (ABP), pulse oximetry, ECG, EEG, and end-tidal CO2, were continuously monitored and recorded (PowerLab, ADInstruments, CO). Rectal temperature was maintained at 37.0°C with a homeostatic heating blanket (SurgiSuite, Kent Scientific Corporation, CT). Mechanical ventilation parameters were titrated to maintain normal oxygenation and ventilation as evidenced by arterial blood gas (ABG) measurements before arrest and 10 min after resuscitation (ABL90 Flex, Radiometer). After completion of all surgical procedures, vecuronium (2 mg/kg ip, Teva Pharmaceutical) was used to establish neuromuscular blockade. Two minutes prior to cessation of mechanical ventilation, the ventilator gas mixture was changed to room air (FiO2 = 0.21) to wash out isoflurane and excess oxygen. This anesthetic wash-out period minimizes the confounding effects of isoflurane on neuronal injury and resuscitation. During the wash-out period, EEG was monitored to prevent awakening. One minute into the washout period (i.e. 1 minute prior to arrest), a pre-arrest ABG was obtained to verify adequacy of oxygenation and ventilation. Mechanical ventilation was then stopped to induce asphyxial cardiac arrest. When starting with room air (arterial pO2 60–100 mm Hg), asystole with electro-mechanical dissociation (Pulseless Electrical Activity, PEA) occurs within 40–60 s. At the end of the predetermined period of asphyxia, the rats were resuscitated with mechanical ventilation (FiO2 = 1, PEEP = 5, PIP and rate increased 20% over baseline) and manual chest compressions (∼300 /min). Chest compressions were titrated in real time to target a diastolic blood pressure >20 mm Hg. Epinephrine (0.01 mg/kg iv, Par Pharmaceutical) and NaHCO3 (1 mEq/kg 4) were administered 1 min into the resuscitation and repeated once if no return of spontaneous circulation (ROSC) occurred in the first 2 min of resuscitation. Sham rats underwent all procedures except arrest and resuscitation.
[image: Figure 1]FIGURE 1 | Procedure for asphyxia cardiac arrest and resuscitation experiment following by tissue processing for histological study (A) Timeline and procedure for anesthetic washout, asphyxia, PCR and post-ROSC periods. (B) Experimental procedure for histological staining and analyzing after 24 h after insults. ABP: artery blood pressure; ECG: electrocardiogram; CA: cardiac arrest; CPR: cardiopulmonary resuscitation; ROSC: return of spontaneous circulation; MAP: mean arterial pressure.
Post-Arrest Intensive Care
Ten minutes after ROSC, a post-arrest ABG was obtained. Mechanical ventilation was adjusted as needed and an additional dose of NaHCO3 was given to correct the acidosis. ABP was monitored continuously, and an epinephrine infusion was initiated to maintain MAP >80% of baseline. Epinephrine infusion (0.1–0.8 μg/kg/min) was required for 2–4 h post-arrest to maintain adequate hemodynamics. Rectal temperature was maintained at 37.0°C for normothermic rats and at 34.0°C for rats treated with mild hypothermia. Temperature control was continued until extubation ∼12 h post-arrest. Neurologic status of the animal was monitored via EEG and observation of spontaneous respirations as well as response to gentle whisker stimulation. Post-arrest EEG demonstrated progression from electrical silence to burst suppression to more organized rhythms. Emergence from burst suppression on EEG was followed by initiation of spontaneous breaths and whisker twitch to gentle air puffs. When spontaneous breaths became more frequent, mechanical ventilation was weaned to an assisted pressure-support mode with a back-up rate of 60 min. The back-up rate was weaned gradually until the animal could maintain spontaneous ventilation, often accompanied by frequent yawning. The rat was then extubated to a nose cone supplying blow-by O2. Throughout the weaning process, pulse oximetry was monitored continuously to maintain peripheral hemoglobin O2 saturations >92%.
Histochemistry and Immunohistochemistry
Twenty-four hours after injury or sham operation, rats were deeply anesthetized with 5% isoflurane in 100% oxygen and perfused transcardially with cold PBS followed by 4% paraformaldehyde solution. The brains were left in situ immersed in fixative for an additional 24 h to minimize artifact (Garman, 1990) and then removed and post-fixed for 48 h. The entire cohort of brains was then processed simultaneously using MultiBrain technology (NeuroScience Associates, Knoxville, TN). Brains were sectioned at 40 µm and stained for neuronal degeneration using amino cupric silver (DeOlmos and Ingram, 1971; Switzer, 2000), for microglia using anti-Iba1antibody (FUJIFILM Wako Pure Chemical Corporation, Cat# 019–19,741, diluted 1:12,000), and for inhibitory neurons using anti-Gad67 antibody (AbCam, ab26116, diluted 1:30,000). All antibodies were visualized with Ni(II) diaminobenzidine. Detailed staining protocol from NeuroScience Associates, Inc. is included in Supplementary Material.
Image Acquisition and Statistics
The images were obtained with a Microlucida system (MicroBrightField) with an Axioskop microscope driven stage and an AxioCam MRc camera (Zeiss Microscopy). All imaging was performed in batches where a set of sections representing all groups were processed simultaneously. The stained areas were quantified in FIJI (Schindelin et al., 2012) with uniform scale across all images using The Rat Brain Atlas (Paxinos and Watson, 2007) to visually guide localization of the regions of interest (ROI). Data are presented as individual values with median and interquartile range. One-way ANOVA, nested one-way ANOVA with Dunnett’s multiple comparisons (in Figures 3D–D) and nested t-test (in Figures 6C and Figure 8C) were used as appropriate for statistical analyses. The brain regions with respect to bregma that were examined in all the groups are diagrammed in Figures 3C, Figure 4A, Figure 5 and Figure 8B.
RESULTS
Arrest Characteristics
All resuscitated rats required mechanical ventilation for 8–12 h and epinephrine infusion (max dose 0.8 μg/kg/min) for 2–4 h after resuscitation. Post-arrest whole blood lactate levels obtained 10 min after resuscitation increased with increasing arrest duration (in mg/dL, Sham 1.8 ± 0.6, 11 min 8.0 ± 0.6, 12 min 9.9 ± 1.9, 12.5 min + hypothermia 15 ± 2.4, one-way ANOVA, p < 0.01). Lactate levels in 12 and 12.5 min groups are similar to those observed in humans after cardiac arrest (Topjian et al., 2013).
Injury in the Thalamic Reticular Nucleus After Cardiac Arrest
The most prominent features of thalamic injury in this model of pediatric cardiac arrest and resuscitation are aggregation of activated microglia and neuronal degeneration in nRT 24 h after resuscitation (Figure 2). Severity and spatial extent of microglial activation and neuronal injury in nRT depend on cardiac arrest duration. Iba1 and CuAg staining increased in nRT of all rats that underwent cardiac arrest compared to sham-operated rats (Figure 3). The percent of nRT area covered by Iba1 staining increased as arrest duration increased (11 min CA: 37.83 ± 4.81%, p = 0.139; 12 min CA: 36.69 ± 3.87, p = 0.199; 12.5 min CA: 44.89 ± 3.39, p = 0.0188 vs sham: 19.98 ± 1.69%, Figure 3D). We did not attempt to quantify the number or the morphology of individual Iba1-positive cells in nRT due to near confluence of activated microglia in injured rats (Figures 2, Figure 3A). The percent of nRT area covered by CuAg staining also increased as arrest duration increased (11 min CA: 5.68 ± 0.72, p = 0.79; 12 min CA: 9.76 ± 1.64, p = 0.28; 12.5 min CA + hypothermia: 22.98 ± 2.77, p = 0.0012 vs sham: 2.46 ± 0.50%; Figure 3E). The morphology of CuAg staining demonstrates degeneration of neuronal somata and synaptic terminals in nRT. The number of degenerating nRT neurons identified by CuAg staining increased with arrest duration (11 min CA: 82.30 ± 8.22, p < 0.01; 12 min CA: 132.33 ± 19.03, p < 0.001; 12.5 min CA + hypothermia: 159.50 ± 12.96, p < 0.001 vs sham: 13.33 ± 5.05; Figure 3F, Nested one-way ANOVA with Dunnett’s multiple comparisons). Interestingly, both Iba1 and CuAg staining showed a continued increase in injury severity in the 12.5 min CA group despite use of mild hypothermia. These data suggest that nRT neurons are vulnerable to CA-associated hypoxic-ischemic injury early in the post-arrest recovery process. Furthermore, with arrest times in the rat model approaching those observed in children, mild hypothermia (34°C) does not prevent nRT injury.
[image: Figure 2]FIGURE 2 | Coronal sections of CuAg and Iba1 labeling from sham and CA rats. The whole brain immunohistochemistry labelling Iba-1 and Amino Cupric Silver (CuAg) show the profound neuronal degeneration and microglial activation, respectively, in the specific region within the thalamus from 12.5 min CA compared to sham rats. The black arrows indicate the location of CA-induced injury in the thalamus, nRT.
[image: Figure 3]FIGURE 3 | CA induces pronounced microglial activation and neurodegeneration in the thalamic reticular nucleus (A,B) Representative photomicrographs of Iba1 and Amino Cupric Silver (CuAg) stains in the reticular nucleus 24 h after 11; 12; 12.5 min CA and sham-operated rats (C) Schematic illustration of the reticular nucleus, the blue rectangle indicates the captured in A and B; the blue crescent-shape indicates the analyzed region. (D–F) The bar graphs show percentage of Iba1 stained area, CuAg-stained area, and the number of CuAg-stained cell in the ROI. It can be noted that both Iba1 and CuAg stains in RT from the CA rats show a remarkable increase compared to sham (Nested one-way ANOVA with Dunnett’s multiple comparisons test; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs sham group; Data are presented as individual values with median and interquartile range. Both left and right RT of 2,3 stained slides from each of 3–6 animals/group were analyzed). Scale bars represent 500 μm (low-power images) and 20 μm (high-power images).
Spatial Gradients in nRT Injury After Cardiac Arrest
The entire nRT in rodents comprises solely inhibitory GABA-ergic neurons (Jones, 2002). Anatomically, nRT is organized into anterior, intermediate and posterior segments. Functionally, nRT neurons in these segments process salient (anterior), somatosensory (intermediate) and auditory (posterior) information. Figure 4 shows CuAg- and Iba1-stained sections corresponding to each nRT segment (relative to bregma in mm, anterior -1.56, intermediate—2.28 and posterior—3.48). Neurodegeneration and microglial activation encompassed intermediate and posterior nRT segments while sparing anterior nRT. Using the most severely injured rats (12.5 min arrest + hypothermia), we quantified neuronal degeneration in intermediate nRT using Gad67 staining (Figures 5, 6). In individual rats, presence of CuAg staining correlated with absence of Gad67 staining (Figure 5). Even at this early stage after resuscitation, the number of Gad67+ neurons in intermediate nRT decreased in rats subjected to 12.5 min arrest despite application of hypothermia (Sham 79 ± 6.7, CA: 48 ± 4.1, p = 0.0012, Nested t-test; Figure 6). Finally, we evaluated degeneration in thalamic projection targets of nRT neurons. Anterior nRT projects to the mediodorsal thalamic nucleus (MD), intermediate–to the ventroposteriomedial thalamic nucleus (VPM), and posterior–to the medial geniculate nucleus (MGN). Consistent with degeneration patterns in the nRT, synaptic degeneration was observed in VPM and MGN but not in MD (Figure 7). These data indicate that neurons in intermediate somatosensory and posterior auditory nRT segments appear more vulnerable to CA-induced injury than neurons in the anterior salience segment.
[image: Figure 4]FIGURE 4 | CA-induced microglia activation and neurodegeneration are observed in the posterior and intermediate but not in the anterior RT (A) Schematic identification of anteroposterior position and shape indicated with respect to bregma. The blue box (2000 μm × 1,600 μm) indicates the captured RT segments; the black arrowheads indicate the location of ROI (B,C) Composition of three Iba1-stained (B) and CuAg-stained (C) coronal sections through the anterior, intermediate and posterior of RT from each of the sham; 11 min, 12 min, and 12.5 min + hypothermia CA groups. Scale bar represents 200 µm applied for all images.
[image: Figure 5]FIGURE 5 | Gad67-stained and CuAg-stained sections from the same brain regions of the same representative sham or insult rats (A) The intermediate RT from sham section with lacking silver staining (left) shows prominent Gad67+ neurons while RT from CA section (B) with prominent CuAg+ stain in soma show a remarkable reduction of Gad67+ neurons. Scale bars represent 200 µM.
[image: Figure 6]FIGURE 6 | CA reduces GABAergic interneurons in the RT (A) Coronal Gad67-stained sections at anterior, intermediate and posterior RT from one representative brain in each of sham (upper images) and 12.5 min CA + hypothermia rats (lower images). The blue rectangles (250 × 300 µm) capture the high magnification showed in (B) and analyzed Gad67+ cells in (C). There is statistically significant decrease in the number Gad67-labeled neurons in intermediate RT between CA group compared with sham-operated group (Nested t-test, ∗∗p < 0.01). Data are presented as individual values with median and interquartile range from two to three stained slides from each of three sham and 5 CA animals.
[image: Figure 7]FIGURE 7 | CA-induced synaptic degeneration in sub-areas of thalamic relays. The ROI scheme (left), CuAg stain in sham (middle) and 12.5 min cardiac arrest (right) in the mediodorsal thalamic nucleus (A), ventroposteriomedial (B), and medial geniculate thalamic nucleus (C). Note that the degenerating synapses were seen in both VPM and MGN but not in MD of injured animals.
Lack of Degeneration Among Cortical GABA-Ergic Neurons After Cardiac Arrest
The spatial gradient in cardiac arrest-induced degeneration among nRT neurons suggests that GABA-ergic identity is insufficient to explain their selective vulnerability to hypoxic-ischemic injury. We therefore investigated whether GABA-ergic cortical neurons also decrease in the most severely injured rats (12.5-min cardiac arrest + hypothermia). In three cortical areas examined–motor, somatosensory and auditory–the number of GAD67 + neurons remained unchanged 24 h after resuscitation (motor cortex: Sham 156 ± 4.47, CA 149 ± 4.53, p = 0.518; somatosensory cortex: Sham 149 ± 4.61, CA 152 ± 5.77, p = 0.793; and auditory cortex: Sham 142 ± 9.49, CA 144 ± 4.90, p = 0.746; Nested t-test; Figure 8). These data from the cerebral cortex, together with the lack of degeneration in the anterior nRT, suggest that selective vulnerability of intermediate and posterior nRT neurons to hypoxic-ischemic injury is unlikely to arise simply from their inhibitory identity.
[image: Figure 8]FIGURE 8 | Analysis of GABA-ergic interneurons in the cortex of sham and CA (A) Representative images of Gad67 staining in the sub-regions of cortex from sham (upper images) and CA (lower images). Blue arrows indicate the Gad67-labelled cells counted manually using multi-point function in FIJI (B) Coronal sections at bregma 3.24 mm with regions of interest marked by blue boxes: motor cortex (MC), somatosensory cortex (SS), and auditory cortex (Aud) (C) The graphs show the numbers of Gad67-stained cell with median and interquartile range in the ROIs from three stained slides from three sham and 5 12.5 min CA animals. There is no significant deference in the number Gad67-labeled neurons between CA group compared with sham-operated group (Nested t-test, p > 0.05).
DISCUSSION
We developed a model of severe pediatric asphyxial cardiac arrest, resuscitation and post-arrest intensive care in immature rats. The model approximates features of cardiac arrest in children, including arrest duration and post-arrest metabolic and physiologic disturbances. We then used this model to examine microglial activation and neuronal degeneration in the thalamus 24 h after resuscitation. Thalamic injury at this early time point is most prominent in the thalamic Reticular Nucleus. The injury is characterized by activation and aggregation of microglia and by degeneration of GABA-ergic neurons in the intermediate and posterior nRT segments. The injury is consistent, reproducible and titratable. We found that mild hypothermia fails to prevent neuronal degeneration and microglial activation in nRT at longer arrest durations. These anatomical data agree with the most recent clinical studies in children (Moler et al., 2015; Moler et al., 2017) and in adults (Nielsen et al., 2013) which suggest that compared to controlled normothermia, mild hypothermia does not improve cardiac arrest outcomes. Furthermore, we observed that the injury at this time is specific to a subset of nRT neurons, insofar as GABA-ergic neurons in the anterior nRT segment and in the cerebral cortex are spared at this early time point after arrest. These data identify a novel sub-population of GABA-ergic neurons that are selectively vulnerable to hypoxic-ischemic injury after cardiac arrest, suggest an interaction between these neurons and the surrounding microglia and provide potential targets for therapeutic intervention.
Limitations
Our study has limitations. First, it examined only a single time point—24 h–after resuscitation. It is possible that other thalamic neurons degenerate at later times after arrest, similar to delayed neuronal death observed in the hippocampus 3–5 days after a milder hypoxic-ischemic injury (Pulsinelli et al., 1982; Horn and Schlote, 1992; Kirino, 2000). Second, the 12.5 min arrest + hypothermia group is compared to the 12 min arrest + normothermia (usual care) group. We found in preliminary experiments that rats subjected to 12.5 min arrest + normothermia had unacceptably high re-arrest rates after the initial resuscitation. We infer that injury would have been even more severe in that group. Third, we chose to forego the stereologic approach to counting cells (Gundersen, 1986; Peterson, 1999) because the histologic lesions were obvious and because volumetric estimates of cell density are not the objective of this study. Finally, we used rats in a single age group–PND17-19, and results may differ earlier or later in development.
Selective Vulnerability
Inhibitory neurons as a population are generally thought to be vulnerable to hypoxic-ischemic injury during development. GABA-ergic cerebellar Purkinje cells degenerate after cardiac arrest in animal models (Paine et al., 2012; Au et al., 2015) and in humans (Hausmann et al., 2007). Similarly, Purkinje neurons show histologic and functional deficits in neonatal acute hypoxic-ischemic brain injury (Cervos-Navarro and Diemer, 1991) as well as in chronic hypoxia (Sathyanesan et al., 2018). Neonatal hypoxia-ischemia also results in loss of interneurons in the cerebral cortex (Fowke et al., 2018) and in the striatum (Galinsky et al., 2017). Yet, selective vulnerability may be a feature of specific sub-populations of GABA-ergic neurons rather than a general property of the entire population. Among Purkinje neurons, vulnerability to hypoxic-ischemic injury correlates with lack of expression of aldolase C and EAA4 glutamate transporter (Welsh et al., 2002). Our present data indicate the GABA-ergic neurons in the intermediate and posterior segments of the nRT are more vulnerable than those in the anterior segment. These findings support the hypothesis that GABA-ergic identity alone is not sufficient to explain selective vulnerability among inhibitory neurons.
Whence may selective vulnerability among nRT neurons arise? Differential perfusion of these segments as a cause can be eliminated outright, since all receive blood supply from the same perforating thalamic arteries. A recent report demonstrated presence of anterior-posterior gradients in gene expression in nRT neurons (Li et al., 2020). Gene expression gradients were associated with a physiologic gradient in firing properties of nRT neurons. It is possible that these gradients underlie selective vulnerability of intermediate and posterior nRT neurons or, conversely, resistance of anterior nRT neurons to injury after cardiac arrest. Additionally, selective vulnerability may arise from excess excitatory synaptic input onto defined populations of GABA-ergic neurons. For example, degeneration of Purkinje cerebellar neurons after hypoxia-ischemia requires ongoing excitatory input from the inferior olivary nucleus (Welsh et al., 2002). Neurons in intermediate and posterior nRT receive ongoing excitatory input from both sensory thalamocortical neurons in VPM and MGN, respectively, and from descending corticothalamic fibers. It is possible that post-arrest patterns of excitatory input onto the intermediate and posterior nRT neurons differ from those onto anterior nRT neurons, contributing to the observed differences in vulnerability to injury. Interestingly, several days after cardiac arrest and resuscitation, activity of VPM neurons is increased (Shoykhet et al., 2012). It is unknown, however, whether increased activity in VPM is a consequence of nRT injury and associated disinhibition, or if it actively contributes to neuronal degeneration.
Functional Implications
Thalamic Reticular Nucleus provides the major source of inhibition to intrathalamic targets (Pinault, 2004). Topographic organization of intrathalamic nRT projections (Pinault and Deschenes, 1998) allows for exquisite inhibitory control of sensory information processing (Hartings et al., 2003; Fisher et al., 2017) and of higher order functions, such as sleep (Steriade, 1994) and attention (McAlonan et al., 2006; Wimmer et al., 2015). Recently, a first-in-humans study used functional MRI to confirm nRT’s involvement in vision and, surprisingly, to show that nRT participates in interhemispheric transfer of sensory information (Viviano and Schneider, 2015). Given the cardinal role of nRT in perception and cognition, injury to nRT neurons likely carries substantial morbidity. In animal models, anatomic or functional abnormalities in nRT exacerbate pain (Hornung et al., 2020), impair sensory perception (Shoykhet et al., 2012; Middleton et al., 2017), disrupt sleep (Fernandez et al., 2018) and attention (Wimmer et al., 2015; Wells et al., 2016). In humans, nRT dysfunction is associated with intractable pain (Gustin et al., 2014), autism (Chaudhry et al., 2015; Wells et al., 2016), schizophrenia (Ghoshal et al., 2020), and spike-and-wave seizures (Andy and Jurko, 1986; Crunelli et al., 2020). Perhaps relatedly, pain is common in cardiac arrest survivors (Boyce-van der Wal et al., 2015). Rhythmic spike-and-wave discharges are also frequent and portend a poor outcome in comatose patients after cardiac arrest (Westhall et al., 2016). In addition, burst suppression–another EEG rhythm likely driven by nRT and characterized by abnormal thalamocortical synchrony–occurs frequently in comatose cardiac arrest survivors (Westhall et al., 2016). Our findings, together with the wealth of clinical data, suggest that nRT injury likely contributes to severe neurologic deficits after cardiac arrest.
Microglia-Neuron Interactions
Our data show pronounced accumulation of activated microglia in nRT after cardiac arrest. Currently, it is unknown whether microglial activation in nRT occurs simply in response to neuronal injury or whether it plays an additional pathologic role. In the hippocampus, microglial activation after cardiac arrest exacerbates neuronal degeneration (Chang et al., 2020). Ablation of microglia using minocycline ameliorates histologic injury (Tang et al., 2010), although impact may vary by cardiac arrest characteristics (Janata et al., 2019). In other brain hypoxia-ischemia models, microglial activation has both protective (Fleiss et al., 2021) and deleterious (Yew et al., 2019) effects. Interestingly, activated microglia generate nitric oxide (NO) among multiple other neurotoxic substances (Brown and Vilalta, 2015), and NO depolarizes primarily bursting nRT neurons in the thalamus (Yang and Cox, 2008). Thus, it is biologically plausible that microglial activation and aggregation in nRT contributes to early selective degeneration of nRT neurons after cardiac arrest. Our model of severe pediatric asphyxial cardiac arrest allows for testing this hypothesis in vivo.
CONCLUSION
We developed a clinically relevant model of severe pediatric asphyxial cardiac arrest and resuscitation in immature rats. The model approximates physiologic disturbances observed in children after cardiac arrest, including the need for sustained intensive care after resuscitation. Using this model, we show early, selective degeneration of GABA-ergic neurons in the intermediate and posterior segments of the thalamic Reticular Nucleus. Neuronal degeneration occurs together with accumulation of activated microglia in nRT. Future studies need to determine the molecular basis of selective degeneration in a subset of nRT neurons, the contributing role of microglial activation in nRT and the behavioral consequences of nRT injury in cardiac arrest survivors. Finally, nRT injury in human cardiac arrest survivors remains to be characterized anatomically and functionally.
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Background: Maternal high-fat diet (MHFD) has been shown to increase susceptibility to neurological disease in later offspring, but the underlying mechanism is not clear. Fibroblast growth factor 21 (FGF21) has been reported to have a neuroprotective effect in stroke, but its mechanism of action remains unknown. In this study, we investigated the mechanism of the effect of MHFD on stroke in offspring in adulthood and the mechanism by which FGF21 acts on stroke and restores neurological function.
Methods: We performed transcriptome sequencing analysis on D21 neonatal rats. Bodyweight and blood indicators were recorded in the adult rats after MHFD. FGF21 was administered 7 h after photochemical modeling twice a day for three consecutive days.
Results: We found numerous mRNA changes between the MHFD group and a normal maternal normal diet (MND) group at D21, including genes related to astrocyte and PI3K/Akt pathways. The body weight, blood glucose, and triglycerides of the MHFD offspring were higher, ischemic lesions were larger, the number of activated astrocytes was lower, and the neurological function score was worse than that of the MND group. After FGF21 administration, WB and qPCR analyses showed that astrocytes and the PI3K/Akt pathway were upregulated, while NF-κB and inflammatory cytokines expression were inhibited in stroke and peri-stroke regions.
Conclusion: Taken together, we conclude that MHFD alters the characteristics of astrocytes and other transcriptome changes in their offspring, leading to a worse prognosis of stroke, while FGF21 plays a neuroprotective role by inhibiting NF-κB and inflammatory factors and activating the PI3K/Akt pathway and activating more astrocytes in the MND group than the MHFD group.
Keywords: FGF21 (fibroblast growth factor 21), DOHaD (development origins of health and disease), stroke, astrocyte, maternal high fat diet
INTRODUCTION
In early life, exposure to environmental contaminants may affect the metabolism of the central nervous and endocrine systems, leading to inflammation and apoptosis (Omran, 1971). The Developmental Origins of Health and Disease (DOHaD) concept articulates a relationship between metabolism in adult life and early life events, such as pregnancy, lactation, and adolescence (Suzuki, 2018). There is growing evidence that maternal high-fat diet (MHFD) can cause health problems in adult offspring, such as an increased susceptibility to ischemic stroke, which is a leading cause of death and disability (Bejot et al., 2007). Lin et al. (2016), Lin et al. (2018) found that MHFD could greatly affect adult cerebrovascular health by regulating central brain-derived neurotrophic factor expression and HPA axis, as well as through ET-1 manner in remodeling of both structure and function. Although these articles explain some of it, the underlying mechanism is still unclear. Astrocytes are important innate immuno-regulators in the brain. They control the brain’s vascular input during development and are involved in various neurological disorders. Studies have shown that astrocytes play important roles during the early, middle, and late stages of stroke (Ullian et al., 2001; Christopherson et al., 2005; Koehler et al., 2009; Eroglu and Barres, 2010; Allen et al., 2012; Zhou et al., 2019). And astrocytes are highly sensitive to environmental changes, and thus can be easily influenced (Pekny et al., 2019). However, the changes of astrocyte characteristics in stroke after MHFD remain unclear. In addition to astrocytes, inflammation also plays important roles in stroke. In the inflammatory response, NF-κB is considered as a typical pro-inflammatory signaling pathway, mainly based on the activation of nuclear factor kappa-B (NF-κB) by pro-inflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-α) (Barnes, 1997; Karin and Ben-Neriah, 2000; Karin et al., 2006; Kaltschmidt and Kaltschmidt, 2009; Dresselhaus and Meffert, 2019; Howell and Bidwell, 2020). The conventional treatment for acute ischemic stroke is recombinant tissue plasminogen activator (rtPA), which restores ischemic cerebral blood flow (Rabinstein, 2017). However, because of its narrow therapeutic window and the effects of other variables, there is an urgent need to explore other neuroprotective drugs (Prabhakaran et al., 2015). Fibroblast growth factor 21 (FGF21) regulates blood glucose and lipid metabolism. A study (Wang et al., 2018) has shown that blood levels of FGF21 increased in high-fat feeding mice compared to normal feeding mice. Also, FGF21 is a hormone that acts on receptors in the nervous system, regulating sympathetic nervous system activity, metabolism, and body weight. Importantly, FGF21 does not have mitotic activity, which ensure its safety for clinical application. In addition, FGF21 can cross the blood-brain barrier, which makes it a potential treatment for central nervous system diseases (Staiger et al., 2017; Li, 2019, 21). Also, studies have shown that FGF21 can play a neuroprotective role in stroke by enhancing the blood-brain barrier, microglia regulation and inhibiting inflammation (Jiang et al., 2020; Wang et al., 2020). However, the interaction between astrocytes and FGF21 has not been reported.
Based on the above, we investigated the effects of MHFD on astrocytes in the brain and the likelihood of stroke in adulthood and the effects of FGF21 administration.
MATERIALS AND METHODS
Reagents and Antibodies
The primary antibodies used for immunofluorescence included anti-p-NF-κB (No. 3033) and anti-GFAP (No. 3670) purchased from Cell Signaling Technology (Danvers, MA, United States) and ProteinTech (Wuhan, China). The secondary antibodies were Donkey anti-rabbit IgG H&L (Alexa Fluor 647) and Donkey anti-mouse IgG H&L (Alexa Fluor 488) purchased from AbCAM (Cambridge, MA, United States).
Primary antibodies for Western blotting were anti-NF-κB (No. 8248), anti-p-NF-κB (No. 3033), anti-PI3K (No. 20584-1-AP), anti-p-PI3K (No. 4228T), anti-GFAP (No. 16825), and anti-β-actin (No. 660009) purchased from Cell Signaling Technology (Danvers, MA, United States), Abcam (Cambridge, MA, United States), and ProteinTech (Wuhan, China). The secondary antibodies were donkey anti-rabbit IgG H&L (HRP) (ab150075) purchased from Abcam (Cambridge, MA, United States).
The corresponding reagents and kits used in this study included TRIzol reagent (Qiagen, Duesseldorf, Germany), IQTM SYBR Green Supermix (Bio-Rad, Hercules, CA, United States), PrimeScript RT reagent kits (Takara, Shiga, Japan), QuantiTect rt-PCR kit (Qiagen, Duesseldorf, Germany), Mirneasy Micro Kit (Qiagen, Duesseldorf, United States), and TaqMan gene expression analysis kit (ThermoFisher Scientific, Fremont, CA, United States).
FGF21 was supplied by key Laboratory of Biopharmaceutical, School of Pharmaceutical Sciences, Wenzhou Medical University. FGF21 was extracted and purified from Escherichia coli according to Wang et al. (2010).
Animal Preparation
Female and male Sprague-Dawley rats (7 weeks old) were purchased from the cLaboratory Animal Center of the Chinese Academy of Sciences (Shanghai, China) and raised at Wenzhou Medical University under the following conditions: 22°C, unlimited access to food and water, 12/12 h light/dark exposure (lighting was started at 7 am). All surgical and animal experiments were approved by the Animal Protection and Use Committee of Wenzhou Medical University.
During the first week of adaptive feeding, all rats were fed a normal diet (5.3% fat, corn oil, 57.4% carbohydrate, 21.2% protein, 4.6% fiber; 360 k calories/100 g of food; Medicience Ltd., Jiangsu, China). After 1 week, half of the female SD rats were randomly selected to be fed a high-fat diet (25.7% fat, 19.5% protein, 41.3% carbohydrate, 3.5% fiber; estimated fats: stearic acid 1.99%, palmitic acid 4.5%, palmitoleic acid 0.12%, linoleic acid 2.58%, oleic acid 6.86%, arachidonic acid 0.19%, a-linolenic acid 0.25%; 470 k calories/100 g of food; Medicience Ltd.). After 7 days, they were allowed to mate, become pregnant, and suckle their young (all of which were fed a high-fat diet). The other half of the female rats continued to be fed a normal diet and were allowed to mate, become pregnant, and suckle their young after 21 days. The first day of birth of offspring SD rats was defined as D1. D21 was the last day of lactation, and all the male offspring of SD rats in the following two groups {MHFD and maternal normal diet (MND) groups} were fed with normal feed until the 6th month of photothrombotic stroke modeling. All animals were randomly divided into MND sham group, MND stroke group, MND stroke + FGF21 group, MHFD sham group, MHFD stroke group and MHFD stroke + FGF21 group (flow diagram can be seen in Figure 1).
[image: Figure 1]FIGURE 1 | Experimental procedures and flow diagram of this study.
Photothrombotic Stroke Procedure
Photothrombotic stroke was induced as follows: SD rats were anesthetized by isoflurane, and the scalp was cut to expose the skull. Ten minutes before light exposure, rats were intraperitoneally injected with 15 mg/kg Bengal rose (Sigma-Aldrich, St. Louis, MO, United States), and then fixed on a stereotaxic device, and the end of a 4 mm diameter optical fiber cable was placed on the top of the skull at the location where embolization was determined. After 10 min of Bengal rose injection, a cold light source and a green bandpass filter (KL1600 LCD, SCHOTT, Zeiss, Germany) were turned on to illuminate the exposed skull. When the area had been lit for 15 min, the light was turned off, and the incision was sutured and disinfected. Sham rats underwent the same procedure but did not receive Bengal rose injection. The rats in MND stroke + FGF21 and MHFD stroke + FGF21 groups were intraperitoneally injected with FGF21 twice a day at a dose of 1.5 mg/kg for 3 consecutive days at 6 h after modeling.
Magnetic Resonance Imaging
Cerebral infarct size was evaluated using 3-T clinical magnetic resonance imaging with a 72 mm linear transmitter coil and an animal surface receiver coil for rat brain imaging. The rats were anesthetized by an intraperitoneal injection of 10% chloral hydrate. During the MRI scan (10 min per rat), the rats were placed on a blanket to maintain a normal body temperature (36–37°C). We obtained broad MRI acquisitions as follows: 1) T1-weighted images (repetition time [TR]/echo time [TE] = 2005/15 ms) and 2) T2-weighted images (TR/TE = 4,900/120 ms). Image analysis was performed using ImageJ software (National Institutes of Health).
Behavior Assessment
Behavioral tests (tensile and balance beam tests) were conducted on days 1, 2, and 3 after ischemic injury. The same investigators carried out the evaluation procedure, while being blinded to the experimental groups to minimize discrepancies in the experiment. The mice were euthanized after behavioral tests were completed.
Immunofluorescence Staining
After euthanasia, rats were perfused with normal saline through the left ventricle, and the whole brain tissue was removed, fixed with 4% paraformaldehyde, dehydrated, and waxed. The whole-brain wax block was placed on a micrograph to prepare the brain sections. Sections (5 μm thick) were sealed at room temperature for 1 h in 5% goat or donkey serum. Next, the tissue sections were co-incubated with anti-GFAP and anti-NF-κB antibodies at 4°C overnight and then incubated with appropriate antibodies. Finally, the cells were stained with DAPI (Beyotime, Shanghai, China). Images were obtained using a fluorescence microscope (Leica, Japan).
Quantitative Real-Time Polymerase Chain Reaction
Total RNA from infarct and peripheral brain tissue was extracted using QIAGEN’s (Cat.74004) RNEasy Micro kit. RNA concentrations were quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific, MA, United States). Then, 1 μg of total RNA was used to synthesize cDNA by using iScript reverse Supermix for RT-qPCR (RR037A, TaKaRa, Japan). Next, SYBR-based real-time PCR (Bio-Rad, Hercules, CA, United States) was used to detect the total transcription of IL-1β, TNF-α, and IL-6. The oligonucleotide PCR primers listed in Table 1 were purchased from Sango Biotech (Shanghai, China).
TABLE 1 | Information of primers.
[image: Table 1]Western Blotting
Total proteins from stroke and peri-stroke brain tissues were extracted using a protein extraction reagent containing 1% protease and phosphatase inhibitors. First, the concentration of protein was determined using the absorbance method. Next, the same amount of protein (60 μg) was isolated on an SDS-PAGE gel and then transferred to a PVDF membrane. After sealing with whole milk, primary antibodies (anti-GFAP, anti-NF-κB, anti-p-NF-κB, anti-PI3K, anti-p-PI3K, anti-β-actin diluted 1:200) were used and incubated overnight under a shaking table at 4°C. On the second day, the combined primary antibody bands were washed three times with Tris-buffered saline–Tween 20 and incubated at room temperature in 1:10,000 diluted secondary antibodies for 1 h. Finally, immunoreactive protein bands were prepared using an enhanced chemiluminescence (ECL) kit, and the band density was quantified using Image Lab 3.0 software (Bio-Rad).
Measurement of Blood Index
2 ml of blood is taken from offspring rats through the tail vein before anesthesia for modeling after 12 h of fasting. The blood samples were solidified at 4°C for 2 h and centrifuged at 3,000 rpm/min for 15 min. The serum samples were transferred to a new test tube and stored at −80°C. FGF21 concentration was measured by an ELISA kit (Boster, United States). The concentration of albumin, cholesterol, triglycerides and blood glucose were measured by an auto biochemical analyzer (IDEXX catalyst One, United States).
Transcriptome Sequencing
At D21, three neonatal rats were randomly selected from both groups, and their brains were collected and frozen in a -80 refrigerator. Total RNA was extracted and used for transcriptome sequencing (LC-Bio Technologies (Hangzhou) Co., Ltd.).
Statistical Analysis
Data are expressed as the mean ± SEM. Statistical differences between the multiple data sets or two groups were evaluated using one-way ANOVA and post-hoc analysis with Bonferroni correction was done to identify statistical differences between specific groups or unpaired t-tests in two groups in GraphPad Prism Edition 8 (GraphPad Software Inc., San Diego, CA, United States). Statistical significance was set at p < 0.05.
RESULTS
Transcriptome Sequencing Analysis of the Brains of the Offspring of the MHFD and MND Groups on D21
The researchers performed transcriptome sequencing analyses of the brains between the MHFD and MND groups (D21). Differences in gene expression were observed in the brains of the D21 MHFD group compared with the MND group (Figure 2A). Among the differentially expressed genes, 297 and 264 genes were downregulated and upregulated, respectively (Figure 2B). The transcriptomics analysis also showed that the MHFD offspring had 6 downregulated and 4 upregulated astrocyte-related genes, compared to MND (Figure 2C) among all genes. The proteins encoded by these altered genes are involved in astrocytes genesis (Gfap), differentiation (Bmp2, Nkx2-2, Sox6, Stat3, Nfix, Mbd1, and Eif2b5), activation (Mt2A), and fate commitment (Tal1), which were indicated by Gene Ontology (GO) database.
[image: Figure 2]FIGURE 2 | Comparison of brain transcriptome sequencing between MHFD and MND groups on D21. (A). Heat maps of the top 200 different genes between the two groups. (B). The volcano map of differentially expressed genes in the brain tissues of the two groups of neonatal rats on D21. The down-regulation and up-regulation are indicated by blue and red dots, respectively, with n = 3 for each group. (C). 11 genes in KEGG analysis associated with astrocytes. (D). KEGG analysis of RNA-seq data revealed the top 20 regulatory pathways that changed in both groups. p-values are shown in different colors, and bubble sizes indicate the number of genes in each pathway.
Representative differences in active pathways between the two groups were observed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses (Figure 2D). Of note, KEGG is a large-scale molecular data set generated through genome sequencing and other high-throughput experimental techniques that contribute to the understanding of advanced functions of biological systems. Notably, the PI3K-Akt signaling pathway plays a key role in cell survival and susceptibility. In addition, it also acts as a downstream signaling molecule after FGF21 acts on FGFR.
Evaluation of Characteristics Between MHFD and MND Groups
To assess the effects of MHFD on offspring in rats, we measured and recorded the body weights of both MHFD and MND groups from the end of lactation (21 days) to 6 months and measured blood glucose, triglycerides cholesterol, and albumin on the day before inducing ischemia.
As shown in Figure 3A, the MHFD and MND offspring bodyweights were different throughout D21 to M6. Blood sample analyses showed no differences in albumin or cholesterol levels between the two groups (Figure 3B). However, triglycerides (p < 0.05), blood glucose (p < 0.01) and FGF21 (p < 0.01) were higher in the blood of the MHFD group than in that of the MND group.
[image: Figure 3]FIGURE 3 | Evaluation of characteristics between MHFD and MND newborn/middle-aged SD rats. The comparisons between the two groups at various time points are shown in (A) (n = 8). ***p < 0.001, Unpaired t-test. The comparison of blood indexes of the two groups before modeling is shown in (B) (n = 4). *p < 0.05, **p < 0.01, Unpaired t-test.
Comparison of Cerebral Infarction and Neurological Deficit Between MHFD Stroke+/-FGF21 and MND Stroke+/-FGF21 Groups
We scanned the brains of the rats by using MRI and delineated the maximum infarct + edema area by using ImageJ to quantify the cerebral infarct size on Day 3. In addition, balance beam and tension test scores were used to assess neurological deficits.
As shown in Figure 4, the infarct size of MHFD offspring was larger than that of the MND group. After FGF21 administration, the size of the cerebral infarction decreased in both groups.
[image: Figure 4]FIGURE 4 | Comparison of the volume of cerebral infarction and neurological deficit between HFD stroke+/-FGF21 and HD stroke+/-FGF21 groups. (A). Cerebral infarct size and MR images of the four groups. (B). Evaluation of infarct size on magnetic resonance images (n = 3). ###p < 0.0001, one-way ANOVA; ***p < 0.0001, post-hoc analysis with Bonferroni correction. (C). Grip strength tests were performed in each group at 1, 2, and 3 days after cerebral infarction (n = 8). ###p < 0.0001, one-way ANOVA. (D). Balance beam score of each group at 1, 2 and 3 days after cerebral infarction (n = 8). ###p < 0.0001, one-way ANOVA; ***p < 0.0001, Unpaired t-test.
After the injury, tensile tests showed that the MND group had greater tensile strength than the MHFD group, and tensile strength improved after rats were given FGF21, compared with the no treatment group. Balance scores revealed that the MND + FGF21 group had the best neurological recovery following ischemia, while the MHFD group had the worst neurological function after cerebral infarction, and the other two groups were in between. Behavioral data from days 1–3 and MRI data from Day 3 showed rats treated with FGF21 following ischemia had better neurological function recovery than untreated rats.
FGF21 Plays a Neuroprotective Role in Ischemic Brain Tissue by Activating the Astrocyte and PI3K-Akt Signaling Pathways, Thereby Inhibiting Phospho-NF-κB
To study how FGF21 acts on the infarction’s size, we used immunofluorescence and WB analyses to study the changes in astrocytes and inflammatory cytokines (NF-κB) in the infarction and surrounding areas in different groups.
As shown in Figure 5, the peri-stroke astrocytes of rats were activated after inducing ischemia, and there were more astrocytes in the MHFD group than in the MND group. After FGF21 administration, the number of astrocytes increased significantly in both groups.
[image: Figure 5]FIGURE 5 | FGF21 plays a neuroprotective role by activating astrocytes and inhibiting NF-κB expression. (A). Representative immunofluorescence images of GFAP and NF-κB. (B). Quantification of immunofluorescence staining data showing the expression of GFAP positive and p- NF-κB positive cells. ###p < 0.0001, one-way ANOVA; *p < 0.05, ***p < 0.0001, post-hoc analysis with Bonferroni correction. (C). Representative images of p-PI3K, PI3K, p-NF-κB, NF-κB, β-actin and GFAP expression in the stroke and peri-stroke brain tissues detected by western blot. (D–F). Densitometric analysis for the protein expression of GFAP, p-PI3K and p-NF-κB. #p < 0.05, ##p < 0.01, one-way ANOVA.
FGF21 Inhibits Inflammatory Response in the Area of Peri-stroke
We extracted brain tissue from the ischemic lesions and surrounding tissue to further examine the effect of FGF21 on inflammatory cytokine release. We evaluated gene expression by real-time PCR (Figure 6). The inflammation in MHFD was more severe than MND group.
[image: Figure 6]FIGURE 6 | FGF21 inhibits inflammatory response in the stroke and peri-stroke brain tissues. ###p < 0.0001, one-way ANOVA; *p < 0.05, **p < 0.01, post-hoc analysis with Bonferroni correction.
FGF21 administration after cerebral infarction effectively reduced the production of inflammatory cytokines in stroke and peri-stroke regions in both groups.
DISCUSSION
The study of DOHaD investigates relationships between early life events and adult metabolism. The period between pregnancy, lactation, and puberty is a window of time in which any small event can shape a person’s metabolism for life (Almeida et al., 2019). Our transcriptome sequence analyses showed that expression of genes involved in activation, migration, and development of astrocytes in the MHFD-offspring was different from that in the MND offspring. These results suggest that MHFD leads to biogenetic and metabolic changes in astrocytes in the nervous system. It has been demonstrated that MHFD may be involved in the epigenetic regulation of gene expression (Suzuki, 2018; Bordeleau et al., 2020). For example, Bordeleau et al. (2020) showed how dietary habits during pregnancy and parenting, especially a fat-rich diet, affect offspring peripheral immune priming. Also, a study found that rat’s hippocampal neuron transcriptome was altered in MHFD offspring, affecting cognitive function (Sacks et al., 2018). Our transcriptome sequence analyses also showed changes in the PI3K-Akt pathway. The PI3K/Akt signaling pathway regulates cell survival, growth, proliferation, angiogenesis, transcription, translation, and metabolism (Katso et al., 2001; Hennessy et al., 2005). This result suggests that MHFD makes the brain more susceptible to the consequences of the disease, which also confirms the earlier findings that MHFD is associated with more severe ischemic damage.
In addition to the changes observed at D21, we also found differences in adult weight and blood markers of MHFD-offspring compared to those of MND offspring, consistent with previous studies. For example, a study by Ng et al. (2010) showed that long-term MHFD resulted in weight gain, β-cell dysfunction, and impaired glucose metabolism in offspring. In addition, Barker and others (Hales and Barker, 1992) found an epidemiological association between low birth weight and later glucose metabolic disorders, including type 2 diabetes. Moreover, consisting with previous studies that MHFD affects rat’s nervous system development, increasing offspring’s susceptibility to adverse stroke outcomes in adulthood. Lin et al. (2018) found that MHFD exposure renders adult offspring brains more susceptible to ischemic injury. In addition, the importance of early life challenges in modulating adult offspring’s susceptibility to brain injury has been demonstrated in animal models, such as momentary separation of mother and infant and neonatal immune challenges. Similarly, a mother’s high-fat diet makes the brain of the offspring more vulnerable to ischemic damage and other cerebrovascular diseases in adulthood. Our results also confirmed that offspring of MHFD are prone to more severe cerebrovascular accident injury than MND offspring.
Furthermore, our experiments showed that FGF21 is neuroprotective in ischemic stroke. When FGF21 was administered to rat brains following ischemic injury, infarction size reduced, and their performance in balance and tension strength assessments increased. Both in vitro and in vivo studies have demonstrated that FGF21 is neuroprotective. For example, Wang et al. (2020) found that FGF21 treatment promoted recovery from stroke. Jiang et al. (2020) found that rFGF21 protects against acute BBB leakage. Another study found that FGF21 protects against HFD-induced cognitive impairment, and that FGF21 may regulate the pathogenesis of diseases caused by MHFD (Cordner et al., 2019). FGF21 is neuroprotective in aging rat brains by reducing the formation of advanced glycation end products, improving behavioral performance, and alleviating d-galactose-induced oxidative stress (Yu et al., 2015).
When we explored the neuropharmacological mechanisms of FGF21, we found that infarcted and surrounding tissue had upregulated PI3K/Akt signaling pathway and GFAP expression. At the same time, the expression of NF-κB and other inflammatory cytokine was inhibited treated with FGF21. NF-κB is believed to be a major regulator of inflammation, and IL-1β, IL-6 and TNF-α are rapidly released in response to tissue injury or infection (Karin et al., 2006). Other studies also confirmed that FGF21 could inhibit inflammation and protects against neuronal death (Jiang et al., 2020; Wang et al., 2020). PI3K-Akt pathway is regulated by many growth factors and regulators (Hennessy et al., 2005). Although the biological outcome of FGF activation of downstream pathways depends on the cellular environment, it has been shown that PI3K/Akt mostly promotes cell survival (Beenken and Mohammadi, 2009; Goetz and Mohammadi, 2013). Thus, upregulation of the PI3K-Akt signaling pathway may be the decisive mechanism of increased stroke susceptibility in adult rats. Astrocytes account for 15–20% of all cells in the rodent brain and support neurotransmission by circulating neurotransmitters and stromal delivery of energy and nutrients (Sofroniew, 2009; Pekny et al., 2019). In addition, astrocytes regulate reactive glial hyperplasia accompanied by upregulation of many astrocyte genes, such as GFAP (Buffo et al., 2010; Pekny and Pekna, 2016). Within a few days of ischemic injury, astrocytes proliferate in the penumbra of stroke. Some migrate toward the infarction boundary, limiting the area of injury and preventing invading white blood cells from invading healthy brain tissue (Bush et al., 1999; Myer et al., 2006). We found ischemic injury activated astrocytes, which migrated to the infarct area. Additionally, FGF21 administration to ischemic lesions increased the number of activated astrocytes in rat brains.
CONCLUSION
We conclude that an MHFD alters offspring’s astrocyte transcriptome and increases their susceptibility to cerebral infarction in adulthood. Additionally, FGF21 treatment effectively improves neurological function after stroke. The neuroprotective mechanism of FGF21 may be through the activation of astrocytes and inhibition of neuroinflammation. FGF21 may be developed into a new and powerful approach to treat ischemic stroke.
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Enteric glia are a fascinating population of cells. Initially identified in the gut wall as the “support” cells of the enteric nervous system, studies over the past 20 years have unveiled a vast array of functions carried out by enteric glia. They mediate enteric nervous system signalling and play a vital role in the local regulation of gut functions. Enteric glial cells interact with other gastrointestinal cell types such as those of the epithelium and immune system to preserve homeostasis, and are perceptive to luminal content. Their functional versatility and phenotypic heterogeneity are mirrored by an extensive level of plasticity, illustrated by their reactivity in conditions associated with enteric nervous system dysfunction and disease. As one of the hallmarks of their plasticity and extending their operative relationship with enteric neurons, enteric glia also display neurogenic potential. In this review, we focus on the development of enteric glial cells, and the mechanisms behind their heterogeneity in the adult gut. In addition, we discuss what is currently known about the role of enteric glia as neural precursors in the enteric nervous system.
Keywords: enteric nervous system, glial cells, neurogenesis, gliogenesis, neural crest
INTRODUCTION
The enteric nervous system (ENS) is a network of neurons and glial cells located within the wall of the gut that is crucial for control of gastrointestinal function. In mammals, enteric neurons in the stomach, small and large intestines are generally organised in two networks of interconnected ganglia, forming two concentric layers beneath the mucosa (submucous plexus) and between the muscle layers (myenteric plexus; Figure 1). In humans and larger mammals, a tertiary plexus is also present within the mucosa (Furness, 2006). Different types of enteric neurons are wired into dedicated circuits that, together with enteric glia, are responsible for steering smooth muscle activity, mucosal blood flow and secretory activities important for digestive function. Enteric glial cells are found accompanying enteric neurons throughout the gut. They are closely associated with enteric neuronal cell bodies within submucosal and myenteric ganglia in the plexus layers, and are also present in the muscle layers and mucosa, where they generally accompany neuronal processes (Figure 1).
[image: Figure 1]FIGURE 1 | Enteric glial cells are located throughout all different concentric layers of the gut. (A): Diagram of the different cell layers in the small intestine. (B–E): Whole-mount immunohistochemistry on the small intestine of ChAT-YFP mouse, where excitatory enteric neurons are labelled with GFP. Ce3D clearing was performed to visualise all tissue layers. The location of Sox10-immunoreactive enteric glial nuclei (magenta, arrows) can be observed with neuronal cell bodies in the myenteric plexus (mp, B), submucous plexus (smp, C) and also associated with neuronal fibres in the muscle layers (arrowheads). In addition, enteric glia are found throughout the mucosa surrounding the crypts (D) and in villi (E).
As they are part of the peripheral nervous system and derive from the neural crest, intestinal glia were originally classified as Schwann cells or satellite cells (Cook and Burnstock, 1976). However, in 1980, a landmark study by Jessen and Mirsky showed that these glial cells express glial fibrillary acidic protein (GFAP), whose expression at the time was only found in astrocytes of the central nervous system (CNS) (Jessen and Mirsky, 1980). Considering them as a separate type of peripheral glia, Gabella was the first to define them as “enteric glial cells”. A number of common markers for enteric glia have since been identified, including the transcription factors Sox10 (Young et al., 2003) and Sox2 (Heanue and Pachnis, 2011; Belkind-Gerson et al., 2017), the calcium binding protein S100B (Ferri et al., 1982), and more recently the myelin associated protein, proteolipid protein 1 (Plp1) (Rao et al., 2015).
There are multiple types of glial cells in the enteric nervous system. A detailed description of local heterogeneity of enteric glia can be found in recent reviews (Rosenberg and Rao, 2021; Seguella and Gulbransen, 2021). Briefly, the current classification scheme for enteric glia, initiated in 1994 by Hanani and Reichenbach, is based on the morphology of guinea pig myenteric glia and can be linked to locations within the gut wall (Hanani and Reichenbach, 1994). Type I enteric glia are protoplasmic star-shaped cells within myenteric (Type IMP) and submucosal (Type ISMP) ganglia (Figure 2). Type II enteric glia are “fibrous” cells with long processes running along neuronal processes in interganglionic fibre tracts (Hanani and Reichenbach, 1994). These morphologies have been confirmed in several studies since then and were examined in further detail using genetic approaches (Boesmans et al., 2015; Rao et al., 2015). Type III glia are multipolar, with most cells having 4 major processes. They are present in both the lamina propria (Type IIImucosa) and outside the primary component of the plexus layers which consist of ganglia and interganglionic connectives (Type IIIMP/SMP) (Savidge et al., 2007; Gulbransen et al., 2012; Boesmans et al., 2015). And lastly, Type IV enteric glia are bipolar cells associated with neuronal processes in the circular and longitudinal smooth muscle layers (Vanderwinden et al., 2003; Gulbransen et al., 2012; Boesmans et al., 2015). Since this classification into four enteric glia subtypes mostly stems from studies on the murine ileum and colon, it will be important to investigate how it holds for other gut regions and whether similar enteric glia subtypes are present in other species, including human. Confirming the current classification, a recent study reported the presence of similar morphological subtypes in the murine oesophagus (Kapitza et al., 2021). Furthermore, both mucosal, intramuscular and myenteric enteric glia have been described in the human colon (Liu et al., 2013; Graham et al., 2020).
[image: Figure 2]FIGURE 2 | The morphological enteric glial cell subtypes. Individual enteric glial cells with GFP labelling throughout their cell body to visualise their morphology. Sparse labelling of individual cells was achieved using the Sox10-cre;MADM transgenic mouse system. Adapted from (Boesmans et al., 2015).
Data from single cell or single nuclei RNA-seq studies have also classified enteric glia into different groups based on their transcriptional profiles. Zeisel et al., identified 7 different subtypes of enteric glia in juvenile mice (P21-23), including 1 cluster that was proliferative (Zeisel et al., 2018). Drohklansky et al., have described 3 different subtypes of enteric glia in adult mice, and 6 in the adult human ENS, 3 of which were patient-specific cell clusters (Drokhlyansky et al., 2020). Varying expression of the P2Y12 receptor was highlighted, which could correspond to the differences in responses to the neurotransmitter ATP by different enteric glia subtypes (Boesmans et al., 2015; Drokhlyansky et al., 2020). And in two studies published earlier this year, a thorough interrogation of gene expression patterns in the foetal human gastrointestinal tract was conducted, including examination of enteric glia (Elmentaite et al., 2021; Fawkner-Corbett et al., 2021). However, further research is required to investigate if the transcriptionally distinct enteric glia subtypes can be linked with the morphological classification scheme.
Our current understanding on the role of enteric glia in ENS activity and gastrointestinal function overall has been carefully described in several recent reviews (Neunlist et al., 2014; Coelho-Aguiar et al., 2015; Grubišić and Gulbransen, 2017; Rosenberg and Rao, 2021; Seguella and Gulbransen, 2021). Because enteric glial cells are present throughout the different layers and regions of the gut, facing very different local microenvironments, it is likely that they are also functionally specialized in order to execute locally-adapted tasks. While this might be reflected by their differential morphology or marker gene expression, so far, the majority of studies investigating enteric glial function has not considered specific subtypes. However, based on the emerging transcriptomic data and the identification of subtype-specific promotor and/or enhancer activity, this might be possible in the near future. In this context, it will be crucial to determine the extent of plasticity in both space and time of a morphological and functional subtype collection present within a specific niche at a given moment.
The biology of enteric glia holds many unanswered questions and several of these pertain to understanding the contribution of phenotypic plasticity to functional heterogeneity during both homeostasis and ENS dysfunction (Holland et al., 2021). Trying to help answer these questions, this review assesses the developmental origins of enteric glia and the appearance of different subtypes of enteric glial cells. In addition, we discuss the current understanding of their role as neural stem cells of the gut.
ENTERIC GLIAL DEVELOPMENT: NEURAL CREST ORIGINS
Like neurons of the ENS, enteric glial cells arise from neural crest derived cells that migrate into the gut during development. The majority of the ENS comes from neural crest cells at the “vagal” level of the neural tube (adjacent to somites 1–7) (Yntema and Hammond, 1954; Le Douarin and Teillet, 1973). However, the vagal neural crest does not comprise a single, homogenous population. Cells from different levels along the anterior-posterior axis have marked differences in their abilities to generate the ENS, and contribute to other cell types (Hutchins et al., 2018; Simkin et al., 2019). Using chick embryos, precise ablation and transplantation experiments have shown that neural crest cells adjacent to somites 1–2 and 6–7 have limited contribution to the ENS (Burns et al., 2000); whilst those adjacent to somite 3 have the ability to form a complete ENS, even in the absence of all other vagal crest cells (Barlow et al., 2008). Similarly, in the mouse, neural crest cells from somites 3–7 form the majority of the ENS, with limited contribution by somite 1–2 neural crest cells, which were identified mostly in the oesophagus and stomach (Espinosa-Medina et al., 2017). Sacral neural crest cells also contribute to ENS of the colon (Le Douarin and Teillet, 1973; Burns et al., 2000) but their migration takes place later than that of the vagal crest. Sacral neural crest cells also leave the neural tube at E9.5, but cells accumulate and “pause” at the pelvic ganglia before entering the developing colon from the ventrolateral side at E13.5, migrating along nerve fibres from the pelvic ganglia (Wang et al., 2011).
Schwann cell precursors are a neural crest-derived stem cell pool found on the peripheral nerves that further contribute to the same cell types as the neural crest itself, including melanocytes, sympathetic and parasympathetic neurons, neuroendocrine cells, (Petersen and Adameyko, 2017), and ENS (Uesaka et al., 2015; Uesaka et al., 2021). Schwann cell precursors from both cranial and trunk regions migrate into the gut along the vagal and sympathetic nerves, respectively (Uesaka et al., 2015; Espinosa-Medina et al., 2017). Arriving in the gut after its initial colonisation by vagal neural crest cells (NCCs), trunk Schwann cell precursors make up approx. 20% of the enteric neurons in the colon (Uesaka et al., 2015; Uesaka et al., 2021). In the small intestine they are not present in the myenteric plexus, but contribute to a small proportion (5%) of submucous neurons. Interestingly, Schwann cell precursors make a greater contribution to enteric neuron numbers when there is reduced density of the ENS, such as in Hirschsprung disease (described below (Uesaka et al., 2021)).
Combined, neural crest cells arriving in the gut that give rise to the ENS are commonly referred to as “enteric neural crest-derived cells” (ENCCs). Almost as soon as they arrive in the gut, ENCCs start to differentiate into neurons and glia (Baetge and Gershon, 1989; Young et al., 2003). It is assumed that the neural crest from all these different levels of the neural tube have a comparable capacity to form both enteric neurons and glia, however, the generation of enteric glia has never been specifically examined separately from that of enteric neurons. Whether one source of neural crest cells has a higher neurogenic vs gliogenic potential, and therefore makes a larger contribution to neurons vs glia in the ENS, is currently not known. How Schwann cell precursors contribute to the constellation of enteric glial cells in homeostatic conditions is also unclear. However, given their transcriptomic similarities and extensive plasticity (Dulac and Le Douarin, 1991; Rao et al., 2015), distinguishing between intestinal glia that arise from different sources is turning out to be a challenge, and might even be irrelevant from the perspective of ENS function.
The ENS is one of many cell types that reside in the gastrointestinal tract. The gut consists of concentric layers of different cells originating from the endoderm, which gives rise to the epithelial cells lining the gut, and the mesoderm, which produce the majority of the mesenchymal derivatives in the gastrointestinal tract, such as the smooth muscle cells, and stromal cells (Guiu and Jensen, 2015). Endodermal cells are also the source of enteroendocrine cells that are embedded in the epithelial layer (Andrew et al., 1982), which respond to various chemical and mechanical stimuli from the gut lumen and communicate to enteric neurons and glia. Interestingly, endoderm lineage cells have also been observed to contribute to the ENS (Brokhman et al., 2019). Using Pdx1-cre and Sox17-cre mice to drive reporter gene expression, derivatives of the endoderm lineage were observed in the myenteric plexus, and found to express neuronal markers. Interestingly, no glial markers (GFAP or S100B) were expressed by these endoderm-derived ENS cells (Brokhman et al., 2019). Although the majority of mesenchymal cell derivatives in the gut are thought to arise from the embryonic mesoderm, a subset of vagal neural crest cells has been identified to express mesenchymal genes in both chick and mouse (Zeisel et al., 2018; Ling and Sauka-Spengler, 2019). This may not be as surprising as neural crest cells give rise to many different cell types, including bone, melanocytes, and mesenchymal cells such as cardiac muscle cells (Jiang et al., 2000; Soldatov et al., 2019); however, this had not previously been observed within the gut. In the mouse, at least, the contribution of the vagal neural crest to the mesenchymal cell pool appears to be very small (Morarach et al., 2021). However, further investigation of these different developmental directions can provide important information on the gene regulatory pathways governing ENS differentiation.
EVOLUTION OF ENTERIC GLIA AND INVESTIGATION OF OTHER MODEL ORGANISMS
The ENS is often referred to as the “second brain” as it functions independently from the central nervous system to control many aspects of gastrointestinal function. However, in terms of evolution, the ENS appears to be the “first brain”, as its structure of interconnecting neurons resembles what we deduce a primitive nervous system looks like, and which can be found in many simple invertebrates, such as hydra and jellyfish (Furness and Stebbing, 2018; Gilbert, 2019). In hydra, one of the most basic living animals that consists of two main body cell layers surrounding a central gut-like structure, the nervous system is made up of a “nerve net”, consisting of two layers of neurons dispersed amongst the epithelium (Gründer and Assmann, 2015). However, there is no evidence of glial cells in hydra or other Cnidarians (Gründer and Assmann, 2015; Verkhratsky et al., 2019). The most primitive animals with glial cells are flatworms, which belong to the phylum Xenacoelomorpha (Biserova, 2000; Verkhratsky et al., 2019).
Looking at another branch of evolution, the ENS of insects is quite distinct from that of vertebrates, particularly as they do not come from a neural crest origin. Although there are clearly differences between the multitude of various insect species, there are several common themes, which have been described in detail previously (Copenhaver, 2007). The ENS is primarily present in the foregut, with fewer ganglia in the midgut, while the hindgut receives innervation from the CNS. In some species, such as Drosophila melanogaster, the midgut mostly lacks enteric neurons (Miguel-Aliaga et al., 2018). Unlike vertebrates, the insect ENS precursors arise from the ectoderm of the foregut itself. Neuronal precursors generated from the epithelium then migrate to populate the ganglionated regions of the gastrointestinal tract. This has been well-documented in the Manduca sexta moth (Copenhaver and Taghert, 1990, 1991), and also Drosophila melanogaster (Hartenstein et al., 1994). During Manduca development, enteric glial cells also arise from the neurogenic epithelium of the foregut following neurogenesis. They are produced as a last wave of precursor cells which migrate in close association with the previously generated neurons, which then proliferate and differentiate to form glial cells that wrap around the enteric neurons and nerve fibres (Copenhaver, 1993). In Drosophila, much of the “enteric nervous system” is part of the stomatogastric nervous system, which also innervates the pharynx and other muscles (Miguel-Aliaga et al., 2018). Like in Manduca, neurons of the enteric/stomatogastric system arise from the epithelium of the foregut, which migrate and differentiate into various neuron subtypes and glia (Hartenstein et al., 1994; Forjanic et al., 1997). Stomatogastric glial cells also come from the same epithelium, and interestingly, they migrate and guide the projections of axons (Forjanic et al., 1997). While not much research has focused on the genetic mechanisms driving stomatogastric gliogenesis specifically, several of the pathways identified in CNS neurogenesis and gliogenesis could be conserved across the different regions (Crews, 2019). Thus far, the pnt gene, which is important for many other aspects of Drosophila development, has been shown to control stomatogastric gliogenesis (Forjanic et al., 1997). Investigation in this field could be highly fruitful as there are many common genetic mechanisms used by both Drosophila and vertebrates, despite the differences in origin of the ENS progenitors. For example, the receptor tyrosine kinase Ret and the proneural transcription factors in the achaete-scute complex (AS-C) are important for both Drosophila and vertebrate ENS development (Ascl1 is the vertebrate homologue of achaete-scute) (Hartenstein et al., 1996; Myers et al., 2018). The ease of genetic manipulation of Drosophila and the availability of many transgenic models make it a highly attractive model organism to investigate enteric gliogenesis (Forjanic et al., 1997; Hernández et al., 2015).
A key model vertebrate organism in investigation of the ENS is zebrafish. There are several key structural differences between the ENS of zebrafish compared to that of mammals. The zebrafish ENS does not contain separate plexus layers and enteric neurons are present as single cells rather than in ganglia (Wallace et al., 2005; Shepherd and Eisen, 2011; Heanue et al., 2016; Ganz, 2018; Kuil et al., 2020). Recently, there has been some debate regarding the presence and developmental origin of enteric glia in zebrafish. Earlier studies have reported the presence of GFAP in the zebrafish gut but whether the labelled structures represent ENS components is not clear (Hagstrom and Olsson, 2010; Baker et al., 2019). In 2020, based on the notion that all neural-crest derived cells in the gut were found to express neuronal markers by 5 days post fertilisation (dpf), El-Nachef and Bronner suggested that there are no “classical” enteric glia in zebrafish (El-Nachef and Bronner, 2020). No S100B-immunoreactive cells were observed, and although GFAP-immunoreactivity appeared to be present, there were no labelled cell bodies. In addition, using in situ hybridisation, they did not detect plp1 in the ENS, and surprisingly did not observe sox10 expression either, despite previous indications that sox10 is expressed at both the transcript and protein level in the ENS at these stages (Taylor et al., 2016; Kuwata et al., 2019). Instead, El-Nachef and Bronner suggest that trunk neural crest cells, which migrate later into the gut, give rise to neurons after embryonic development and also in cases of gut injury (El-Nachef and Bronner, 2020). Identified as Schwann cell precursors, these are proposed to be the neural stem cell population of the zebrafish ENS (see below).
Interestingly, McCallum et al. demonstrate that there is a population of enteric glia in adult zebrafish, consisting of all 4 morphological subtypes of enteric glia seen in mammals (Boesmans et al., 2015; McCallum et al., 2020). They show that approximately 15% of cells in the gut at 7dpf are non-neuronal, increasing to 35% in the adult zebrafish. As observed in the study by El-Nachef and Bronner, these cells do not express the canonical enteric glia markers S100B and GFAP, but were nonetheless classified as enteric glia based on their transcriptomic profile, morphology and location. Apart from alternative experimental approaches, the differences in timing of the two studies could prove to be crucial to explain the apparently conflicting observations. One possibility is that the enteric glial cells identified by McCallum et al. do not come from the vagal neural crest, but rather migrate into the gut as Schwann cell precursors after 5dpf, as identified by El-Nachef and Bronner. However, this seems unlikely as McCallum et al. describe her4:GFP as a marker of adult enteric glial cells, and also show her4:GFP expressing cells emerging from the vagal migratory stream (McCallum et al., 2020). Further studies will likely clarify the developmental origins of these enteric glia in zebrafish.
In addition to zebrafish, the more basal jawless vertebrate, lamprey, has emerged as an important tool in investigation of ENS development and neural crest evolution. A recent study in sea lamprey (Petromyzon marinus), has shown that the ENS arises not from the vagal neural crest, but instead, the trunk neural crest cells (Green et al., 2017). This provides an interesting narrative for ENS development through vertebrate evolution. Schwann cell precursors contributing to the mammalian ENS may be a primitive state retained from early vertebrates, where trunk neural crest form the majority of the ENS (Green et al., 2017). In addition to cell migration, analysis of gene regulatory networks guiding neural crest specification in these different model organisms has led to important insights on developmental processes during ENS formation (Nikitina and Bronner-Fraser, 2009; Martik and Bronner, 2021). Investigation of different animals in our evolutionary tree will further our understanding of how enteric glia develop and function.
FACTORS THAT CONTROL GLIAL DIFFERENTIATION
Following entry into the gut, there is extensive ENCC proliferation and differentiation, as well as further migration to colonise the entire gastrointestinal tract. In the mouse, the timeline of ENCC migration and neuronal differentiation has been well-established (Young and Newgreen, 2001; Obermayr et al., 2013; Hao et al., 2016; Nagy and Goldstein, 2017; Rao and Gershon, 2018). The appearance of glial markers has also been described, however, there is still limited knowledge on how bipotent ENCCs make the critical decision to become either neurons or glia. A mix of cell-intrinsic and environmental factors play important roles in guiding ENS development, including gliogenesis (Charrier and Pilon, 2017; Pawolski and Schmidt, 2020). Many of these pathways have been described in detail elsewhere in the context of overall ENS development and defects in these pathways are implicated in Hirschsprung disease, a neurodevelopmental disorder that arises from the failure of neural crest cells to colonise the entire gastrointestinal tract (described in detail below) (Heanue and Pachnis, 2007; Amiel et al., 2008; Sasselli et al., 2012; McKeown et al., 2013; Liu and Ngan, 2014; Avetisyan et al., 2015; Nagy and Goldstein, 2017). Here we specifically focus on their roles in enteric glial development and differentiation.
Future research in this area is likely to benefit from the increasing amount of data describing gene expression patterns in both mature and developing enteric glia (Lasrado et al., 2017; Zeisel et al., 2018; Drokhlyansky et al., 2020). Single cell RNA-seq performed on ENS cells at E12.5 identified 3 main populations of cells: a “neuronal” cluster, a “undifferentiated/gliogenic” cluster, and a small, third cluster which expressed a low level of all genes examined (Lasrado et al., 2017). Further analysis of genes in the undifferentiated/gliogenic cluster, and comparison to the mature ENS data sets, will help identify factors that are involved in enteric glia differentiation and maintenance.
Sox10, a key transcription factor in neural crest and enteric glia development.
Sox10 plays crucial roles in both neural crest specification and the differentiation and maintenance of peripheral glial cells (Britsch et al., 2001; Paratore et al., 2001). Sox10 is an important neural crest gene, and is expressed by undifferentiated ENS progenitors, even prior to their emergence from the neural tube (Kuhlbrodt et al., 1998; Southard-Smith et al., 1998). It is crucial for ENS development, as mice that lack Sox10 expression have total intestinal aganglionosis (Southard-Smith et al., 1998). As a transcription factor, it controls and modulates the expression of several key genes for early ENS development, including Ret (Lang et al., 2000; Lang and Epstein, 2003) and Ednrb (Zhu et al., 2004). Intriguingly, it also promotes the expression of several transcription factors important for neuronal differentiation, such as Phox2b and Ascl1 (Kim et al., 2003). The role of Sox10 at early stages of ENS development appears to differ from its later task in directing enteric glial development. During early embryogenesis Sox10 appears to be responsible for promoting ENCC proliferation and migration, as well as the induction of a wide array of both neuronal and glial genes (Figure 3).
[image: Figure 3]FIGURE 3 | Pathways in gliogenesis. Some pathways are commonly employed both in early ENCC development and enteric glial differentiation, but may play different roles in each situation, depending on the presence of other factors. Adapted and expanded from (Liu and Ngan, 2014).
As ENCCs differentiate, enteric neurons downregulate Sox10 expression, but Sox10 is maintained in the majority of enteric glia (Young et al., 2003). Among other genes, Sox10 induces expression of the neuregulin receptor, ErbB3 in neural crest cells. ErbB3 signalling is important for promoting enteric glial proliferation and differentiation, as ErbB3 knockout mice fail to develop enteric glia at E12.5 (Riethmacher et al., 1997). ErbB3 is activated by its ligand, glial growth factor 2 (GGF2), which is synthesised by the gut mesenchyme. ErbB3 expression is also promoted by bone morphogenetic protein (BMP) signalling (Chalazonitis et al., 2011). Interestingly, mice that lack ErbB3 expression in their neural crest also have decreased neuronal density along the entire length of the gut during embryonic development, however, this can be attributed more to decreased migration rather than changes to glial differentiation (Espinosa-Medina et al., 2017). How Sox10 maintains its dual roles both in promoting glial differentiation and maintaining multipotency remains unknown. The timing and level of Sox10 expression are likely to be important (Kim et al., 2003). Oscillating expression of various pro-neuronal and pro-glial transcription factors has been observed in multipotent progenitors, with the expression of individual transcription factors being sustained as they make a fate choice (Imayoshi et al., 2013). This model is likely to also take place in differentiating ENCCs, and Sox10 expression levels could provide a means to discriminate between enteric glial cells with or without neurogenic potential.
In addition to Sox10, several other Sox genes are also expressed by ENCCs and are important for ENS development. Sox8, Sox9 and Sox10 belong to the SoxE family of transcription factors, which are highly conserved in vertebrates and generally show overlapping expression (Reiprich and Wegner, 2015), including in the ENS (Maka et al., 2005). However, there are still clear differences in the function of these different transcription factors. For example, in mice, loss of function of Sox10 cannot be replaced by Sox8 expression. Attempted rescue of Sox10 deletion using a knock-in Sox8 model restored the ENS in the oesophagus and stomach, but the ENS failed to develop in the small and large intestines (Kellerer et al., 2006). How enteric glia were affected in the rescued regions was not examined, however, Schwann cells and other peripheral glial cells appeared to be restored (Kellerer et al., 2006). While Sox2 belongs to the SoxB1 group, its expression closely overlaps with that of Sox10 in the ENS (Heanue and Pachnis, 2011), and is also often used as a marker to detect enteric glia in the adult ENS (Jonscher and Belkind-Gerson, 2019; Morarach et al., 2021). From an evolutionary perspective, how the different Sox genes can compensate for each other has been examined in a recent comprehensive study, where different Sox genes were expressed in sox10-knockout zebrafish embryos, including SoxE genes from the jawless vertebrate, lamprey, and the invertebrate, lancelet (Lee et al., 2016). The lamprey Sox9 orthologue (PmSoxE3) and the single SoxE gene identified in the invertebrate lancelets (Branchiostoma floridae) were able to induce ENS neuron formation (Lee et al., 2016), indicating they have similar function to the vertebrate Sox10.
Notch and Hedgehog Signalling Pathways
Notch and hedgehog are also important regulators of both ENS development and gliogenesis (Liu and Ngan, 2014). It’s well known that Notch signalling plays an important role in cell fate determination through development (Heitzler and Simpson, 1991; Ho et al., 2020). Notch is a transmembrane receptor that is activated by its ligand, Delta, which is also a transmembrane protein. Therefore, cell-cell contact is required for this juxtacrine signalling (Figure 3). In mammals, there are 4 notch receptors (Notch 1–4), and 5 ligands (delta-like1, 3, 4, and jagged 1, 2). In the ENS, Notch1, Delta-like 1 (Dll1) and Dll3 are expressed, and some cells also express Notch4, Dll4 and Jagged1 (Okamura and Saga, 2008). Activation of Notch1 by its ligand, Dll1 or Dll3, results in transcription of target genes, including the Hes (hairy and enhancer of split) family of transcriptional repressors (Bray, 2016). Hes1 is expressed in the developing ENS, as well as in non-ENCCs in the gut at E10.5 (Okamura and Saga, 2008) and has been shown to repress the expression of pro-neural genes, such as Ascl1 (aka Mash1) (Chen et al., 1997). Notch activation was found to promote Sox10 expression, through indirect action via Hes1 and its repression of Ascl1 expression (Okamura and Saga, 2008), as Ascl1 represses Sox10 expression (Kim et al., 2003). During ENS development, Ascl1 expression is found both in Sox10+ progenitors and enteric neurons. Ascl1 has been shown to be important for neuronal differentiation in the oesophagus (Sang et al., 1999), stomach and intestines (Blaugrund et al., 1996), particularly for some subtypes of enteric neurons (Memic et al., 2016). While Ascl1 is generally considered to be a pro-neural gene, it also contributes to enteric glial differentiation. In Ascl1 knockout mice, the proportion of S100B + enteric glia is decreased in the colon and distal small intestine, but more proximal gut regions were not affected (Memic et al., 2016). This indicates that there are likely to be further actions of Ascl1 on enteric glial differentiation, in addition to repression of Sox10.
In recent transcriptomic studies, Hes1 expression appears to dominate in the progenitor pool of the embryonic ENS, while enteric glia express Hes5, as well as the closely related transcription factors Hey1 and Hey2 (Morarach et al., 2021). Interestingly, Hes6 expression was more specific to neuroblasts (Morarach et al., 2021). Expression of these different subsets of transcription factors is likely to be important for the segregation of the neuronal vs glial differentiation lineages, however, how these differences are initiated remains unknown. Elsewhere in the nervous system, different ligands for Notch produce different downstream intracellular signals, which can be responsible for switching on the expression of different transcription factors (Bray, 2016). How this is controlled in the ENS has not yet been investigated. In the central nervous system, Hes5 expression has been identified in radial glial cells (Ruan et al., 2021) and is also important for maintaining oligodendrocyte precursors as proliferating cells, preventing their differentiation (Sock and Wegner, 2021). Interestingly, Hes5 achieves this by preventing the interaction of Sox10 with its downstream myelinating genes. How these actions of Hes5 relate to enteric glial differentiation remains to be investigated. In zebrafish, the orthologue of Hes5, her4.3 was used as a marker to identify enteric glial cells through development and in adulthood, and as described later, Notch signalling was found to persist in the mature ENS for controlling neurogenesis (McCallum et al., 2020).
Activation of the hedgehog signalling pathway decreases neurogenesis in the gut (Sukegawa et al., 2000; Fu et al., 2004; Reichenbach et al., 2008; Liu and Ngan, 2014), and promotes premature gliogenesis (Ngan et al., 2011). Hedgehog signalling acts through the Patched (Ptch) and Smoothened (Smo) transmembrane receptors to promote the transcription factors Gli proteins (Gli1, 2, 3) to activate transcription of their targets (GliA, Figure 3). Gli proteins can also act as transcriptional repressors (GliR), and different levels of hedgehog signalling result in different ratios of Gli activators/Gli repressors (Liu and Ngan, 2014). Activation of the hedgehog signalling pathway has been shown to increase Hes1 expression. This was identified to be mediated via activation of Dll1 expression, thereby there is convergence of the hedgehog and notch signalling pathways (Figure 3) (Ngan et al., 2011). Gli activation can also promote Sox10 expression (Liu et al., 2015), thereby promoting gliogenesis.
GDNF (Glial Derived Neurotrophic Factor)—Ret
GDNF-Ret signalling plays many crucial roles in ENS development, including ENCC migration and proliferation (Sasselli et al., 2012; Lake and Heuckeroth, 2013). GDNF is produced by the gut mesenchyme, and ENCCs express its receptor, Ret, and co-receptor, GFRa1. In the absence of GDNF, Ret, or GFRa1, there is no ENCC migration beyond the stomach and results in total intestinal aganglionosis (Schuchardt et al., 1994; Pichel et al., 1996; Sanchez et al., 1996; Enomoto et al., 1998). As one of the master regulators of ENS development, GDNF-Ret signalling interacts with many other pathways, including those downstream of Sox10 and Endothelin-3 (described below). Ret signalling and Sox10 act synergistically during early ENS development, as both are important for neural crest migration and proliferation (Heanue and Pachnis, 2007; McKeown et al., 2013; Avetisyan et al., 2015; Nagy and Goldstein, 2017). In addition, Sox10 has been shown to act together with Pax3, another important neural crest transcription factor, to promote Ret expression (Lang et al., 2000; Lang and Epstein, 2003).
The role of GDNF-Ret signalling changes through development, and attenuated timing and location of increased GDNF expression has different impacts on the ENS (Wang et al., 2010). Ret becomes upregulated in neurons and downregulated in enteric glia (Young et al., 1999). Further, mosaic deletion of Ret expression has been shown to increase the expansion of cells lacking Ret, i.e., enteric glial cells, at later stages of ENS development (Lasrado et al., 2017). This suggests that Ret expression is important to commit bipotential progenitors to the neuronal lineage and that Ret downregulation by enteric glia may be important for sustaining their proliferation. How the actions of Sox10 upregulate Ret expression during early ENS development fit in with the later downregulation of Ret in enteric glia has not been examined. As described above, it’s likely that there are changes in the roles of these transcription factors and signalling pathways as the ENS matures, which could be important for modulating further changes in Ret expression and progenitor maintenance.
Endothelin 3—Endothelin Receptor B
Endothelin-3 signalling, acting via its receptor Endothelin receptor B (EdnrB), inhibits neuronal differentiation in the ENS, thereby maintaining ENCCs in a progenitor state (Hearn et al., 1998) (Figure 3). This allows ENCCs to proliferate and migrate to colonise the entire gastrointestinal tract. In the absence of Endothelin-3 signalling, ENCCs prematurely differentiate into neurons, and fail to migrate to the end of the colon. Endothelin-3 and Ednrb knockout mice lack enteric neurons in the terminal colon and are often used as models of Hirschsprung disease (Baynash et al., 1994; Hosoda et al., 1994). Thus far, how endothelin signalling impacts glial differentiation specifically in vivo has not been examined. Endothelin-3 signalling interacts with many pathways, including Ret, Sox10, and retinoic acid (Barlow et al., 2003; Gisser et al., 2013; Watanabe et al., 2017). Endothelin signalling acts to maintain Sox10 levels in vivo (Stanchina et al., 2006), and Sox10 promotes Ednrb expression in ENCCs migrating into the distal colon (Zhu et al., 2004). In addition, Endothelin-3 signalling enhances Ret signalling to promote the proliferation of ENCCs (Barlow et al., 2003). More recently, in vitro cultures have shown that for ENCCs isolated from embryonic mouse and rat gut, endothelin signalling decreases both neuronal and glial differentiation (Gisser et al., 2013; Watanabe et al., 2017). Therefore, it’s possible that endothelin signalling acts on Sox10 only in the context of maintaining the ENCC progenitor population, and other factors are needed to promote enteric glial differentiation. It would be interesting to examine how Endothelin 3—Ednrb signalling impacts on the maintenance of the neural precursor population in the adult gut.
Foxd3
Foxd3 is also a key transcription factor in neural crest specification. It’s expressed by pre-migratory neural crest cells and deletion of Foxd3 in neural crest cells results in a complete intestinal aganglionosis (Teng et al., 2008). Like Sox10, Foxd3 is also important for maintaining neural crest cell multipotency and loss of Foxd3 results in cells moving towards a mesenchymal, rather than neural, fate (Mundell and Labosky, 2011). In addition, Foxd3 has a specific role in enteric gliogenesis. Although ubiquitously expressed in early neural crest cells, its expression is downregulated in enteric neurons and maintained in enteric glia (Mundell et al., 2012). Furthermore, deletion of Foxd3 at later embryonic stages results in reduced enteric glial differentiation (Mundell et al., 2012). How Foxd3 achieves different roles during development is unknown, but likely involves differing interactions with histone deacetylases (HDACs) and other DNA modification proteins for transcriptional repression (Krishnakumar et al., 2016; Respuela et al., 2016). Indeed, epigenetic regulation is an emerging field of study in the understanding of ENS development (described below).
Nr2f1
Nr2f1 was recently identified to be an important gene in gliogenesis (Bergeron et al., 2016). Nr2f1 is an orphan nuclear receptor transcription factor, whose role in ENS development was identified in an insertional mutagenesis screen. Mutant SpotTg/Tg mice were identified to have premature glial differentiation. In these mutants, Nr2f1/2 expression was identified to be over-activated by the inhibition of a non-coding repressing element (Bergeron et al., 2016). Interestingly, Hes5 expression was also found to be downregulated in SpotTg/Tg mutants (Charrier and Pilon, 2017).
Epigenetic and miRNA-Mediated Gene Regulation
Differential gene expression is also controlled by the ability of the transcriptional machinery to access the DNA. This includes changes to either the DNA or the proteins involved in DNA folding, that either prevent or allow gene silencing and gene activation. DNA methylation and histone modifiers are the most studied forms of epigenetic regulation (Torroglosa et al., 2016). In addition, non-coding RNAs such as microRNAs are known to influence gene expression post-transcriptionally (Bartel, 2004). Epitranscriptomic mechanisms, where the transcribed RNA is modified to influence its stability and translation (Frye et al., 2018), have yet to be examined in the context of ENS development.
Current knowledge on epigenetic modulation of the ENS function was recently reviewed in relation to both Hirschsprung disease and irritable bowel syndrome (Gazouli et al., 2016; Jaroy et al., 2019). Analysis of the aganglionic gut from Hirschsprung patient resections have allowed comparison of expression levels of genes and proteins involved in epigenetic silencing during ENS development, such as DNA methyltransferases (DNMTs) and histones. Increased methylation, involving addition of methyl groups by DNMTs, prevents access to the DNA, thereby silencing the gene. Specific DNMTs, such as DNMT3b, and methyl binding proteins, such as MeCP2 have been identified to play a role in neural crest and ENS development (Zhou et al., 2013; Villalba-Benito et al., 2017). Knocking down dnmt1 and uhrf1 (another DNA binding protein which recruits histone deacetylases) in zebrafish leads to reduced ENCC colonisation of the gut (Ganz et al., 2019). In addition, the methylation of a promoter area has been shown to influence expression of key ENS development genes, such as Ret (Munnes et al., 1998) and Ednrb (Tang et al., 2013). How changes in DNA methylation and folding combines with the action of specific transcription factors to lead to changes in gene expression patterns during ENS development is an emerging field of study.
MicroRNAs also play an important role in ENS development. These small noncoding RNAs control gene expression post-transcriptionally, by base-pairing to partially complementary sequences in target messenger RNAs (Bartel, 2004). Our knowledge of microRNAs and their role in ENS development is only beginning (Kang et al., 2021), also mostly starting from uncovering their expression and possible roles in Hirschsprung disease (Sergi et al., 2016; Villalba-Benito et al., 2021).
While epigenetics, epitranscriptomics and the role of microRNAs in enteric gliogenesis haven’t yet been investigated specifically, it is likely that such regulatory mechanisms are involved. Recently, chromatin shaping has been identified to be important for predetermining vagal neural crest into their various lineages (Ling and Sauka-Spengler, 2019). Enteric glia were found to derive from progenitors that have both E2 and NC2 enhancer activity, but not EC2 or NC2 alone. How this relates to the control of specific genes remains to be investigated further. Interesting information can also be inferred from studies on Schwann cells, other peripheral glia, and also oligodendrocytes, which all have partially overlapping transcriptomic profiles, including expression of the key transcription factor Sox10 (Rao et al., 2015). In Schwann cell development, the histone deacetylases 1 and 2 (HDAC1/2) have been found to be important for induction of Pax3 expression, which maintains high levels of Sox10 during specification, and subsequent expression of brain fatty acid binding protein (Fabp7 aka B-FABP) and myelin protein zero (Mpz) (Jacob et al., 2014). While enteric glia are non-myelinating they do express myelin-associated genes, some transiently during development, and others also in the adult ENS (Lee et al., 2001; Young et al., 2003; Rao et al., 2015). Therefore, it’s quite possible that similar pathways are involved in enteric glial differentiation. In zebrafish, downregulation of hdac1 has been shown to delay ENCC migration and reduce enteric neuron numbers (Ignatius et al., 2013), however, the effects on enteric glia have not yet been examined.
APPEARANCE OF ENTERIC GLIAL MARKERS DURING DEVELOPMENT
During mouse ENS development, there is sequential acquisition of the various enteric glial markers. ENCCs enter the gut at E9.5, already expressing Sox10 (Anderson et al., 2006). At E11.5, a subpopulation of ENCCs express the glial progenitor marker brain fatty acid binding protein (B-FABP) (Young et al., 2003). At E14.5, S100B is present (Young et al., 2003) and GFAP at E16.5 (Rothman et al., 1986). Not surprisingly, there is an increase in the proportion of S100B + ENCCs during embryonic development, presumably as more progenitors differentiate into enteric glia (Hao et al., 2017a). Plp1, also a marker of adult enteric glia, is expressed by E12.5 (Rao et al., 2015; Lasrado et al., 2017). Interestingly, Mpz, another gene involved in myelin formation, is transiently expressed during embryonic development (E12—E14) (Lee et al., 2001), but is not present in adult enteric glia (Jessen and Mirsky, 1983). However, single cell RNA-seq studies show that Mpz expression is still present in the Schwann cell precursor pool of the ENS at E18.5 (Morarach et al., 2021). Of note, in the chick gut glial differentiation appears to occur earlier than in the mouse, as GFAP immunoreactivity is present close to the migratory wavefront (Conner et al., 2003).
Although glial cells in the zebrafish gut don’t appear to express the classical enteric glial markers, in previous studies, GFAP-immunoreactive cells were identified in the gut at 3 dpf (Hagstrom and Olsson, 2010). Zebrafish enteric glia were found to exhibit Notch activity, and could be labelled with the transgenic Notch activity reporter her4.3:EGFP. Using this reporter, GFP+ glia were identified at 60 h post fertilisation, increasing in expression at 4 dpf (McCallum et al., 2020).
During human embryonic development, p75+ ENCCs are present in the developing foregut at 4 weeks of gestation, and colonisation of the hindgut is complete by week 7 (Wallace and Burns, 2005). S100B + immunoreactive glia and S100B gene expression have been observed in the human gut at week 12, but no studies have examined any earlier ages. Interestingly, GFAP expression was relatively low in the human gut from week 12–16, indicating that perhaps GFAP expression is also delayed compared to S100B (McCann et al., 2019).
In postnatal development, enteric glia were found to decrease in density in ganglia over the weaning period in mice (2–6 weeks) (Parathan et al., 2020), similar to what was found for enteric neurons. This is most likely due to an overall decrease in the density of enteric ganglia as the gut grows and the distance between ganglia spreads. Interestingly, a large proportion of submucosal HuC/D+ neurons, as well as a small subpopulation of myenteric neurons, were found to co-express the glial markers Sox10 and S100B (Parathan et al., 2020). It is likely that these are newly differentiated neurons which are in the process of switching off glial marker expression. As the submucous plexus generally develops later than the myenteric, it would be interesting to examine whether this phenomenon is more prevalent in the myenteric plexus at earlier postnatal ages.
THE APPEARANCE OF ENTERIC GLIAL SUBTYPES
Whilst the acquisition of these immunohistochemical markers of enteric glia is now well-described, the development of glial “activity” and the differentiation of the various subtypes of enteric glia has not been investigated. The developmental appearance of enteric glia subtypes, using the currently accepted morphological classification, is currently unknown. During embryonic development, the majority of enteric glia first appear at the level of the plexus layers of the gut. At E14.5 and E16.5, S100B+ enteric glia are closely associated with enteric neurons and progenitors at the myenteric plexus (Hao et al., 2017a). Gangliogenesis, i.e. the separation into individual ganglia, begins at embryonic stages (Young et al., 1998) and, like many events during ENS development, progresses in a rostral-to-caudal wave (Epstein et al., 1991). Therefore, enteric glia could be classified as either Type I, II, III or IV based on their location with respect to the myenteric and submucosal ganglia, or presence within the mucosa (Figure 4). However, how their morphology relates to adult enteric glial cells residing in these locations and how the structural maturation of the plexus layers influences enteric glia phenotype is not known. Mucosal enteric glia (Type III) have been identified from postnatal development and the presence of microbiota is key for attracting enteric glia into the gut mucosa layers (Kabouridis et al., 2015). In the adult ENS, mucosal glia are believed to be constantly replaced by cells migrating from the plexus layers, but how this relates to progenitor/enteric glia proliferation in the plexus layers is not known. Recently, single cell RNA-seq of the developing human gut have shown that there are already multiple subtypes of enteric glia before 12 weeks gestation (Elmentaite et al., 2021; Fawkner-Corbett et al., 2021). There is abundant expression of Sox10 and S100B at weeks 6–11 gestation, with lower levels of Fabp7 (B-FABP), and very little Gfap. Interestingly, S100B expression was not restricted to glial cells, but also found in progenitors, neuroblasts and some lineages of enteric neurons (Elmentaite et al., 2021). This has also previously been identified in mouse ENS data sets (Zeisel et al., 2018), however, how these lower expression levels relate to translation and detection of the S100B protein remains to be investigated further.
[image: Figure 4]FIGURE 4 | Differentiation of enteric glial subtypes during ENS development? (A–C): Whole-mount postnatal day 2 (P2) murine gut with immunohistochemical staining against HuC/D (blue), Sox10 (red) and S100B (yellow). By P2, enteric glia are present in different locations in the various gut layers: in the myenteric and submucous (smp, arrows) plexus in both the small intestine (SI) and colon, and also surrounding neurons within ganglia. Should these enteric glia be classified as type I, II, III or IV based on their locations? (D): Transverse cryosection of E16.5 small intestine from Wnt1-cre;R26R-YFP mice, where all neural crest-derived cells express YFP. Immunohistochemical labelling against Sox10 (magenta), HuC/D (red), YFP (green) and dapi (blue) was performed. Inset on left image is magnified in the following panel. Sox10+ cells can be observed in some villi (arrows), these could be classified as either type III enteric glia or progenitor cells.
While the molecular mechanisms underlying enteric glial cell heterogeneity are largely unknown, most findings argue that the array of enteric glia subtypes is determined by microenvironmental cues rather than genetic lineage restrictions. For instance, although enteric glia express a differential set of “common” markers in vivo, they quickly upregulate such molecules when isolated and cultured in vitro (Boesmans et al., 2015). Also, genetic fate mapping demonstrated that the expression of GFAP by individual enteric glia is extremely dynamic and echoes their high level of phenotypic plasticity (Boesmans et al., 2015). Further proof comes from clonal analysis of ENS morphogenesis, where all 4 morphological enteric glial cell subtypes were present in “glia-only” clones in vivo (Lasrado et al., 2017).
When enteric glia in the developing ENS are able to receive input from enteric neurons and when they become “functionally active” has not yet been investigated. In the adult ENS, enteric glia communicate via connexin hemichannels and receive input from enteric neurons through purinergic signalling (Gulbransen et al., 2012; Boesmans et al., 2013; McClain et al., 2014; Fung et al., 2017; Boesmans et al., 2019). One study has shown that between E11.5—E14.5 in the embryonic mouse, calcium waves propagate between both enteric neurons and Sox10 + ENCCs, mediated by purinergic signalling between adjacent cells (Hao et al., 2017b). It’s possible that enteric glia participate in this form of wave communication, however, whether S100B+ cells were involved was not conclusively identified.
DEVELOPMENT OF ENTERIC GLIA IN THE ABSENCE OF ENTERIC NEURONS
ENCC progenitors first start to differentiate into neurons before the appearance of enteric glial cells. Whether the presence of enteric neurons influences glial differentiation has not been investigated. Interestingly, enteric glial cells are present in the absence of enteric neurons, for example, in Hirschsprung Disease. As described above, Hirschsprung disease is a developmental disorder that occurs when neural crest cells fail to colonise the entire gastrointestinal tract (Amiel et al., 2008). Without neural crest precursors, the ENS fails to form in the caudal bowel. The severity of the disease depends on the length of the aganglionic region, which, in the majority of cases, occurs in the colon, but can sometimes extend into the small intestine (Kawaguchi et al., 2021). In the absence of an ENS, there is no control of gut motility and faecal contents cannot move past the aganglionic region, accumulating to form a megacolon in affected infants. Hirschsprung disease occurs at an incidence of 1:5,000 live births. Surgical resection of the aganglionic bowel is a necessary and life-saving procedure (De La Torre and Langer, 2010). Studies of resected gut from patient samples, as well as animal models of Hirschsprung disease have shown that in the aganglionic region, segments of innervated bowel can be present (O'Donnell and Puri, 2010). These so called “skip segments” contain enteric neurons and glia, which were thought to arise from sacral neural crest (Burns et al., 2000; O’Donnell and Puri, 2010). More recently, Schwann cell precursors and vagal neural crest cells migrating across the mesentery have been shown to contribute to skip segments (Yu et al., 2020; Uesaka et al., 2021).
In addition to skip segments, glial cells have also been identified in the aganglionic colon where neurons are completely absent (Graham et al., 2020; Soret et al., 2020). This has been demonstrated using both the Ednrb-knockout (Ednrb-KO) transgenic mouse model of Hirschsprung disease (Lane, 1966; Hosoda et al., 1994; Soret et al., 2020), as well as patient samples taken from aganglionic resected gut (Graham et al., 2020) (Figure 5). The enteric glial cells closely associated with extrinsic peripheral nerves are likely to arise from Schwann cell precursors, which migrate along these nerves throughout the body (Petersen and Adameyko, 2017). However, they appear to have a very limited capacity to differentiate into neurons as very few neuronal cell bodies are observed in the aganglionic zone (Figure 5). One recent study has investigated the potential of driving these enteric glia to innervate the aganglionic gut using GDNF (Soret et al., 2020). The application of GDNF to the aganglionic rectum was able to stimulate these glia to proliferate and generate enteric neurons, thereby restoring gut motility and ensuring survival of a number of different transgenic mouse models of Hirschsprung disease (Soret et al., 2020). This is highly promising as a potential adjunct treatment. Although defects in RET account for 50% of familial cases of Hirschsprung disease (Amiel et al., 2008), the migration and differentiation of Schwann cell precursors in the gut does not appear to be hampered by the lack of Ret expression (Uesaka et al., 2021). However, why these enteric glial cells in the aganglionic colon fail to differentiate into neurons in the absence of exogenous GDNF, and whether they can be channelled as a form of cell therapy for the treatment of Hirschsprung disease in larger mammals remains to be investigated further.
[image: Figure 5]FIGURE 5 | Enteric glia are present in the gut in the absence of enteric neurons: the aganglionic zone of Hirschsprung Disease (HSCR) tissue. Whole-mount immunohistochemistry of Ednrb-KO mouse (A–F) and human HSCR patient tissue (H-H′). (A): Diagram of mouse colon including the ENS wavefront and showing the regions with “normal” ganglia, the transition zone (TZ), and the aganglionic zone (AZ). (B–F): Representative images from each of these regions, following immunohistochemistry against S100B (green), HuC/D (red) and neuronal class III β−tubulin (Tuj1, blue). The majority of S100B + glia in the aganglionic region follow nerve bundles, both large and small (arrows). Sometimes, individual Hu + neurons are present in the aganglionic zone (open arrows). NB. These are not “skip segments” as there are no clear ganglia, instead, they are just a handful of individual neuronal cell bodies. (G-G’): Patient HSCR samples labelled against Sox10 (red) and Tuj1 (blue). In the aganglionic zone, Sox10 + glia are also associated with nerve processes. The same proximal—distal orientation has been maintained in all tissues.
ENTERIC GLIA AS “STEM CELLS” IN THE ADULT ENS
The identity of the neural stem cell population in the adult ENS has been a topic of debate. Neural crest stem cells in the peripheral nervous system were described in 1992 by Stemple and Anderson (Stemple and Anderson, 1992). Cells expressing the low-affinity nerve growth factor receptor, p75 on their surface were isolated using fluorescent activated cell sorting (FACS) and were found to be multipotent in culture (Stemple and Anderson, 1992). These “neural crest stem cells” were also identified and examined in the embryonic gut (Lo and Anderson, 1995; Kruger et al., 2002; Kim et al., 2003), and were found to persist in the adult gastrointestinal tract (Kruger et al., 2002). The neurogenic capabilities of these stem cells were mostly assessed in vitro, by their ability to differentiate into neurons and glia in culture. To investigate their neurogenic potential, methods to grow neurospheres were developed, both with and without using FACS to isolate p75+ cells (Schäfer et al., 2003; Almond et al., 2007), using reporter mouse lines where ENCCs are labelled (Hotta et al., 2013), and also from Hirschsprung patient tissue following gut resections (Lindley et al., 2009). Much research has been dedicated to investigating the use of these enteric neural progenitors in cell therapy as a treatment for Hirschsprung disease (Burns et al., 2016).
Whether there are proliferating stem cells in the adult ENS, and the identity of these cells has been the subject of several recent studies. In rodent model studies, enteric glial cells have been suggested to act as the “stem cell” population in the ENS. Enteric glia do proliferate, although at low levels, in the healthy rat gut. Following a 6-weeks daily pulse of BrdU and a 6-weeks chase, 2.8% of S100B+ enteric glia were found to be proliferative (Joseph et al., 2011). Single cell RNA-seq studies indicate that a subpopulation of enteric glia in juvenile (P21-23) mice express markers of proliferative cells (Zeisel et al., 2018). However, as described above, their precise localisation in the gut, as well as how they correlate with the current morphological classification remains to be investigated further.
Enteric glia can also transdifferentiate into neurons without the need for proliferation. Using benzalkonium chloride (BAC), a detergent that denervates small regions of the small intestine, lineage-marked glial cells (displaying Sox10 promotor activity) were found to change to expressing neuronal markers 1 month following denervation (Laranjeira et al., 2011). These cells were thought to migrate into the denervated region from nearby ganglia, but did not arise from proliferating cells (Laranjeira et al., 2011). Similarly, studies investigating enteric neurogenesis in the context of inflammation have found that enteric glial cells transdifferentiate into enteric neurons (Belkind-Gerson et al., 2017). In experimental models of colitis, increased density of enteric neurons was observed, however, in the absence of cellular proliferation (Joseph et al., 2011; Belkind-Gerson et al., 2017). The newly generated enteric neurons were found to differentiate from cells expressing enteric glial markers Sox2 and Plp1 (Belkind-Gerson et al., 2015; Belkind-Gerson et al., 2017).
In a controversial study by Kulkarni et al., 80% of enteric neurons was found to be replaced every 2 weeks in adult mice (Kulkarni et al., 2017). Extensive proliferation of ENS cells was identified using incorporation of the thymidine analogues IdU and CldU. Proliferating cells were shown to express Nestin, a commonly used marker of stem cells in the CNS. However, whether Nestin can be used as a marker of stem cells in the ENS is still unclear. Nestin expression has been identified in both enteric neurons and glial cells, both in studies investigating the localisation of the Nestin protein (Eaker and Sallustio, 1994; Vanderwinden et al., 2002; Azan et al., 2011; Cantarero Carmona et al., 2011) as well as using Nestin-GFP reporter mice (Belkind-Gerson et al., 2013; Grundmann et al., 2016). While Kulkarni et al. suggest that the proliferating population does not express Sox10, some of these cells were positive for the enteric glia markers S100B and GFAP. Still, whether they represent a dedicated neural stem cell population, or a subset of enteric glia remains to be clarified. More recently, in a follow up study by the same group, toll-like receptor (TLR) activation via the microbiome was found to be important for the differentiation of neurons from Nestin+ cells in the adult ENS (Yarandi et al., 2020). The degree of proliferation proposed by these two studies has not yet been replicated in any other labs, and further investigation is needed to confirm how enteric neurogenesis proceeds in the mature adult gut.
The zebrafish ENS has been suggested to have a higher regeneration capacity compared to mammalian models and neurogenesis has been described in 4 key studies, both during larval development (Kuwata et al., 2019; El-Nachef and Bronner, 2020; McCallum et al., 2020; Ohno et al., 2021) and also in the adult (McCallum et al., 2020). At 3-4dpf, ENCCs have just migrated to the caudal end of the gut (Shepherd et al., 2004). By using an inducible zebrabow transgenic line, individual ENCCs could be identified at these stages and their progeny followed using both timelapse imaging and posthoc immunohistochemistry (Kuwata et al., 2019). Dividing cells were observed to give rise to all combinations of neuron/neuron, neuron/Sox10+, and Sox10+/Sox10+ daughter cell dyads, indicating that multipotent progenitors are present.
At the later age of 10–15 dpf, the gut is fully colonised and a mixture of both enteric neurons and Sox10+ cells are present (Ohno et al., 2021). Using an infrared laser-evoked gene operator system to remove the ENS at a specific somite level, colonisation of the ablated region was observed (Ohno et al., 2021). Nearby enteric neurons extended neurite “bridges” into the ablated region, and both neuronal and non-neuronal ENCCs migrated towards and occupied the affected area. Cells colonising the ablated region consisted of newly generated cells that proliferated following laser ablation, as well as newly differentiated neurons. Although the density of cells did not reach its full capacity 10 days following ENS ablation, this data reveals important information about the proliferative and regenerative capacity of ENS cells. Two different models have been proposed to explain the identity of these regenerative cells in the zebrafish ENS.
De novo neurogenesis following laser ablation of the ENS in the zebrafish larvae was also observed by El-Nachef and Bronner. This neurogenesis was attributed to Schwann cell precursors that migrated into the gut and promoted by the 5-HT4 receptor agonist, prucalopride (El-Nachef and Bronner, 2020). As described above, this study focused on investigating neurogenesis at 5 dpf, immediately following vagal NCC colonisation of the gut. When demonstrating that new neurons derive from non-resident neuronal precursors the authors made use of phox2b regulatory elements to drive expression of the Kaede reporter. However, phox2b activity has been shown to be restricted to committed neuronal progenitors and enteric neurons (Roy-Carson et al., 2017). Therefore, this raises the possibility that in their experiments, uncommitted resident ENS progenitors that were present at this stage were not labelled, and thus escaped photoconversion. In a similar study, postnatal neurogenesis was identified, but attributed to enteric glia located within the gut (McCallum et al., 2020). Enteric glia in the adult zebrafish gut (3 months old) were found to be proliferative, incorporating the thymidine analogue, EdU, after a 3-days pulse. Only about 10% of enteric glia were found to be cycling, suggesting that the majority of enteric glia remain quiescent, with a small activated population that enter the cell cycle. In addition, a small population of neurons were identified to have taken up EdU during this time, and were found in couplets with non-neuronal cells, suggesting that they arose due to proliferation and subsequent differentiation of glia. Notch activity was found to have an important role in the regulation of both gliogenesis during development, and also glial proliferation and neurogenesis in the mature adult ENS (McCallum et al., 2020). As described above, although these results appear to suggest different cellular sources, it is clear that neurogenesis in the adult zebrafish comes from non-neuronal cells located in the gut, likely representing enteric glia. To what extent Schwann cell precursors contribute to this progenitor population remains to be investigated. Nonetheless, these studies have opened up new avenues for further investigation into the activation pathways involved in adult neurogenesis in both zebrafish and mammalian ENS models.
Signalling Pathways Responsible for Neurogenesis in the Adult Enteric Nervous System
Several signalling pathways have been implicated in neurogenesis in the adult ENS under physiological and pathological conditions. Serotonin (5-HT) is a prominent signalling molecule in the gut and is produced primarily by mucosal enterochromaffin cells and neurons (Gershon, 2013). Along with critical roles during development, serotonin has been found to be involved in adult neurogenesis. This role appears to rely on signalling through the 5-HT4 receptor that is found on both enteric neurons and glia. Neurogenesis was initially described in response to treatment with a 5-HT agonist in the adult gut (Liu et al., 2009). BrdU was detected in a subset of cells expressing enteric glia markers that were located extraganglionically and subsequently migrated into the ganglia where they acquired a neuronal phenotype. When 5-HT4 receptor KO animals were treated with the 5-HT agonist, neurogenesis was not observed (Liu et al., 2009). More recently, colitis induced neurogenesis was found to be blocked by 5-HT4 receptor antagonism (Belkind-Gerson et al., 2015). Using Sox2-GFP reporter mice, which label enteric glia, Belkind-Gerson and colleagues showed that these new neurons arose from enteric glial cells. In a follow up study using the same Sox2-YFP reporter mice, they demonstrated that new neurons did not incorporate EdU, suggesting Sox2+ glial cells underwent direct neuronal transdifferentiation (Belkind-Gerson et al., 2017). In a germ-free mouse model, microbiota colonization in the adult stimulated proliferation of Nestin+ cells and maturation to neurons via an increase in 5-HT production and activation of the 5-HT4 receptor (De Vadder et al., 2018). In addition, as mentioned above, microbiota have also been implicated in regulating neurogenesis from Nestin+ cells via Toll-like receptor 2 (Yarandi et al., 2020).
In zebrafish models, neurogenesis from glia has been found to involve the Notch signalling pathway. As described above, McCallum and colleagues (2020) found that her4.3:GFP, a Notch activity reporter, labelled enteric glial cells in the adult zebrafish. These cells underwent proliferation and occasionally gave rise to neurons. Notch signalling was shown to be involved in this process as treatment with a Notch inhibitor led to the loss of her4.3 expression. Loss of her4.3 was associated with increased glial proliferation and enteric neurogenesis, although it was not determined whether Notch signalling had a direct effect on neurogenesis or whether the increase in neurons came indirectly as a result of increased glial proliferation (McCallum et al., 2020).
GDNF, which plays many crucial roles in ENS development, is also implicated in postnatal neurogenesis (Soret et al., 2020). In this study, GDNF was delivered via enema to several mouse models of Hirschprung disease. GDNF treatment was found to stimulate the migration and proliferation of Schwann cells associated with extrinsic nerves which subsequently gave rise to new enteric neurons and glia. The effect of GDNF was dependent on the GDNF receptor, GFRa1, however GDNF signalling in Schwann cells appeared to be mediated by NCAM rather than GDNF’s more well-known signalling partner, Ret. Whilst a subset of new enteric neurons and glia appeared to arise from Schwann cells, a significant percentage of induced neurons did not express the Schwann cell lineage reporter nor did they incorporate EdU (Soret et al., 2020), suggesting that both neuronal transdifferentiation and differentiation from non-enteric precursors can occur in the same system simultaneously. Together, these studies investigating adult neurogenesis in rodents and zebrafish implicate several signalling pathways that may act to promote neurogenesis in the ENS. However, further studies are needed to tease out exactly how all the signalling pathways described above are involved both under steady state and pathological conditions.
CONCLUSIONS AND FUTURE DIRECTIONS
Enteric glia are an extremely intriguing population of cells that have a variety of roles in gastrointestinal function. Over the last couple of years, several key single cell RNA-seq studies investigating gene expression in the ENS have described the different populations of enteric neurons and their differentiation (Zeisel et al., 2018; Drokhlyansky et al., 2020; Elmentaite et al., 2021; May-Zhang et al., 2021; Morarach et al., 2021; Wright et al., 2021). Although there is also single cell RNA-seq data on enteric glia, there has as yet been no consensus linking the transcriptomic data with the current morphological classification scheme (Bon-Frauches and Boesmans, 2020). Importantly, establishing such a match will require a better understanding of the plasticity of enteric glia in the adult ENS under homeostatic conditions. The presence of the gut microbiome has been shown to be important for the attraction of enteric glia towards the lamina propria. However, whether there is movement of enteric glia within and between other niches in the intestinal wall has not been examined in detail. Furthermore, whether such mobility is accompanied with morphological, transcriptional and functional changes is not known. During development, the age-old question of how ENCC progenitors make the decision to become a neuron or a glial cell still remains largely unanswered, although we are starting to hone in on this through the various gene expression data. Lastly, enteric glia appear to act as the neural stem cell population of the gut, however in mammals, they generally remain quiescent during homeostasis. The signals that maintain low proliferation rates versus the mechanisms that induce enteric glia to proliferate and differentiate into enteric neurons remain largely unknown. How the novel findings obtained in zebrafish reconcile with mammalian models of ENS maintenance requires further investigation. Answers to these key questions will provide valuable information on the understanding of enteric glial function and their potential use in a therapeutic context.
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Membraneless granules assemble in different cell types and cellular loci and are the focus of intense research due to their fundamental importance for cellular organization. These dynamic organelles are commonly assembled from RNA and protein components and exhibit soft matter characteristics of molecular condensates currently characterized with biophysical approaches and super-resolution microscopy imaging. In addition, research on the molecular mechanisms of the RNA–protein granules assembly provided insights into the formation of abnormal granules and molecular aggregates, which takes place during many neurodegenerative disorders including Parkinson’s diseases (PD), Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), and frontotemporal dementia (FTD). While these disorders are associated with formation of abnormal granules, membraneless organelles are normally assembled in neurons and contribute to translational control and affect stability of neuronal RNAs. More recently, a new subtype of membraneless granules was identified in Drosophila glia (glial granules). Interestingly, glial granules were found to contain proteins which are the principal components of the membraneless granules in germ cells (germ granules), indicating some similarity in the functional assembly of these structures in glia and germline. This mini review highlights recent research on glial granules in the context of other membraneless organelles, including their assembly mechanisms and potential functions in the nervous system.
Keywords: membraneless organelles, glia, germ granules, stress granules, Tudor domain, PIWI, neurodegenerative disease
INTRODUCTION
Since description of characteristic membraneless granules in germ cells of over 80 animal species in eight phyla documented several decades ago (Eddy, 1975), it is now recognized that the assembly of large intracellular organelles, which lack the membrane, is one of the fundamental landmarks of cellular organization. In addition to formation of cell type-specific granules (such as germ granules in germ cells or neuronal granules in neurons), the membraneless structures are commonly assembled in nuclei and cytoplasm of most cells and include nucleoli, Cajal bodies, processing (P) bodies, and stress granules (Kiebler and Bassell, 2006; Anderson and Kedersha, 2008; Arkov and Ramos, 2010; Voronina et al., 2011; Gao and Arkov, 2013; Feric et al., 2016; Protter and Parker, 2016; Luo et al., 2018; Formicola et al., 2019; Marnik and Updike, 2019; Strom and Brangwynne, 2019; Trcek and Lehmann, 2019; Campos-Melo et al., 2021; Courchaine et al., 2021). In addition, multiple subcellular loci with crucial general functions such as silent chromatin (heterochromatin) and the RNA polymerase II-bound regions of transcriptionally active genes show properties of membraneless granules (Larson et al., 2017; Strom et al., 2017; Boehning et al., 2018; Lu et al., 2018). These soft matter properties are based on the granules’ assembly mechanisms which often can be described as protein/nucleic acid demixing (condensation) or phase separation from the rest of the cytosol (or nucleoplasm).
A recent study pointed to a number of common principles of the assembly of several membraneless ribonucleoprotein (RNP) granules. First, it was found that RNA components of the germ granules assemble in the large granule as homotypic clusters—large aggregates of the same RNA species (Little et al., 2015; Trcek et al., 2015; Trcek et al., 2020). In addition, some protein components of germ granules assemble into the granules as distinct clusters as well; however, the proteins show some overlap in the granules. Interestingly, the extent of the overlap for the same proteins and the distribution of the proteins within the granules can drastically change during development (Vo et al., 2019). Similar “docking” of two protein clusters, namely, coilin and survival of motor neuron (SMN) clusters, was recently described during the formation of Cajal body/gems granule in the nucleus (Courchaine et al., 2021). Also, a recent study provided a mechanistic view for the role of MEG-3 protein clusters, assembled at the interfaces of germ granules in Caenorhabditis elegans (P granules), in the regulation of granule condensates’ dynamics and stability (Folkmann et al., 2021). Interestingly, the function of these protein clusters is similar to the role of commonly used emulsion stabilizers (Pickering agents) adsorbed to interfaces of emulsion droplets.
Overall, for different membraneless granules, including germ granules, nucleoli, and Cajal bodies/gems, common structural features have emerged that show non-homogenous distribution of granule components within the granules, which can change during development and can be regulated by specific post-translational modifications of protein components. The functional significance and molecular mechanisms driving this non-random distribution of granule components is the subject of current research.
Many membraneless structures share landmark molecular characteristics, such as the presence of intrinsically disordered proteins (IDPs) or protein regions (IDPRs), which lack a defined folded structure, and low-complexity regions (LCRs), which may or may not have a distinct structure but show low diversity of their amino acids (Martin and Mittag, 2018). These protein regions are important components that can drive the assembly (condensation) of membraneless granules using their multivalent low-affinity associations with their interacting partners. Given the high occurrence of IDPs and IDPRs (about 51% of human proteins are either IDPs or contain IDPRs (Deiana et al., 2019)), it is surprising that different cell types use the same proteins to assemble membraneless granules. In particular, previous research works identified proteins that are found in both neuronal and germ granules, supporting the notion that neurons and germ cells utilize the same components to assemble the granules for specific similar functions in these cells (Kulkarni et al., 2020), and indicating that in addition to generally ubiquitous IDPRs, specifically structured protein domains may be selected to build the granules in different cells. Consistent with this, it was recently found that a structured Tudor (Tud) domain of SMN protein, and not its two IDPRs, is sufficient for formation of membraneless condensates (Courchaine et al., 2021).
In this mini review, the author highlights novel membraneless granules identified in glia of the adult Drosophila brain (referred to as “glial granules”) (Tindell et al., 2020), which were found to contain protein components of germ granules and discuss the potential significance of glial granules for brain functions in the context of other membraneless organelles.
GLIA AND GLIAL GRANULES
Glial Cells in Drosophila
Since one of the principal components of the Drosophila germ granules, Tud scaffold protein (Arkov et al., 2006; Gao et al., 2015; Vo et al., 2019), was found to be expressed not only in germline but also in the Drosophila head, distribution of Tud in the adult brain was recently examined in more detail (Tindell et al., 2020). These experiments led to the identification of Tud-containing large granules of about 0.5–2 μm in size in the cytoplasm of specific types of glial cells (but not in the neurons of the adult brain) (Tindell et al., 2020), Figure 1).
[image: Figure 1]FIGURE 1 | Glial granules in the Drosophila adult brain contain germline proteins, and they assemble from distinct protein clusters. This figure gives examples of glial granules recently published in Tindell et al. (2020). (A) A super-resolution microscopy image of a cortex region of the adult Drosophila brain shows multiple glial granules containing Tud protein (red channel) in surface glia (the outermost layer of surface glia, perineurial glia, is labeled with the membrane marker GFP-mCD8, green channel) and in the neighboring cortex glia. (B) Overlays of super-resolution optical sections of individual glial granules, which show Tud (red) and Vas (green) proteins (left panels), and corresponding 3D reconstructions of the individual protein clusters (middle panels) and composite granules (right panels) are shown. Scale bar in (A) is 7 μm. In (B), scale bar, shown in the first optical section (top left), is the same for the other optical section and is 1 μm.
In the adult Drosophila brain, there are several types of glial cells, including surface glia, composed of perineurial and subperineurial glia, cortex glia, astrocyte-like glia, and ensheathing glia (Freeman, 2015; Kremer et al., 2017; Bittern et al., 2021). Interestingly, Tud-containing glial granules were observed in perineurial, subperineurial, and cortex glia, which are located at the surface and cortex of the brain. Perineurial and subperineurial glia form a barrier at the brain surface, and while the perineurial glia layer is porous and permeable, subperineurial glial cells, located below perineurial glia, are tightly connected with septate junctions, which prevent paracellular diffusion of the molecules, and thereby, surface glia is analogous to the blood–brain barrier in the mammalian brain. While both perineurial and subperineurial glia together form a continuous layer covering the entire central and peripheral nervous systems (Kremer et al., 2017), these glial cells employ different developmental strategies to form the layer. In particular, during development and expansion of the nervous system, perineurial glial cells constantly divide to produce a large number of relatively small narrow and elongated cells (Awasaki et al., 2008; Avet-Rochex et al., 2012). In contrast, subperineurial glial cells keep their small numbers during development but greatly enlarge their size by endoreplication (Unhavaithaya and Orr-Weaver, 2012).
As directly connected with hemolymph, perineurial glia is involved in transportation of nutrients from the hemolymph into the nervous system through its membrane transporters. In addition, perineureal glia plays an important role in ethanol tolerance using its A-kinase anchoring protein (Akap200)-dependent structural remodeling of actin cytoskeleton (Parkhurst et al., 2018). Interestingly, perineurial glia have circadian molecular clock (Zhang et al., 2018), and it is involved in the regulation of circadian locomotion behavior (Kozlov et al., 2020).
Subperineurial glia has been implicated in male courtship (Hoxha et al., 2013) and sleep behavior (Artiushin et al., 2018). In addition, subperineurial glia’s efflux transporters are regulated by the circadian clock in perineurial glia, and they are responsible for pumping xenobiotics out into hemolymph most actively during daytime (Zhang et al., 2018).
Cortex glial cells encapsulate virtually all neuronal cell bodies in the fly brain (Figure 2) and are functionally equivalent to mammalian protoplasmic astrocytes (Pereanu et al., 2007; Awasaki et al., 2008; Freeman, 2015). Cortex glia are involved in several essential physiological and behavioral aspects such as metabolic neuronal support, control of neuronal excitability, sleep, locomotion, ethanol response, and removal of dead neurons using phagocytosis (Coutinho-Budd et al., 2017; Farca Luna et al., 2017; Delgado et al., 2018; Lee et al., 2019; Mclaughlin et al., 2019; Nakano et al., 2019; Weiss et al., 2019). In addition, defects in the membrane of the cortex glia cause light-induced seizures (photosensitive epilepsy) (Kunduri et al., 2018). Interestingly, a recent study demonstrated that fragile X mental retardation protein (FMRP), which is one of the crucial components of neuronal granules, has an additional role in glia-mediated phagocytosis that is responsible for neuronal clearance after injury and during neurodevelopment (O’Connor et al., 2017). Importantly, during development, neuronal FMRP signals to cortex and ensheathing glia to activate glial phagocytosis to carry out removal of transient neurons (Vita et al., 2021).
[image: Figure 2]FIGURE 2 | Schematic of the adult Drosophila brain indicating novel glial granules assembled in surface and cortex glia. Recent evidence points to the function of these granules in transcriptome regulation and silencing of transposable elements in the Drosophila brain (Tindell et al., 2020). Future research will test whether glial granules are involved in specific aspects of brain development and function including neuronal survival and metabolic support, behavior, and response to external/environmental factors.
Germline Components of Glial Granules
Tudor and Tudor Domains
Tud protein is one of the principal components of germ granules and plays a role of molecular scaffold due to its 11 protein–protein interaction modules (Tud domains) (Arkov et al., 2006; Liu et al., 2010; Gao et al., 2015; Zheng et al., 2016). The Tud domain is a 50–55 amino acid β-barrel structure, which forms an interaction cavity referred to as “aromatic cage” since it is lined with aromatic amino acids. Aromatic cage of the Tud domain interacts with methylated amino acids of Tud partner proteins such as methylated arginines and lysines. In germ cells, Tud is required for the assembly of germ granules at the posterior pole of the egg (polar granules), and it is essential for formation of primordial germ cells during early embryogenesis (Boswell and Mahowald, 1985; Thomson and Lasko, 2004; Arkov et al., 2006). Tud domain-containing proteins are molecular landmarks of germline in many animals and important contributors to the mechanisms responsible for silencing of transposable elements (Arkov and Ramos, 2010). Similarly, glial granule Tud protein is required for silencing of transposable elements in the Drosophila adult brain (Tindell et al., 2020).
Interestingly, neuronal granule FMRP contains two tandem domains of Tud family (Ramos et al., 2006; Myrick et al., 2015). In Drosophila germ cells, FMRP homolog was also found to associate with Piwi family proteins, Piwi and Aubergine (Aub), and contribute to silencing of transposable elements (Megosh et al., 2006; Bozzetti et al., 2015).
Piwi Family Proteins
Drosophila genome encodes three Piwi family proteins (Piwi, Ago3, and Aub), which belong to a distinct clade of a larger group of argonaute (Ago) proteins (Ku and Lin, 2014; Iwasaki et al., 2015; Arkov, 2018). Similar to other Argonautes, which associate with small guide RNAs, Piwi proteins associate with 24–31 nucleotides long Piwi-interacting RNAs (piRNAs). In germline, piRNAs guide Piwi proteins to the transposon RNA targets, and thereby Piwi proteins silence these targets by either direct endonucleolytic cleavage (Nishida et al., 2015) or by repressing transcription of transposon genes by the assembly of heterochromatin at transposon genomic loci (Le Thomas et al., 2013).
In different animals, Tud domain-containing proteins interact with symmetrically dimethylated arginines (sDMAs) of Piwi proteins in germ granules (Kirino et al., 2009; Vagin et al., 2009). In particular, in Drosophila germline, methylated Aub associates with Tud domain proteins Tud and Krimper (Nishida et al., 2009; Kirino et al., 2010; Huang et al., 2021; Vrettos et al., 2021). In glial granules, both Piwi and Ago3 were identified; however, Aub protein was not detected in these granules. In addition to Ago3 assembly in glial granules, Ago3 was also expressed in a distinct population of neurons (Tindell et al., 2020). Consistent with these data, previous study showed expression of Aub and Ago3 in neurons of mushroom body, which is crucial for olfactory memory, and provided genetic evidence that, similar to the role of Aub and Ago3 in germ cells, these proteins repress transposable elements in the adult brain (Perrat et al., 2013). Interestingly, Aub principal interacting partner in germ granules, Tud protein, is not detected in neurons of the adult brain, and whether Aub is assembled in neuronal granules in mushroom body and associates with other Tud domain-containing proteins awaits further investigation.
ATP-Dependent RNA Helicase Vasa
Vasa (Vas) is a DEAD-box RNA helicase, which is required for development and specification of germline in different organisms (Raz, 2000) (see Figure 1B, which shows Vas and Tud in glial granules (Tindell et al., 2020)). Similar to Tud domain and Piwi proteins, Vas is essential for silencing of transposable elements in germline and is one of the principal components of germ granules (Dehghani and Lasko, 2017). Generally, in the granules, Vas may use its RNA helicase activity to remodel RNA in ribonucleoprotein complexes and to function as an RNA chaperone and regulator of RNA stability and translation (Sengoku et al., 2006; Arkov and Ramos, 2010). In particular, it was shown that Vas helps to dissociate target RNA fragments from Aub homolog from Bombyx mori (silkworm) (Siwi) after Siwi’s cleavage of its target RNA, thereby increasing the efficiency of transposon silencing mechanisms (Nishida et al., 2015; Arkov, 2018).
Polar Granule Component
The polar granule component (pgc) encodes a 71 amino acid protein, and in germ cells it localizes to the nuclei where it represses elongation of transcription by preventing the action of positive transcription elongation factor (P-TEFb). P-TEFb is composed of cyclin-dependent kinase 9 (Cdk9) and cyclin T (CycT), and Pgc protein binds to Cdk9 subunit of the P-TEFb complex, which interferes with association of P-TEFb with transcriptionally active regions (Hanyu-Nakamura et al., 2008). Recently, Pgc was shown to play a role in repressing production of miRNA precursors in germ cells, thereby enabling expression of germline mRNAs, which are targeted by miRNAs, thus preventing germ cell death during embryogenesis (Hanyu-Nakamura et al., 2019). While all the reported functions of Pgc in germ cells are associated with its role in transcription, identification of Pgc protein in cytoplasmic glial granules may point to a novel role of this protein in glia. Alternatively, Pgc protein may be stored in glial granules and, upon a signaling event in glia, Pgc could be released from the granules and translocated to the nucleus for transcriptional regulation.
FUNCTIONAL ASPECTS OF THE MEMBRANELESS ORGANELLES
Different membraneless granules have been implicated in a variety of functions, including regulation of translation and RNA storage/localization (P-bodies, stress granules, germ granules, and neuronal granules) (Arkov and Ramos, 2010; Voronina et al., 2011; Gao and Arkov, 2013; Luo et al., 2018; Formicola et al., 2019; Marnik and Updike, 2019; Trcek and Lehmann, 2019; Campos-Melo et al., 2021), compartmentalization of distinct steps of ribosome assembly in nucleoli (Feric et al., 2016), and bringing together different piRNA pathway components to enable efficient silencing of transposable elements in germ granules (Arkov, 2018).
In particular, in the nervous system, neuronal or transport membraneless granules are assembled to control translation of neuronal mRNAs. One of the principal components of neuronal granules, FMRP, is a well characterized RNA-binding protein and translational repressor (Tsang et al., 2019; Lai et al., 2020). Upon the assembly of the granules, translation of multiple neuronal mRNAs is repressed during transport of these mRNAs from neuronal cell body to the synaptic regions. When granules arrive in the synaptic region, they release or unmask these mRNAs for local translation. Interestingly, there is evidence that this mRNA unmasking and translational activation during neuronal stimulation is promoted by disassembly of the neuronal granules which is induced by dephosphorylation and methylation of FMRP, decreasing its property to form RNA–protein condensates by phase separation (Tsang et al., 2019).
Similar to neuronal granules, stress granules repress translation of their RNA components upon various stress conditions and can transfer the RNAs to P-bodies for degradation of these RNAs (Anderson and Kedersha, 2008). However, recently it was also shown that some RNAs in stress granules are translationally active (Mateju et al., 2020). Importantly, dysregulation of RNA–protein granules, in particular, stress granules, has been strongly implicated in development of several neurodegenerative diseases, such as Alzheimer’s, Huntington’s, ALS, and FTD, for which there is currently no cure (Ash et al., 2014; Mcaleese et al., 2017; St-Amour et al., 2018; Coudert et al., 2019; Ryan and Fawzi, 2019; Wolozin and Ivanov, 2019; Dudman and Qi, 2020). Furthermore, mutations in genes encoding stress granule RNA-binding proteins including TAR-DNA binding protein (TDP-43), fused in sarcoma/translated in liposarcoma (FUS/TLS), heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), and T cell-restricted intracellular antigen-1 (TIA-1) have been found in ALS/FTD patients pointing to direct link between abnormal regulation of stress granule formation in these neurodegenerative disorders (Benajiba et al., 2009; Kwiatkowski et al., 2009; Pesiridis et al., 2009; Gendron et al., 2013; Kim et al., 2013; Mackenzie et al., 2017). Importantly, many of these mutations in stress granule proteins are found in their LCRs, which result in the granule’s decreased dynamics and increased liquid–liquid phase separation, and ultimately, it leads to irreversibly insoluble pathological granules (Baradaran-Heravi et al., 2020).
While glial granules have been described very recently, it is possible that they are involved in post-transcriptional gene regulation in glia, including translational repression, RNA degradation, and recruitment of other RNAs for storage. It is intriguing that Tud-containing glial granules have been detected only in surface and cortex glia, which may indicate that the granules have roles important for the specific functions of these types of glia located at or close to the surface of the brain. For example, these functions may be related to the brain response to or protection from the environmental factors or pathogens present in hemolymph and metabolic support of neurons (Figure 2). In addition, to prevent a pathological cell transformation, co-expression of germline genes in somatic cells may need to be restricted to and tightly controlled in a limited group of cells when germ-like granules are needed for function since ectopic expression of several germline components of glial granules including Piwi and Vas has been observed in Drosophila larval brain tumors in lethal (3) malignant brain tumor (l(3)mbt) mutants (Janic et al., 2010). Importantly, ectopic expression of these genes contributes to tumor development in the l(3)mbt mutants indicating that the germline genes may act to drive tumorigenesis in somatic cells.
Transcriptomic data showed that glial granule component Tud is required for silencing of transposable elements in the brain (Tindell et al., 2020). Consistent with these data, Piwi proteins, Piwi, and Ago3, which are the principal factors of the transposon silencing mechanisms in the germ granules, are bona fide components of glial granules. In addition, non-transposon RNAs are likely to be regulated in glial granules also, which is consistent with the finding that tud mutant showed significant misregulation of multiple non-transposon RNAs in the Drosophila brain (Figure 2).
FUTURE PERSPECTIVES
In conclusion, while it is intriguing that several proteins are shared by glial and germ granules, these granules are likely to include specific components needed for their functions in glia and germline, respectively. Therefore, future research will comprehensively analyze the glial granule composition and test functional roles of the granule components in the brain. In particular, future studies on glial granules should determine whether specific neuron/glia or glia/hemolymph signaling affects the assembly and potential roles of these novel granules in post-transcriptional gene regulation, response to environmental factors, and behavior (Figure 2). Furthermore, potential functional links between glial granules and other membraneless organelles, such as stress granules, should be explored. In addition, given the importance of glia in virtually every aspect of neuronal activity, it will be important to determine whether glial granules show age-related changes in dynamics and composition, which may be linked to neurodegeneration. Overall, future research works on glial granules may provide important insights into biogenesis and formation of pathological granules in the nervous system and suggest ways to reverse their assembly.
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Obtaining oligodendroglial cells from dispensable tissues would be of great interest for autologous or immunocompatible cell replacement therapy in demyelinating diseases, as well as for studying myelin-related pathologies or testing therapeutic approaches in culture. We evaluated the feasibility of generating oligodendrocyte precursor cells (OPCs) from adult rat adipose tissue by expressing genes encoding transcription factors involved in oligodendroglial development. Adipose-derived mesenchymal cells were lentivirally transduced with tetracycline-inducible Sox10, Olig2, Zfp536, and/or Nkx6.1 transgenes. Immunostaining with the OPC-specific O4 monoclonal antibody was used to mark oligodendroglial induction. O4- and myelin-associated glycoprotein (MAG)-positive cells emerged after 3 weeks when using the Sox10 + Olig2 + Zfp536 combination, followed in the ensuing weeks by GFAP-, O1 antigen-, p75NTR (low-affinity NGF receptor)-, and myelin proteins-positive cells. The O4+ cell population progressively expanded, eventually constituting more than 70% of cells in culture by 5 months. Sox10 transgene expression was essential for generating O4+ cells but was insufficient for inducing a full oligodendroglial phenotype. Converted cells required continuous transgene expression to maintain their glial phenotype. Some vestigial characteristics of mesenchymal cells were maintained after conversion. Growth factor withdrawal and triiodothyronine (T3) supplementation generated mature oligodendroglial phenotypes, while FBS supplementation produced GFAP+- and p75NTR+-rich cultures. Converted cells also showed functional characteristics of neural-derived OPCs, such as the expression of AMPA, NMDA, kainate, and dopaminergic receptors, as well as similar metabolic responses to differentiation-inducing drugs. When co-cultured with rat dorsal root ganglion neurons, the converted cells differentiated and ensheathed multiple axons. We propose that functional oligodendroglia can be efficiently generated from adult rat mesenchymal cells by direct phenotypic conversion.
Keywords: ADSC, oligodendrocyte precursor cells, myelination, benztropine, adult rat, direct lineage conversion
1 INTRODUCTION
Oligodendrocyte transplantation has long been proposed to be a feasible strategy for repairing demyelinated lesions (Blakemore and Franklin, 1991; Archer et al., 1997; Wang et al., 2013), an approach that would be facilitated by the use of autologous or immunocompatible cells. Moreover, cultures of oligodendroglia from patients suffering genetic leukodystrophies would allow studying the basis of their impaired myelination as well as testing therapeutic approaches in a dish, aiming to identify personalized treatments. However, there are obvious limitations to obtaining oligodendrocytes from the central nervous system (CNS) of patients or donors. Consequently, it would be of great interest to identify alternative means of generating oligodendroglia from the peripheral tissues of patients.
Several procedures for obtaining expandable and myelinogenic oligodendrocytes from pluripotent stem cells (PSCs) in culture have been reported (Keirstead et al., 2005; Izrael et al., 2007; Hu et al., 2009; Najm et al., 2011; Douvaras et al., 2014; Douvaras and Fossati, 2015; Piao et al., 2015), including protocols that can promote the differentiation of oligodendrocytes from induced PSCs (iPSCs), themselves generated through the reprogramming of adult somatic cells (Wang et al., 2013; Douvaras et al., 2014; Douvaras and Fossati, 2015). More recently, some groups have proposed the rapid generation of oligodendroglia from human iPSCs via the exogenous expression of a combination of Sox10, Olig2, and Nkx6.2 (Ehrlich et al., 2017) or only Sox10 (Garcia-Leon et al., 2018). This process involves three steps, namely, the generation, selection, characterization, and the growing of iPSCs from cultures of adult somatic cells; deriving neural progenitor cells from the iPSCs; and using transduction to express genes encoding oligodendroglial transcription factors in these cells. However, in addition to the protracted time needed for cell reprogramming, the risk remains that, unless all cells are differentiated, residual PSCs might continue to proliferate and produce teratomas.
Two laboratories have simultaneously reported that embryonic rat or mouse fibroblasts can be directly converted into oligodendroglial cells through the exogenous expression of genes coding for transcription factors involved in oligodendrocyte development (Najm et al., 2013; Yang et al., 2013). Furthermore, these cells were shown to be capable of myelinating axons both in vivo and in culture. However, cell replacement therapies, as well as the search for personalized treatment strategies, would require the use of adult somatic cells, but evidence that these procedures can be used to directly convert cells from adult somatic tissues into oligodendrocytes is lacking.
The vasculo–stromal fraction of adipose tissue contains mesenchymal stem cells (MSCs) that can be easily grown in culture, and thus represents an accessible source of mesenchymal cells. These cells display characteristics such as immunomodulatory (Bai et al., 2009; Fransson et al., 2014; Ma et al., 2014; Mattar and Bieback, 2015), anti-inflammatory (Marfia et al., 2016; van Velthoven et al., 2017), neuroprotective (Otero-Ortega et al., 2015; Ribeiro et al., 2015), and trophic properties (Bai et al., 2012; Drago et al., 2013; Pires et al., 2016), rendering them potentially suitable for use in the treatment of demyelinating diseases.
Here, we show that cultured mesenchymal cells from adult rats can be directly converted into induced oligodendroglia-like cells as well as other macroglial cell types through the expression of three transgenes coding for transcription factors involved in oligodendroglial development. We further demonstrate that these induced cells show a repertoire of molecular traits similar to those of, and respond to the same pharmacological cues as, neural-derived oligodendroglia.
2 MATERIALS AND METHODS
A list of commercial product references is provided in Supplementary Table S1.
2.1 Animals and Procedures
All procedures involving animals were performed by qualified personnel and in accordance with Directive 2010/63/UE of the European Union on the protection of animals used for scientific purposes and its transposition to Spanish law (RD53/2013). Rats were bred at the animal facilities of the Hospital Universitario Ramón y Cajal (ES280790002001). For tissue collection, the rats were first deeply anesthetized with isoflurane and subsequently euthanized by decapitation. Ethics committee approval was not required for these procedures.
2.2 Adipose Tissue-Derived Mesenchymal Stem Cells Culture
Adipose tissue was dissected under aseptic conditions from the inguinal pads of 16 Sprague–Dawley rats weighing 220–250 g. The tissue was cleaned of fasciae and major blood vessels, cut into 1-mm2 pieces, and digested for 40 min at 37°C with 1 mg/ml collagenase A in αMEM supplemented with 20% FBS, non-essential amino acids, glutamine, and antibiotics/antimitotics (Gibco; henceforth referred to as α20 medium). DNAse I (20 μg/ml) was added to prevent cell clumping due to DNA released from dead cells and the tissue was then dispersed by repeated passage through a P1000 automatic pipette using sterile filter tips. Large, undispersed clumps of tissue were removed by passing the suspension through 100-μm mesh cell strainers. After centrifugation at 400 ×g for 3 min, the supernatant, including the layer of floating adipose cells, was discarded. The pellet was resuspended in 1 ml of α20 medium and seeded in a T75 flask (Falcon) containing the same medium. The next day, the medium with unattached cells was removed, the flask was rinsed once with Hank’s balanced salt solution (HBSS), and fresh α20 medium was added. These adipose-derived stromal cells (ADSCs) proliferated and reached near-confluence after 4–5 days, at which point they were detached with 0.05% trypsin + 0.02% EDTA, centrifuged, resuspended in α20 medium, and quantified using a hemocytometer. The cells were then seeded in new T flasks at 660 cells/cm2 in α20 medium. The medium was changed on day 4 and the cells were passaged on day 7, at which time they were again confluent, their number having increased 30–40-fold. After 4 passages, the cultures showed signs of cellular senescence and slow proliferation. Consequently, the experiments were performed using cells at passages 1–3.
The mesenchymal characteristics of these cells were tested by assessing their adipogenic, chondrogenic, and osteogenic differentiation potential (Pittenger et al., 1999) using standard procedures.
2.3 Lentiviral Particle Production
Self-inactivating, replication-incompetent lentiviruses were produced in HEK293T cells by co-transfecting the lentiviral plasmid (see below), the packaging plasmid psPAX2, and the envelope vector pCMV-VSV-G using Lipofectamine 2000. The cells were maintained in Dulbecco’s minimal essential medium (DMEM) supplemented with 10% FBS. Culture supernatants were collected every 24 h for 3 days, pooled, centrifuged at 1,000 ×g for 10 min, passed through sterile 0.45-µm filters, layered over 2 ml of 20% sterile sucrose, pelleted by ultracentrifugation at 50,000 ×g for 3 h at 4°C, resuspended in 500 µL of DMEM, and aliquoted.
Viral titers were measured with the Lentivirus qPCR kit (Applied Biological Materials; contained reverse transcriptase, standards, and primers specific for the lentiviral 5′-LTR) using LightCycler 480 with SybrGreen I Master kit (Roche Applied Science). Titers ranged between 120,000 and 500,000 lentiviral particles per µL. Viral particle-to-cell ratios of 1:1, 5:1, and 10:1 were tested for ADSC transduction.
2.4 Plasmids
The FUW-M2rtTA plasmid was a gift from Rudolf Jaenisch (Addgene plasmid # 20342) (Hockemeyer et al., 2008); Tet-O-FUW-Sox10 (Addgene plasmid # 45843), Tet-O-FUW-Zfp536 (Addgene plasmid # 45845), Tet-O-FUW-Nkx6.1 (Addgene plasmid # 45846), Tet-O-FUW-Olig2 (Addgene plasmid # 30131), and Tet-O-FUW-EGFP (Addgene plasmid # 30130) were gifts from Marius Wernig (Vierbuchen et al., 2010; Yang et al., 2013); psPAX2 was a gift from Didier Trono (Addgene plasmid # 12260); and pCMV-VSV-G was a gift from Bob Weinberg (Addgene plasmid # 8454) (Steward et al., 2006).
2.5 Lentiviral Transduction
MSCs were seeded at 15,000 cells/cm2 in 24-well plates and allowed to grow for 24 h in α20 medium. Viral particles and 8 μg/ml polybrene were added to the culture medium and the plates were incubated at 37°C for 1 h in an Eppendorf centrifuge at 1,000 ×g and then for 1 h in an incubator with 5% CO2, following which the medium was replaced with fresh α20 medium. After 24 h, the cells were detached with trypsin (as above) and seeded in new flasks or plates for expansion or experimental analysis. Where appropriate, after transfection, cells were cryopreserved at −80°C in FBS with 10% DMSO.
To prevent cells from receiving multiple transgene doses, lentiviral titers were limited to that necessary for transducing approximately 30% of cells in each culture. Transduction efficiency was assessed by analysis of SOX10 immunofluorescence at different time points following the doxycycline-mediated activation of transgene expression. Four days after ADSC transduction with the Sox10 + Olig2 + Zfp536 (+M2rtTA) transgenes (subsequently referred to as S + O + Z-transduced cells), an average of 8.9% of cells showed nuclear labeling for Sox10. After 12 days, 38.9% of the transduced cells were Sox10+, and the cell numbers had increased by 496% relative to control cultures transduced with M2rtTA only. After 45 days, 53.7% of the cells were Sox10+, and after 100 days, nearly all the cells showed intense nuclear Sox10 staining. These observations indicated that cells expressing the Sox10 transgene were proliferating and that the proportion of Sox10+ cells increased when cultures were maintained in neurobasal medium with B27 supplement (NBB27 medium) (Invitrogen) containing EGF + basic FGF (bFGF) + PDGF-AA + doxycycline (see below). Additionally, the low numbers of Sox10+ cells observed at day 4 (cells that had been simultaneously transduced with the Sox10 and the M2rtTA transgenes) were nevertheless sufficient to generate pure cell cultures expressing Sox10 in 3 months or less because of their selective proliferation in the present medium conditions.
2.6 Culture Medium for Transduced Cells
After transduction, the cells were cultured in NBB27 medium. To induce transgene expression, doxycycline (1 μg/ml) was added to the growth medium. For OPC growth, NBB27 was supplemented with EGF (20 ng/ml), bFGF (20 ng/ml), PDGF-AA (10 ng/ml), d-biotin (10 ng/ml), and doxycycline hydrochloride (OPC medium). To increase the efficiency of oligodendroglial conversion, several pre-treatments were tested (Supplementary Figure S6; Supplementary Table S2). This included attempts to neuralize the cells by exposure to 1 mM all-trans retinoic acid (RA) for 5 days, to prevent ADSCs from adopting a chondrogenic phenotype when Sox10 was expressed (as suggested in Supplementary Figure S2) (Chimal-Monroy et al., 2003) by incubating in adipogenic differentiation cocktail (see below) for 5 days, or to treat with 25 nM Repsox before the initial doxycycline exposure. The adipocyte pre-differentiation cocktail initially included 10 μg/ml insulin, 1 µM dexamethasone, 200 µM indomethacin, and 250 µM 3-isobutyl-1-methylxanthine (IBMX), but this was later reduced to indomethacin + IBMX to improve cell adhesion to the culture surface.
2.7 Immunocytochemistry
Cells were cultured on glass coverslips in the wells of 24-well plates for at least 48 h, and then fixed in buffered 4% paraformaldehyde for 10 min and washed in PBS, pH 7.4. To detect surface antigens, after blocking with 5% normal goat serum in PBS, cells were incubated with antibodies targeting O4 sulfatide, O1/galactocerebroside (GalC), NG2, p75NTR or A2B5 without permeabilization for 90 min at room temperature. For the immunostaining of intracellular antigens, cells were post-fixed and permeabilized with ethanol: acetic acid (19:1) for 10 min at −20°C and then incubated with the respective primary antibodies overnight at 4°C. The next day, the cells were incubated with anti-mouse, anti-rat, or anti-rabbit antibodies conjugated to Alexa fluorochromes (1:500 dilution) for 30–45 min at room temperature in the dark. Both primary and secondary antibodies were diluted in blocking solution. Nuclei were counterstained with bisBenzimide hydrochloride (Hoechst 33342, 3 × 10–5 M) in PBS for 5 min. The coverslips were rinsed in distilled water and mounted on slides with Prolong Gold. The samples were analyzed and imaged using an Olympus BX51 fluorescence microscope or a Nikon Eclipse Ti confocal microscope. The list of antibodies and suppliers is shown in Supplementary Table S5.
2.8 RT-PCR
Total RNA was isolated from transduced cells, control ADSCs, or neural tissue-derived oligospheres using the RNeasy Mini Kit or the GeneJET RNA Purification Kit. RNA was reverse transcribed using the First-Strand RNA Synthesis Kit and PCR was performed in a thermal cycler (Applied Biosystems) using a reaction mixture containing specific primers, dNTPs, and AmpliTaq DNA polymerase. Amplified cDNAs were electrophoretically separated in 1.5%–2% agarose gels loaded with the fluorochrome GreenSafe Premium. Bands were documented and analyzed using Molecular Imager Gel Doc (Bio-Rad).
For RT-qPCR, 1,000 ng of total RNA was reverse transcribed using the NZY First-Strand cDNA Synthesis Kit. Real-time PCR was performed using TB Green Premix Ex Taq (Takara Bio) or LightCycler 480 II reagents (Roche Applied Science). The initial denaturation step was 95°C for 5 min, followed by 45 cycles at 95°C for 5 s and 60°C for 30 s (for Takara reagents) or 95°C for 10 s, 60°C for 15 s, and 72°C for 15 s (when using LightCycler reagents). The melting curves for the PCR products were evaluated at the end of the amplification reactions. The final PCR reaction products were separated on 2% agarose gels containing GreenSafe Premium to confirm the presence of a single band. The efficiency of the reaction for each primer pair was calibrated by amplifying serial dilutions (1:10, 1:100, 1:1,000, and 1:10,000) of cDNA from positive controls. The association between the threshold cycle (Ct) and the log[RNA] was linear (−3.45 < slope < −3.32). The relative expression levels of target genes were normalized to that of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh) using the ΔCt method (Pfaffl, 2001). For quantification, cDNA samples were diluted 1/10 in the reaction mix. The primers used in real-time and end-point PCR are shown in Supplementary Tables S3 and S4.
2.9 Cultures of Neural Tissue-Derived Oligospheres
Control oligodendroglia-rich cultures were generated from the cervical spinal cords of E16 rats (the same animals from which the dorsal root ganglia were obtained; see below) or the cerebral cortices of 3–6-day-old postnatal rat pups. In both cases, the neural tissue, free of meninges, was mechanically dispersed by passing through a P1000 automatic pipette fitted with a fire-smoothened sterile filter tip, following which the cell suspension was passed through a 100-µm mesh cell strainer and seeded directly in flasks in NBB27 medium supplemented with EGF (20 ng/ml) and bFGF (20 ng/ml). The cell suspension was collected and pelleted by centrifugation at 400 ×g for 3 min and seeded in a new flask every day for the first 3 days to discard adherent cells. To produce single-cell suspensions and to eliminate cell debris without the need for gradient centrifugation, samples were digested with accutase first for 10 min at room temperature and then for 10 min at 37°C, followed by trituration with fire-narrowed P1000 sterile filter tips. These cultures were transferred to new flasks and provided with fresh NBB27 medium supplemented with EGF + bFGF every 2–3 days. Numerous medium-sized neurospheres (i.e., cell aggregates rich in neural progenitors) had formed by day 10. Thereafter, the medium was additionally supplemented with 10 ng/ml PDGF-AA to promote the oligodendroglial commitment of neural progenitors, eventually leading to the generation of “oligospheres,” floating aggregates highly enriched in oligodendroglial cells (58%–95% O4+ cells and ∼90% NG2+ cells; see Supplementary Figure S14). For the seeding of these cells on adherent surfaces (poly-L-ornithine-coated flasks, wells, or coverslips), the oligospheres were digested with accutase and disaggregated mechanically as described above. The seeded cells were maintained in NBB27 medium supplemented with either EFG + bFGF + PDGF-AA, for OPCs, or triiodothyronine (T3), for differentiated oligodendroglia showing high O1 positivity (as shown in Supplementary Figure S14).
2.10 Metabolic Flux Analysis
For the assessment of mitochondrial function, a Cell Mito Stress Test Kit (Agilent) was used to assay the oxygen consumption rate (OCR) on a Seahorse XFp Extracellular Flux Analyzer (Agilent). S + O + Z-transduced ADSCs and neural stem cell (NSC)-OPCs were seeded at 20,000 cells/well in poly-L-ornithine + laminin-coated Seahorse XFp Cell Culture Miniplates (Agilent) and maintained for 24 h in proliferative growth medium (NBB27 medium supplemented with EGF + bFGF + PDGF-AA; for converted cells, doxycycline was also added).
On the day of the experiment, the medium was changed to Seahorse XF DMEM, pH 7.4 supplemented with 1 mM pyruvate, 25 mM glucose, and 4 mM L-glutamine, and the plates were incubated for 1 h at 37°C without CO2. The assay is based on optical sensors that measure the oxygen concentration after the sequential addition of drugs that modulate cellular respiration (1 µM oligomycin, which blocks ATP synthase; 2 µM FCCP, a protonophore that enables maximum electron flux through the electron transport chain; and rotenone and antimycin A [RAA], which inhibit complexes I and III, respectively, thus shutting down mitochondrial activity), allowing to estimate the basal, ATP-linked, or maximal capacity of mitochondrial respiration.
2.11 Myelination in Culture
Dorsal root ganglion neurons (DRGns) were obtained from the cervical enlargement of E16 rat embryos (E0 being the day after overnight insemination) and dispersed using 0.05% trypsin + 0.02% EDTA digestion for 15 min at 37°C on a shaker, followed by mechanical trituration with a P1000 automatic pipette fitted with a fire-smoothened sterile filter tip. The cell suspension was passed through a 70-µm mesh cell strainer to eliminate undigested tissue (containing blood vessels, meninges, and nerve fragments) and the cells were then seeded on poly-L-ornithine + laminin-coated coverslips (diameter: 12 mm, placed inside 24-well plates) at approximately 1,000 cells/coverslip in DMEM supplemented with 10% FBS and 50 ng/ml β-NGF overnight. The next day, the cultures were changed to NBB27 medium containing β-NGF + 10 µM fluorodeoxyuridine + 10 µM uridine for 2–3 days to eliminate dividing cells (comprising mostly Schwann cells and perineurial fibroblasts). The medium was subsequently replaced with NBB27 medium supplemented only with β-NGF for 2–3 days. The cycle (with/without antimitotics) was repeated twice more. After 2 weeks, the culture consisted of small clusters of neurons interconnected by a mesh of axonal fascicles free of Schwann cells. A 20 µL drop of S + O + Z-transduced ADSCs was carefully deposited at the center of the neuronal culture. After a few minutes, these cells had dispersed and adhered to the axons and the coverslip. Myelination was allowed to progress for 3–7 more weeks in NBB27 medium containing 0.5 μg/ml doxycycline. For some experiments, 1.5 µM benztropine mesylate was added to co-cultures for the last 1–2 weeks.
2.12 Transmission Electron Microscopy
Transmission electron microscopy (TEM) was performed using various procedures, the most consistent one of which is described here. A 20-mm2 area of a 35-mm Petri dish was coated with rat tail collagen type I (4.36 mg/ml in 0.02 N acetic acid, spread with cell scrapers), polymerized under NH4OH vapor for 2 min, and allowed to dry. Straight tracks (12 × 1.5 mm) were drawn on the collagen with Geltrex (LDEV-Free Reduced Growth Factor Basement Membrane Matrix, from Gibco) or laminin (each at 4 µL per track), and allowed to dry. The Petri dish was rinsed once with HBSS, filled with 1 ml of DMEM supplemented with 10% FBS (D10 medium) + 100 ng/ml β-NGF, and kept in an incubator until DRG seeding. For DRG seeding, 400 µL of medium was removed from the plate, leaving only a thin layer of liquid, and two DRG were positioned at each end of the tracks. The ganglia were induced to attach to the substrate by incubating overnight inside a humidified chamber, after which the medium was switched to NBB27 medium supplemented with β-NGF (50 ng/ml) + fluorodeoxyuridine (10 µM) + uridine (10 µM), as described above. After three cycles of antimitotic treatment, the DRGns had extended numerous straight axons along the tracks, merging with those extending from the opposite ganglions, such that a cable of nude axons had formed. Then, the medium was changed to NBB27 medium + doxycycline, and 4 µL of a concentrated suspension (20,000 cells/µL) of S + O + Z-transduced ADSCs were carefully deposited along each axonal cable under a microscope (after 10 min, numerous oligodendroglia-like cells had attached to axons; see Supplementary Figure S15).
After at least 4 weeks of co-culturing, the cells were fixed for 5 min by adding to the medium an equal volume of 4% paraformaldehyde in PBS, and then maintaining them in 2% paraformaldehyde + 2.5% glutaraldehyde in PBS at 4°C until processing for TEM. Post-fixing/staining in 1% OsO4, dehydration in alcohol, and embedding in epoxy resin were performed in the Petri dish, leaving a thin layer of epoxy resin covering the cells that was allowed to harden overnight at 56°C (as shown in Supplementary Figure S15E). Fragments of the central portion of the axonal cable were cropped and positioned in resin molds for transverse cutting in an ultramicrotome (Leica Ultracut S). Ultrathin (60 nm) sections were contrasted on grids with uranyl acetate and lead citrate and examined in a Jeol JEM1010 (100 kV) microscope at the TEM facilities of the School of Medicine of the Autonomous University of Madrid or a Jeol JEM1400 Flash at the Electron Microscopy Service of the Centro de Biología Molecular “Severo Ochoa” (CSIC/UAM, Madrid).
3 RESULTS
3.1 Immature Oligodendroglia Can Be Efficiently Generated by Expressing Sox10, Olig2, and Zfp536 Transgenes in Adult Rat Adipose Tissue-Derived MSCs
ADSCs were transduced with tetracycline-inducible Sox10, Olig2, Zfp536, and/or Nkx6.1 (N) transgenes to test if the exogenous expression of the encoded transcription factors could induce the conversion of these adult rat cells into oligodendroglia. The expression of Sox10, Olig2, and Zfp536 in a defined medium containing EGF (20 ng/ml) + bFGF (20 ng/ml) + PDGF-AA (10 ng/ml) led to the generation of colonies containing a few small, branched, and refringent cells within 3–4 weeks (Figure 1). Immunofluorescence staining of these cultures showed the presence of O4+ cells (Figures 2A,B), which we considered to be presumptive OPCs as this marker has not been previously observed in ADSCs (Vellosillo et al., 2017). Although morphological changes could be observed in these branched and refringent cells from the first week (Figure 1B), it was not until they decreased their soma size, divided, and became separated from the flat, mesenchymal-like cells that they could be labeled by the O4 antibody. These oligodendroglia-like cells proliferated and formed larger colonies during the following weeks, while the rest of the cells in the culture either died or proliferated slowly. The proliferation of these oligodendroglia-like cells accelerated from month two of the induction of Sox10 + Olig2 + Zfp536 transgene expression, when there was a doubling of the cell population every 3.9 days, to month three and subsequently, when there was a doubling every 1.8 days, such that culture maintenance required weekly detachment of cells with accutase and the seeding in a new flask at a 1:15 dilution. By month 3, O4+ cells constituted approximately 40% of the total cell population (Figures 2A–C; Supplementary Figure S1). Cells in these cultures could continue proliferating for longer than 7 months, whereas the original ADSCs typically became senescent by 4–5 weeks). At these times, the proportion of O4+ cells in the culture was >70%, without any type of selection.
[image: Figure 1]FIGURE 1 | Time course of phenotypic conversion from adult rat ADSCs into oligodendroglia-like cells. Phase contrast images at different stages after the activation of the transgenes. (A) Confluent culture of ADSCs in α20. (B) During the first week of transgene activation, some refringent cells are visible between groups of flat cells. (C) Refringent cells migrate to empty areas of the culture surface but keep contact with clusters of flat cells. (D) By 3–4 weeks, independent branched and refringent cells are observed. (E) By 6 weeks after transgene induction, colonies of small and ramified cells are prominent. These cells proliferate in the culture conditions here provided (arrow points to a cell undergoing mitosis). (F) At 3 months, a high proportion of cells in the culture show small and refringent cell bodies with a few branches.
[image: Figure 2]FIGURE 2 | Phenotypical characterization of cells generated by transduction of Sox10 + Olig2 + Zfp536. (A, B) After 3 months of continuous expansion, around 50% of cells in the culture are O4+ (shown in red at two different magnifications; in blue, bisBenzimide Hoechst 33342- counterstain of nuclei). (C) Percentage of O4+ cells in cultures of converted cells, examined at different times of S + O + Z transgene expression. (D) MAG is the earliest oligodendroglial-specific marker of cell conversion that we have observed, shown here in a 2-months culture. (E) Under continuous induction of transgene expression by doxycycline in proliferating cultures, a few cells show O1 staining with limited branching. (F) Multiple cells show p75NTR expression at their surface. (G–I) NG2+ cells (green) in double labelling (in red) with MAG (G), O4 (H) or GFAP (I) after 2-months of transgene activation. Double-labelled cells show orange color. Notice that, besides many double-labelled cells, there are singly-labelled cells for MAG or O4, as well as cells that are labelled for NG2 only. Light expression of GFAP can be observed in some NG2+ cells (I). Scale bars, indicated in each picture. (J) Demonstration of Qki7 and oligodendroglial-specific connexins Cx47 (gene Gjc2) and Cx29 (gene Gjc3) mRNA expression in S + O + Z-transduced ADSCs (ADSC-SOZ), while control rat ADSC in basal conditions show no or very low expression. Columns represent medians ± range, with the sample number (each with technical triplicates) indicated between parentheses. For Qki7, Mann-Whitney U test, shows statistically significant differences (p < 0.05) to control ADSC.
Myelin-associated glycoprotein (MAG) was also expressed in the small, refringent, and branched cells from very early after the induction of Sox10 + Olig2 + Zfp536 transgene expression (Figure 2D). MAG could also be considered an oligodendroglial-specific marker as its expression was not observed in mesenchymal cells (Vellosillo et al., 2017). Indeed, MAG positivity could be considered the most reliable marker of ADSC conversion into oligodendroglia-like cells (see below). Additionally, MAG+ cells could constitute >90% of the total number of cells after 3 months or longer of transgene expression.
The S + O + Z-transduced cultures also contained minor populations of poorly-developed O1+ cells (Figure 2E). This labelling was lost from ADSCs after 3 weeks in culture conditions favoring OPC growth, but could be detected in refringent, branched cells at approximately 14 weeks. This O1+ population never accounted for more than 20% of cells when the culture was maintained in proliferation medium (statistics from an example culture are shown in Supplementary Figure S1).
Some S + O + Z-transduced cells also expressed GFAP, which is a characteristic of astrocytes. GFAP immunofluorescence was observed to label cytoskeletal filaments in both protoplasmic-like and filamentous-like cells (Figure 2I).
A small population of cells showing membrane expression of the low-affinity NGF receptor (p75NTR) appeared by 2 months of transgene expression (Figure 2F; Supplementary Figure S1). These p75NTR+ cells displayed an elongated and branched morphology, to some extent distinguishable from that of O4+ cells, and also different from that of typical Schwann cells in culture.
No membrane labelling with A2B5 antibody was observed in any of our transduced cultures. In contrast, staining with this antibody was strong in neural OPC cultures (see Supplementary Figure S14D). The repeated absence of A2B5 labelling in S + O + Z-transduced cells suggested that oligodendroglia and astroglia-like cells were not generated through the so-called O2A stage.
Unlike A2B5, numerous NG2+ cells were present in S + O + Z-transduced ADSC cultures (Figures 2G–I) from the earliest stages. However, NG2 also labeled untransduced ADSCs, and thus could not serve as a marker of oligodendroglial conversion. Indeed, at shorter induction times (i.e., <2 months of Sox10 + Olig2 + Zfp536 transgene expression) only a relatively small population of NG2+ cells was co-labeled with the O4 antibody (Figure 2H). Similarly, only a sub-population of NG2+ cells co-expressed MAG (Figure 2G). Some ADSCs that had not been transduced and expressed smooth muscle actin (SMA) were also NG2+ (not shown). These observations suggested that NG2 expression was not associated with oligodendroglial conversion in S + O + Z-transduced ADSCs.
Cultures of converted cells also expressed QKI-7, an isoform of rat quaking, an RNA-binding protein that is highly upregulated in myelinating oligodendrocytes in the CNS and is labeled with the monoclonal antibody CC1 (Bin et al., 2016). RT-qPCR analysis showed that although Qki7 mRNA was barely detectable in ADSCs maintained in NBB27 medium supplemented with EGF + bFGF + PDGF-AA, consistent Qki7 expression could be detected in S + O + Z-transduced cells maintained in the same medium and under the same conditions (Figure 2J; see also Supplementary Figure S7A).
Additionally, RT-qPCR analysis also showed the presence of mRNAs for oligodendroglial-specific connexins in converted cells (Figure 2J). Both Gjc2 (encoding Cx47) and Gjc3 (encoding Cx29) were expressed in S + O + Z-transduced cells, but not in untransduced ADSCs, when maintained in the same medium (NBB27 medium supplemented with EGF + bFGF + PDGF-AA) and under the same conditions.
3.2 Differentiation of S + O + Z-Transduced Cells
The withdrawal of growth factors from the culture medium elicited the appearance of large numbers of O1+ (from approximately 1%–28.35 ± 4.35% in quantification of four cultures) and MBP+ cells with more mature morphologies (i.e., larger and more complex arborizations). Addition of T3 (60 nM) to the medium further stimulated the O1+ cell abundance and morphological complexity (Figures 3G,H). It should be considered, however, that the qualitative formula of B27 supplement includes T3 at an undisclosed concentration (Brewer et al., 1993). O4 antigen expression was maintained when cells were differentiated through growth factor withdrawal or T3 stimulation (Figures 3E,I). The withdrawal of EGF and bFGF, but not PDGF-AA from the medium could also enhance the maturity of converted cells. Under this condition, the expression of PDGF receptor alpha gene (Pdgfra) was reduced (Supplementary Figure S7A), implying that the cells behaved as if they had been maintained in growth factor-free NBB27 medium.
[image: Figure 3]FIGURE 3 | Maturation of S + O + Z-transduced cells in oligodendroglial-differentiating conditions. (A–E) Withdrawal of growth factors from the culture medium (i.e., switching to NBB227 + doxycycline) initiates the differentiation of OPC-like into mature oligodendrocyte-like cells. (A) Numerous O1+ cells with extended cytoplasms after 10 days of growth factor withdrawal are shown. (B) MOG+ cells (same field as in (A)). (C) MBP+ cells. (D) NG2+ cells increase morphological complexity but there is not further increase in size or number of GFAP+ cells. (E) O4 antigen keeps its expression in these conditions but most cells show profuse morphologies. (F) In the presence of DRG neurons and kept in NBB27 + doxycycline for 6 days, GFAP+ (in green) of the protoplasmic type and well-developed O4+ cells (in red) make up most of the culture cell population. (G–I) Supplementation of NBB27—doxycycline medium with T3 further enhances morphological differentiation. (G) Phase contrast image of living 5 month-old S + O + Z-transduced ADSC culture maintained for the last 7 days in NBB27 + T3 + doxycycline. The overall morphology is homogeneous and resembles pure oligodendrocyte cultures. Sibling cultures of the cells in G, immunostained for O1 (H) or for O4 (I), show enhanced differentiation, taking shorter times to reach larger and more profuse branching.
Protoplasmic GFAP+ cells, presumably astroglia, could be preferentially generated by switching the defined medium to D10 medium + doxycycline (Figure 4). Intensely-labeled GFAP+ cells constituted a significant proportion of the total cell population (averaging 35.86% of cells in 3–4 months cultures; range from 27.9% to 41.05%). In these differentiating conditions, S + O + Z-transduced cells exhibited reduced proliferation as well as enlarged nuclei and cytoplasm. Seven days after switching to D10 medium containing doxycycline, most of the cells displayed a flat morphology and expressed p75NTR (56.3%) and/or O4 (51.4%) in the same proportions as observed in proliferation medium (see also Supplementary Figure S11). Although double immunostaining for p75NTR and O4 could not be performed, since both single-labeled cells exceeded the 50% it was evident that, at least, a subpopulation of the cells expressed both markers. Similarly, many NG2+ cells were co-labeled with GFAP. Interestingly, after 1 month or longer in D10 medium, an O1+ sub-population of cells displayed a flat morphology with multiple peripheral processes, and did not co-express GFAP. Also interestingly, nearly all GFAP+ cells showed nuclear Sox10 expression (due to transgene expression) (Figures 4E,F); additionally, large numbers of intensely stained GFAP+ cells were observed in NBB27 medium when S + O + Z-transduced cells were co-cultured with DRGns (Figure 3F).
[image: Figure 4]FIGURE 4 | Differentiation to various glial phenotypes by culturing in 10% FBS-containing medium. (A–D) ADSCs expressing S + O + Z for 3 months and cultured for the last 16 days in 10%-supplemented medium (D10 + doxycyline) change their morphology and cell composition. In (A), many GFAP+ cells, of typical astrocyte-like morphology, are double-labelled as p75NTR+ cells. (B) O1+ cells showed a flat, non-branching morphology in D10 and no O1+ cell co-stained for GFAP. (C) By contrast, part of O4+ cells showed more elaborated morphologies and approximately 20% were co-stained for GFAP. In (D) graphical representation of % cells that were immunofluorescently labelled for each marker (means and range, n = 4–6 cultures). (E, F) ADSCs expressing S + O + Z for 5 months but maintained for the last 18 days in D10 + doxycycline medium. Sox10+ nuclei (in red immunofluorescence) made up 98% of all cell nuclei (stained with bis-benzimide, in blue) at this time of transgene activation. In (E), it is shown that most (if not all) GFAP+ cells express the Sox10 transgene.
3.3 Molecular Characteristics of Converted Cells
End-point RT-PCR analyses at 24 days, 6 weeks, 2, 4, and 7 months of continuous Sox10, Olig2, and Zfp536 transgene expression in ADSCs identified the presence of mRNAs for the expected isoforms of key proteins involved in myelination. For comparison, untransduced ADSCs and oligospheres derived from neural tissues were simultaneously analyzed. As shown in Figure 5, Cnp (encoding CNPase), Mbp, Mog (isoforms containing or not the signal peptide), Mag, and Plp1/Dm20 were expressed in S + O + Z-transduced cultures. As expected, untransduced ADSCs expressed Cnp, the Dm20 variant of the Plp1 gene, and low levels of Mbp and Mog (Vellosillo et al., 2017). Oligospheres, which showed little spontaneous glial differentiation, also expressed Cnp and low levels of Mbp, Mag, Mog, and Plp1/Dm20. Notably, S + O + Z-transduced ADSCs mainly expressed Mbp variant 5 (the shortest) as well as the rest of non-Golli variants to varying degrees, showing more intense bands with continued transgene activation. Untransduced ADSCs displayed very weak expression of some Mbp variants, while oligospheres did not show differentiated bands of Mbp variants.
[image: Figure 5]FIGURE 5 | End-point RT-PCR of S + O + Z-transduced adult rat ADSCs. Expression of endogenous mRNAs of Sox10, Olig2 and Zfp536 transcription factors, as well as those of myelin-related proteins (CNPase, MAG, MBP, PLP1/DM20, and MOG), and of astroglial protein GFAP, in different samples. SOZ1, SOZ7, SOZ8 and SOZ9 correspond to S + O + Z-transduced ADSCs from different animals at different times of transgene activation, ranging between 24 days and 7 months. Additionally, mRNA expression in proliferating neural oligospheres and in untransduced adipose-derived MSC (control ADSC) is shown for comparison. Amplicon sizes are detailed in Supplementary Table S3. (A) Comparative RT-PCR of the different glial molecules. Notice that endogenous Sox10 is barely expressed. Endogenous Olig2 and Zfp536 mRNAs are not detected in control ADSC, but they are expressed in S + O + Z-transduced cells, from very early, as well as in oligospheres. CNPase is expressed in all samples, including control ADSC. MAG is also expressed in converted cells from early times, is very low in oligospheres, and totally absent in ADSC. Expression of the various isoforms of myelin-related proteins is shown for PLP1/DM20 (PLP1 and DM20 isoforms), MBP (non-Golli variants 1–5) and MOG (with or without signal peptide). (B) Comparison of the set of RT-PCRs assayed in oligospheres, control ADSCs and 4 months-activated S + O + Z-transduced cells. mwm1, mwm2: DNA molecular weight markers. (C) Expression of the two isoforms of MAG (S-MAG and L-MAG) at two different times of transgene activation (24 days and 4 months) showing that both isoforms are neatly expressed at early times. All PCRs were performed for 35 cycles using the same starting amount of cDNA.
A well-defined Gfap band was shown in S + O + Z-transduced ADSCs from 24 days of transgene activation as well as in oligospheres, but not in untransduced, control ADSCs.
The endogenous expression of Sox10, Olig2, and Zfp536 was also evaluated using primers directed at the 5′ untranslated region of their mRNAs (including an intron), as the transgenes contained only the coding sequences and would not be amplified using these primers. Consistent expression of endogenous rat Olig2 and Zfp536 was observed in S + O + Z-transduced cells; however, the expression of endogenous Sox10 was close to the limit of detection after 35 PCR cycles. Oligospheres expressed the genes coding for all three transcription factors. In contrast, no Sox10, Olig2, or Zfp536 expression was detected in untransduced ADSCs maintained in OPC medium (Figures 5A,B).
Other transcription factor combinations were less efficient at inducing the generation of oligodendroglia-like cells from adult rat ADSCs. As shown by RT-qPCR, Sox10 transgene expression alone could induce the endogenous expression of Olig2 and Zfp536, whereas endogenous Sox10 expression was barely detectable. The mRNA expression of Mag, Mbp, and Mog was also induced by exogenous Sox10, while GFAP was expressed at low levels. The co-expression of the Sox10 and Olig2 transgenes further increased the expression levels of myelin proteins. Expression of the full set of transgenes (Sox10, Olig2, and Zfp536) intensified Mbp, Mag, and Mog expression. No transgene was observed to stimulate the expression of its corresponding endogenous mRNA (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Effect of transgene activation on mRNA expression of endogenous transcription factors and glial genes. (A) end-point RT-PCR of control rat ADSCs, transduced only with the transactivator (TA) and of ADSCs additionally transduced with Sox10 (S), Sox10 + Olig2 (SO) or Sox10 + Olig2 + Zfp536 (SOZ). (B) real time RT-qPCR in the same conditions. Endogenous Sox10 expression remains practically invariable in all these conditions, while Olig2 and Zfp536 mRNA expression is induced by S transduction, with additional changes in SO or SOZ transgene combinations. Expression of the myelin-related proteins (Mbp, Mag, Mog) is strongly induced by the SOZ transgene combination. In SO combination, only Mag shows statistically significant increase, although at low level. By contrast, Gfap mRNA is induced by S, SO or SOZ transgene expression. Except for Sox10, all gene statistics show ANOVA significant differences (p < 0.001). Post-hoc Tukey’s multiple comparison tests were performed; n = 3. Symbols: *, statistical significant differences with respect to TA; +, with respect to S; $, with respect to SO. One symbol, p < 0.05; two symbols, p < 0.01; three symbols, p < 0.001. (C) end-point RT-PCR and (D) real-time RT-qPCR, after 6 months of S + O + Z expression followed by doxycycline maintenance (Dox ON) or withdrawal (Dox OFF) from the culture medium for 15 additional days. Turning-off transgene expression in Dox OFF cultures greatly diminished or even abolished the expression of endogenous Sox10, Olig2 and Zfp536 mRNAs, as well as those of Mbp, Mag, Mog, Plp1 and Gfap. n = 3. Data shown in graphics are normalized to each respective Dox ON sample average and analyzed by paired data t test. *p < 0.05; **p < 0.01; ***p < 0.001. mwm: DNA molecular weight marker.
On the other hand, cells expressing the Sox10 transgene, but not those transduced with the M2rtTA (expressing the transactivator) alone, could proliferate when cultured in NBB27 medium supplemented with EGF + bFGF + PDGF-AA and were positive for O4 immunostaining. However, these cells displayed a flat, unbranched, and vacuolated morphology, with only sporadic cells expressing MAG. This demonstrated that Sox10 transgene expression was sufficient to induce both O4 positivity and a proliferative response to EGF, bFGF, and/or PDGF-AA, but not for efficiently generating myelination-capable cells. ADSC cultures transduced with both Sox10 and Olig2 contained cells with some branching and O4 staining; MAG expression was also detected sporadically, as above, and only these MAG+ cells had the morphological characteristics of oligodendroglia (Supplementary Figure S3). GFAP immunostaining was not observed under any of the above-mentioned conditions.
The exogenous expression of other transcription factor combinations either was inefficient at inducing the production of O4+ cells or led to the generation of cells devoid of oligodendroglial phenotypical characteristics. Combinations that did not include the Sox10 transgene (Olig2 + Zfp536 or Olig2 only) did not generate cells with oligodendrocyte morphology unless the transduced cells were treated with 1 mM RA for 4 days before transgene activation, in which case it took 6 weeks for small, refringent, branched cells to appear (see Supplementary Table S2).
The inclusion of the Nkx6.1 transgene (encoding a transcription factor) in the transgene combination was unfavorable for the generation of O4+ cells from adult rat ADSCs. The S + O + N combination did not produce colonies of cells with oligodendroglial morphology (Supplementary Table S2); additionally, while the S + O + Z + N combination produced small, refringent, and branched cells, relatively few were O4+. However, pre-treating S + O + Z + N-transduced cultures with RA increased the number of O4+ cells, even though their morphology was, to some extent, aberrant, and also led to the generation of larger numbers of p75NTR+ cells (Supplementary Figure S5).
3.4 Continuous Sox10, Olig2, and Zfp536 Transgene Expression Was Required for the Maintenance of the Oligodendroglial Phenotype
The continuous induction of transgene expression with doxycycline was required to maintain the oligodendroglial phenotype. In cultures expressing the Sox10, Olig2, and Zfp536 transgene combination for less than 3 months, the withdrawal of doxycycline from the culture medium was accompanied by an increase in size in former oligodendroglia-like cells, as well as the frequent build-up of lipid droplets, which confirmed their reversion into adipocytes (Supplementary Figure S4). Oligodendroglia-like cells reappeared if the culture medium was again supplemented with doxycycline. Even after 6 months of continuous oligodendroglial-like growth, the withdrawal of doxycycline for 14 days arrested cell proliferation, induced a morphological change into flat and elongated cells, and led to cell apoptosis. This indicated that the cells were not responsive to the EGF, bFGF, and/or PDGF-AA growth factors still present in the medium, resulting in fewer cell numbers. Sibling cultures maintained with doxycycline continued to proliferate and showed oligodendroglial morphology. Analyses of mRNA expression in these long-term cultures confirmed that doxycycline withdrawal for 14 days was sufficient to lower the expression of endogenous Olig2, Zfp536, and Gfap to barely detectable levels, as well as abolish the expression of genes (Plp1, Mog, Mag, and Mbp) coding for myelin-related proteins (Figures 6C,D).
3.5 The Capacity of S + O + Z-Transduced Cells to Function as Oligodendroglia
Three different studies were performed to analyze the capacity of these converted cells to function like oligodendroglia.
3.5.1 Evaluation of the Expression of Neurotransmitter Receptors With Roles in OPC Function
RT-qPCR was used to evaluate the expression of AMPA, NMDA, kainate, and dopamine receptors in S + O + Z-transduced ADSCs. These factors have been shown to participate in proliferative, developmental, and/or metabolic support of neural OPCs. We measured the levels of the AMPA R2, R3, and R4 subunits, which account for all AMPA receptors, as well as that of the NMDA-R1 subunit, which associates with all NMDA receptors. We also assessed the expression levels of the required subunits of the kainate receptor (GluK1, GluK2, and GluK3), as well as those of the non-essential but high-affinity-conferring subunits GluK4 and GluK5 (formerly KA1 and KA2, respectively). Finally, we sought to detect the presence of D1-type (DR1 and DR5) and D2-type (DR2, DR3, and DR4) dopamine receptors, which we had observed were expressed in OPCs and participated in their proliferative and differentiation processes (unpublished data).
As expected, neural-derived OPCs in culture expressed all three AMPA receptor subunits as well as the NMDA-R1 subunit at various levels. Rat ADSCs maintained under basal conditions did not express mRNAs for these receptors, except for AMPA-R3 (although its mRNA levels were at the limit of detection using real-time PCR). In contrast, S + O + Z-transduced cells consistently expressed all these glutamate receptor subunits (Figure 7). Neural OPCs also expressed kainate receptors, a type of often disregarded glutamate receptor. In culture, neural OPCs expressed all five kainate receptor subunits at different levels, with GluK1 displaying the lowest levels of expression and GluK5 the highest. In untransduced ADSCs, the mRNA expression of the five kainate receptor subunits was undetectable. In contrast, the mRNA expression of all five subunits was detected in S + O + Z-transduced ADSCs (Figure 7).
[image: Figure 7]FIGURE 7 | Expression of oligodendroglia-related neurotransmitter receptors mRNA by of S + O + Z-transduced ADSCs. Expression of all AMPA, kainate and NMDA receptor subunits present in the different glutamate receptors as well as DR1, DR2 and DR5 dopamine receptors were analyzed by RT-qPCR. Data represent the ratio of each gene cDNA relative to GAPDH cDNA multiplied by 1000. Numbers of assayed culture samples -each one with triplicate replicas-are shown on top of histogram columns. Our analysis demonstrates that S + O + Z-transduced ADSCs (SOZ) express many of these neurotransmitter receptors, some at low level and others, like the high-affinity GluK5 receptor, at high-level. By comparison, control, unconverted ADSCs showed null expression of most receptors and minimal expression, compared to SOZ, of AMPA-R3, GluK5 and D1-type receptors. Neural-derived oligodendroglia (NSC-OL) showed neat expression of all glutamatergic receptor subunits, except for GluK1, and low, but consistent, expression of DR1, DR2 and DR5 dopamine receptors. T3-treated cultures are also shown to check neurotransmitter receptor expression under oligodendroglial differentiating conditions. No statistical comparisons between all culture groups are provided due to low sample number in relation to data variability.
The mRNA expression of the type 1 dopamine receptors (DR1 and DR5) was also detected in cultured neural OPCs and T3-differentiated oligodendrocytes. DR2, a type 2 dopamine receptor, was also expressed in neural OPCs, although its expression was downregulated in T3-differentiated cells. The expression of the DR3 and DR4 subtypes was not detected in neural oligodendroglia (not shown). Meanwhile, S + O + Z-transduced ADSCs consistently expressed DR1 and DR5 mRNAs; also, type-2 dopamine receptor mRNA was detected at low levels. Under basal culture conditions, untransduced rat ADSCs only showed very low mRNA expression levels of type 1 dopamine receptors (Figure 7).
Non-parametric Wilcoxon’s test was used to compare the expression of glutamatergic and dopaminergic receptors as a set, pairing the means of each receptor, in untransduced vs. S + O + Z-transduced adult rat ADSC (Supplementary Figure S13). This test demonstrated a very significant statistical difference (p < 0.0001) in the expression of the neurotransmitter receptor set of these two types of cells.
3.5.2 Comparison of the Metabolic and Respiration Rates Between Converted Cells and OPCs
Cellular bioenergetics characterizes the differentiation state of oligodendroglia (Schoenfeld et al., 2010; Ziabreva et al., 2010). When OPCs differentiate, their mitochondrial metabolism rate is drastically increased. Benztropine is a repurposed drug that has been shown to promote oligodendrocyte differentiation (Deshmukh et al., 2013) and to increase the OCR (an index of mitochondrial functionality) in OPCs (Beyer et al., 2018). Using this oligodendroglia-specific action of benztropine, we tested whether it stimulated similarly S + O + Z-transduced ADSCs. NSC-OPC cultures showed a high rate of mitochondrial metabolism, in line with that previously reported (Sanchez-Abarca et al., 2001; Amaral et al., 2016), and S + O + Z-transduced ADSCs exhibited similar characteristics (Figure 8). Treatment with benztropine increased the basal respiratory capacity of NSC-OPCs and, to a greater extent, that of S + O + Z-transduced ADSCs (14.5 pmol/ml and 21.9 pmol/ml increases of their OCRs, respectively). In untransfected ADSCs, meanwhile, benztropine treatment led to a substantially lower OCR increase (2.7 pmol/ml, not shown in the graphic). The maximal respiratory capacity (in the presence of the ionophore FCCP) was also substantially increased in S + O + Z-transduced ADSCs and in NSC-OPCs (OCR: 47.9 pmol/ml and 11.1 pmol/ml, respectively). Therefore, when treated with benztropine, S + O + Z-transduced ADSCs show enhanced mitochondrial metabolic rates concomitantly with increased differentiation (see below), a property that is characteristic of neural oligodendroglia.
[image: Figure 8]FIGURE 8 | Analysis of mitochondrial function. (A) Mitochondrial function (Oxygen consumption rate, OCR) of S + O + Z-transduced ADSCs (ADSC-SOZ) and neural OPCs (NSC-OPC), in basal proliferative conditions or after treatment with benztropine (0.5 μM) for 6 days. OCR was measured at baseline, as well as after the successive addition of 1 μM oligomycin (Oligo), 2 μM FCCP and 2 μM rotenone and antimycin A (RAA), as indicated by vertical lines in the graphics. (B) Average measurement of basal respiration index. (C) Average of maximal respiration, from the above data. The differentiating effect of benztropine is accompanied by increases in cell respiration both in NSC-OPC and in ADSC-SOZ. Data show mean ± s.d. (n = 3–7 different samples). Symbols: *: statistical differences with respect to ADSC-SOZ; +: differences with respect to ADSC-SOZ with benztropine; &: differences with respect to NSC-OPC. One symbol, p < 0.05, two symbols, p < 0,01, three symbols, p < 0.001.
3.5.3 The Myelinating Capacity of Converted Cells
Finally, we tested whether the converted cells could ensheathe and myelinate axons. Cultures of DRGns were obtained from E16 rat fetuses and purified by killing dividing fibroblasts and Schwann cells using antimitotic treatment. Cells from converted cultures, containing more than 50% O4+ cells, were seeded onto purified DRGn cultures and maintained in NBB27 medium supplemented with doxycycline for up to 7 weeks. Benztropine (1.5 µM) was added for the final 1–2 weeks to some co-cultures to test if this drug could promote myelination, as previously reported for OPCs (Deshmukh et al., 2013).
Immunofluorescence staining for MBP or O1 showed that the processes of S + O + Z-transduced ADSCs were aligned along DRGn axons for lengths that often exceeded 100 µm (Figure 9). Benztropine treatment increased both the number of O1+ cells and the width of their processes along axons. Confocal microscopy analysis showed O1 or MBP labelling surrounding βIII-tubulin- or neurofilament-labeled fibers, indicating that oligodendrocyte-like processes were ensheathing DRGn axons (Figures 9C,D).
[image: Figure 9]FIGURE 9 | Immunostaining of axonal ensheathing by S + O + Z-transduced ADSCs. A1–A3: immunolabelling for β-tubulin isotype III (β-Tub) in green, to show axons, and O1/galactocerebroside, in red, to show oligodendrocyte surfaces, in co-cultures of DRG neurons (n) with S + O + Z-transduced cells. B1–B3: Immunolabelling for 200 kDa neurofilament, clone RT97 (NF, in green) and MBP (in red) showing an induced oligodendrocyte that forms large tubules of ensheathment along several axons. Nuclei are counterstained with bisBenzimide, in blue. C1–C3: confocal images of MBP+ processes around NF-labelled axons to show axonal ensheathment by converted cells; below and to the right of C3, the projections in the X-Z and Y-Z axes at the level indicated by the cross show that MBP labelling encircles NF-labelled axons.
TEM further demonstrated the generation of oligodendroglia-like cells among S + O + Z-transduced rat ADSCs. Converted cells showed dark nuclei occupying a large part of the cell body, with clumped chromatin beneath the nuclear membrane, and electron-dense cytoplasms that accumulate dark inclusions and extend several processes (Figures 10C,D). When seeded on areas of naked axons of DRGn cultures devoid of Schwann cells, converted cells extended processes that enveloped axon bundles and, in the case of larger axons (diameter > 0.5 µm), these processes enveloped them with one or more complete turns (Figures 10E–G). Additionally, benztropine-treated co-cultures showed enhanced ensheathment in some areas of the axonal network (Figure 10H). However, we were not able to consistently demonstrate the formation of compact myelin in these cultures.
[image: Figure 10]FIGURE 10 | Axonal ensheathment by S + O + Z-transduced ADSCs in culture. Phase contrast (A) and fluorescence (B) images from the same field of DRG neurons co-cultured for 25 days with S + O + Z-transduced cells additionally transduced with green fluorescence protein; white arrows point to cytoplasmic extensions along axonal bundles (live cultures, scale bar: 50 µm). (C–H) Transmission electron micrographs of various co-cultures: (C, D) show converted cells with characteristic oligodendrocyte morphologies: dark nuclei occupying a large part of the cell body, with clumped chromatin beneath the nuclear membrane, and electron-dense cytoplasms that accumulate dark inclusions and extend several processes; these cells are usually found in close contact with axons (black arrows in (D)); no basal lamina was observed. Scale bar: 1 µm. (E) Multiple DRG neuronal axons are ensheathed by the dark processes of converted cells. Arrow points to an axon surrounded by several turns of converted oligodendroglial processes; scale bar: 1 µm. (F, G) Details of axons loosely ensheathed by several turns of converted oligodendroglial processes; scale bar in both images, 200 nm. (H) Axonal ensheathing in benztropine-treated co-culture. Scale bar: 500 nm.
Besides oligodendroglia-like cells, TEM indicated the presence of at least one more cell type in S + O + Z-transduced ADSC/DRGn co-cultures. These cells were larger than oligodendroglia, had a greater cytoplasm/nucleus ratio, and their nuclei were often highly indented, paler than those of oligodendroglia, and had a rim of heterochromatin near the nuclear membrane. Their cytoplasm was slightly dark (but paler than that of oligodendroglia) and contained an abundance of mitochondria, electron-lucent droplets, lysosomes, and ribosomes; bundles of filaments were also observed occasionally. Moreover, these cells contributed to the covering of axonal bundles with some cytoplasm extensions. Nevertheless, the ensheathment of individual axons with partial or complete turns was always carried out by electron-dense projections extending from oligodendroglia-like cells (see Supplementary Figures S16 and S17).
4 DISCUSSION
In this study, we have demonstrated that adult rat ADSCs can be efficiently converted into oligodendrocyte precursor-like cells through the exogenous expression of genes encoding the transcription factors Sox10, Olig2, and Zfp536. These oligodendrocyte precursor-like cells were shown to be functional as they differentiated into mature (O1+) oligodendroglia, expressed glutamate and dopamine receptors, showed similar metabolic responses to OPCs, ensheathed axons, and showed similar responses to the same trophic factors and drugs as normal, nervous system-derived OPCs. Additionally, GFAP+ and p75NTR+ cells could be obtained from these S + O + Z-transduced ADSCs. Accordingly, the generated cells could more correctly be regarded as “induced macroglia.”
Adipose tissue appears to be a good source of cells for generating oligodendroglia by direct lineage conversion. It is accessible, can be easily and innocuously obtained from adults, and contains MSCs with neurotrophic (Joyce et al., 2010), neuroprotective, anti-inflammatory, and immunomodulatory properties (Yanez et al., 2006; De Miguel et al., 2012; Gebler et al., 2012), rendering them suitable candidates for use in cell transplantation.
In the growth conditions for converted cells used here, which included the supplementation of a defined medium with EGF, bFGF, and PDGF-AA, oligodendroglia-like cells were preferentially stimulated to proliferate and remained undifferentiated. This likely explains why these cells were progressively enriched in the cultures and outgrew non-converted cells. For the same reason, the proportion of O1+ cells (maturing oligodendrocytes) remained low despite the abundance of O4+ cells. Once the growth factors had been withdrawn, abundant O1+ cells were generated, and their development was enhanced with T3 supplementation.
4.1 Identification of S + O + Z-Transduced Cells
We used immunostaining with the O4 monoclonal antibody (Sommer and Schachner, 1981) as the initial marker for the generation of oligodendroglia from ADSCs. Many of the markers commonly used to identify oligodendroglia were already expressed by ADSCs growing in α20 medium, as evidenced by both immunofluorescence staining and RT-PCR (Vellosillo et al., 2017). MBP, MOG, DM20, CNPase, and GalC (as detected by O1 monoclonal antibody) (Sommer and Schachner, 1981), are spontaneously expressed in cultured ADSCs. However, these cells do not stain with anti-MAG or with the O4 antibody, which recognizes sulfatides in the membranes of OPCs (Bansal et al., 1989). Consequently, we considered these two labels to be specific markers for the conversion of ADSCs into oligodendroglia-like cells.
Chondroitin sulfate proteoglycan 4, detected by the NG2 antibody, is often used to identify OPCs in the CNS. Although different terms have been used to describe these precursor cells, they could simply be called “NG2-glia” because they differentiate into oligodendrocytes or astrocytes, depending on their location in the brain (Dimou and Gallo, 2015). In our study, we could not use NG2 as a marker of oligodendroglial generation, even though it was expressed in S + O + Z-transduced ADSCs, as more than 40% of rat ADSCs were already NG2+ when cultured under basal conditions (Vellosillo et al., 2017). This was also true for another OPC marker, PDGFRα, which has been shown to be expressed by at least a subset of MSCs (Mohsen-Kanson et al., 2013).
The A2B5 antibody could potentially also serve as a marker for identifying glial progenitor cells. This monoclonal antibody defines bipotential oligodendrocyte-type 2 astrocyte progenitor cells in CNS cultures and is regularly used to identify glial precursors that differentiate into oligodendrocytes under the appropriate culture conditions. However, this antibody will also bind to unidentified glycoproteins in the cytoskeleton and mitochondria when cells are permeabilized during the immunostaining procedure (Gillard et al., 1993), potentially resulting in intracellular staining and false positives. Irrespective of this possibility, no membrane labelling with A2B5 was detected in S + O + Z-transduced cultures. This result suggests that the conversion process induced by exogenous Sox10, Olig2, and Zfp536 expression in ADSCs does not require such developmental stage.
Interestingly, GFAP+ cells were generated during the S + O + Z-induced conversion of rat ADSCs, an effect that was greatly enhanced when the culture was supplemented with 10% FBS. GFAP is a marker for several glial cell types, such as astroglia, subventricular zone neural stem cells (Doetsch et al., 1999), olfactory ensheathing cells (Ramon-Cueto and Nieto-Sampedro, 1992), non-myelinating Schwann cells (Mokuno et al., 1989; Feinstein et al., 1992), and enteric glia (Jessen and Mirsky, 1980), in addition to several non-neural cell types. The generation of GFAP+ cells resulting from the expression of exogenous Sox10, Olig2, and Zfp536 has also been reported in embryonic fibroblasts (Yang et al., 2013); however, studies employing different induction strategies have not obtained similar results (Najm et al., 2011; Garcia-Leon et al., 2018).
The identity of the converted cells that expressed p75NTR, a low-affinity NGF receptor, requires further investigation. p75NTR is expressed by different cell types in the peripheral nervous system (PNS) and CNS. It is typically expressed in neural crest stem cells (Stemple and Anderson, 1992), non-myelinating Schwann cells (DiStefano and Johnson, 1988), and olfactory ensheathing glia (Ramon-Cueto and Nieto-Sampedro, 1992); accordingly, this receptor has been used for the immunoselection of these cell types in culture. Additionally, several studies have reported the existence of a population of p75NTR+ cells, termed “CNS Schwann cells” by the authors, that originate from a common CNS precursor cell population with OPCs and remyelinate axons after a demyelinating insult (Keirstead et al., 1999; Zawadzka et al., 2010). These “CNS Schwann cells” share characteristics with OPCs that distinguish them from PNS Schwann cells (Kegler et al., 2014). In our experiments, the p75NTR+ cells detected in converted cultures had an elongated but branched morphology that differed from the morphology of typical PNS Schwann cells in culture. Notably, however, S + O + Z-transduced ADSCs also exhibited de novo mRNA expression of at least two Schwann cell-specific proteins, periaxin and myelin protein zero (MPZ), primarily when cultures were maintained in FBS-supplemented medium (D10; see Supplementary Figure S12), which supports their identity as Schwann cells.
This notwithstanding, some differentiated converted cells co-expressed markers such as O4, GFAP, and p75NTR (Figure 4), and we identified a cell population that shows ultrastructural characteristics (a less electron-dense cytoplasm; abundant mitochondria, ribosomes, and lysosomes; and a nucleus with a peripheral rim of condensed chromatin; Supplementary Figures S16B and S17) similar to those seen in olfactory ensheathing glia (Ramon-Cueto and Avila, 1998; Gomez et al., 2016). Further studies are required to determine whether S + O + Z-transduced ADSCs can generate olfactory ensheathing glia-like cells, and whether such cells exhibit similar neurotrophic properties.
In this study, S + O + Z-transduced cells expressed mRNAs of myelin-related molecules such as MBP, PLP1, MOG, and MAG. The expression of these proteins was greatly stimulated after growth factor withdrawal and medium supplementation with T3 (Figure 3, see also Supplementary Figures S8 and S10). In neural tissues, MBP is expressed as different isoforms with roles in both oligodendrocyte development and myelin compaction (Harauz and Boggs, 2013), while the expression of the PLP1 isoform and MOG has been associated with oligodendrocyte maturity. MAG, however, was one of the earliest molecules expressed in S + O + Z-transduced cells. This is particularly surprising given that, in both the PNS and CNS, MAG begins to be expressed at the initial steps of myelination, simultaneously with MBP (Dubois-Dalcq et al., 1986). Indeed, in large oligospheres, which showed some degree of glial differentiation and high GFAP expression, both MAG and MBP were weakly expressed, as shown in Figure 5. In contrast, both L- and S-isoforms of MAG, which are expressed early and late in CNS myelination, respectively (Ishiguro et al., 1991; Pedraza et al., 1991), were found to be strongly expressed already by day 24 following the induction of Sox10, Olig2, and Zfp536 transgene expression (Figure 5C).
QKI-7, the marker detected by the CC1 monoclonal antibody (Bin et al., 2016), is widely used for identifying myelinating oligodendrocytes. S + O + Z-transduced ADSCs expressed high levels of Qki7 mRNA under conditions that support expansion (Figure 2J). Quaking proteins are key regulators of the metabolism of transcription factor RNA and the expression of myelin-related genes involved in oligodendrocyte differentiation (Darbelli et al., 2017). The expression of Qki7 in converted cells (but not in untransduced ADSCs) is strong evidence supporting that the Sox10, Olig2, and Zfp536 transgene combination induces the generation of oligodendroglial cells.
Similarly, both Cx29 and Cx47 were expressed de novo in converted cells. That these two connexins are specific to oligodendroglia provides a clear demonstration of the acquisition of an oligodendroglial phenotype and oligodendroglial functionality in S + O + Z-transduced ADSCs. The expression of oligodendroglial-specific connexins has not been previously reported in studies relating to the generation of oligodendrocytes through reprogramming or direct conversion despite their functional relevance. Oligodendrocyte connexins are known to play an important role in axonal ionic and metabolic homeostasis (Rash et al., 2016; Fasciani et al., 2018) and are also required for the maintenance of myelination (Uhlenberg et al., 2004; Orthmann-Murphy et al., 2007).
4.2 Minimal Requirements for Oligodendroglia-Like Cell Generation From Adult ADSCs
The expression of the Sox10 transgene alone stimulated endogenous Olig2 and Zfp536 expression (Figures 6A,B), but not at sufficient levels to support oligodendroglia-like cell generation from adult rat ADSCs. This was despite the fact that the O4 labeling and the mitogenic response to EGF, bFGF, and/or PDGF-AA were induced under the same conditions. Furthermore, as the Olig2 and Zfp536 transgenes did not stimulate endogenous Sox10 expression, the inclusion of the Sox10 transgene appears to be required for generating oligodendrocyte precursor-like cells from adult rat ADSCs. The Sox10 + Olig2 combination did not appear to be sufficient for generating oligodendroglia-like cells from adult rat ADSCs given that it did not stimulate a complete morphological conversion or the appearance of MAG+ cells. Additionally, this combination did not induce the generation of GFAP+ cells, which might be required for OPC maintenance and differentiation.
4.3 Transcription Factor Combinations for Generating Oligodendroglia May Differ Among Species
Exogenously expressing Sox10, Olig2, and Zfp536 to generate oligodendroglia-like cells from adult rat ADSCs may not be directly extrapolated to other species. We have found that efficiently converting human ADSCs into oligodendroglia-like cells using the methodology reported here may require different transgene combinations and/or additional molecules (see, for instance, Supplementary Figure S18). It has also been reported that the direct conversion of embryonic fibroblasts from mice and rats into oligodendroglia might require different sets of transcription factors (Lee and Park, 2017).
In addition to species, other variables might influence which transcription factor combinations can be used for converting somatic cells into oligodendroglia. The cell type and/or developmental stage of the donor appear to be particularly relevant (Najm et al., 2013) reported that a combination of Sox10 + Olig2 + Nkx6.2 was sufficient to generate functional oligodendroglia from E13.5 embryonic mouse fibroblasts. In the present study, we were unable to generate oligodendrocyte precursor-like cells from adult rat ADSCs using a similar combination (Sox10 + Olig2 + Nkx6.1). Furthermore, when Nkx6.1 was added to the Sox10 + Olig2 + Zfp536 combination, few oligodendrocyte precursor-like cells were obtained unless the cultures were pre-treated with RA, which altered cell morphology and composition. Interestingly, when the Sox10 + Olig2 + Nkx6.2 combination was used for the conversion of embryonic mouse fibroblasts, no GFAP+ cells were generated, in contrast to that seen with the Sox10 + Olig2 + Zfp536 combination, as shown in the present study and elsewhere (Yang et al., 2013). Sox10 appears to be the key factor for oligodendroglial commitment (Yang et al., 2013) while Olig2 is a common element in all lineage conversions into oligodendroglia, including that of human iPSCs (Pawlowski et al., 2017). Of note, the time required for OPC generation when embryonic cells (or iPSCs) are used is considerably shorter compared with that when adult ADSCs are converted.
4.4 The Sox10, Olig2, and Zfp536 Transgenes Must Be Continuously Expressed for the Maintenance of the Oligodendroglial-Like Phenotype
The converted cells required the continuous expression of the Sox10, Olig2, and Zfp536 transgenes to maintain the oligodendroglial-like cell phenotype as well as the ability to ensheathe axons. The withdrawal of doxycycline for 14 days resulted in phenotype reversion, including the lack of mitogenic response to the growth factors EGF, bFGF, and PDGF-AA, as well as decreased expression of endogenous Olig2 and Zfp536 and the loss of myelin-related proteins (Figures 6C,D). Even after 6 months of continuous Sox10 + Olig2 + Zfp536 transgene expression, with O4+ cells comprising >95% of the cells in culture, doxycycline withdrawal resulted in the loss of the oligodendroglial phenotype.
Accordingly, the direct conversion of ADSCs into glial cells through exogenous Sox10 + Olig2 + Zfp536 expression cannot be considered “lineage commitment” or “reprogramming” as the process is reversible. This further suggests that, unlike that observed when cells are reprogrammed to pluripotency, the epigenetic traits that maintain the phenotype of the original cells are not completely replaced when the new transcription factors drive the emergence of oligodendroglial characteristics. Nevertheless, cells cultured in a dish lack the necessary environmental cues that normally shape their identity, and it remains to be investigated whether maintaining these oligodendrocyte precursor-like cells in a complex neural environment, where they can receive three-dimensional functional signals (axons, morphogens, trophic factors, etc.), would result in complete and irreversible phenotypic conversion. The continuous Sox10 + Olig2 + Zfp536 transgene expression, however, did not prevent the development of a mature oligodendroglial phenotype.
4.5 The Functionality of the Generated Oligodendrocytes
We have provided several evidences to support that S + O + Z-transduced ADSCs function as oligodendroglia. We showed that, when co-cultured with DRGns, the oligodendroglia-like cells produced axon-ensheathing processes. We further demonstrated that a given converted cell could ensheathe several axons from different neurons in the absence of basal lamina (Figure 9), as occurs with regular CNS oligodendrocytes.
We also detected the mRNA expression of AMPA, NMDA, and kainate subunits of glutamate receptors in these oligodendroglia-like cells. Even when their expression levels were low, it was likely to have been de novo expression, as unconverted ADSCs maintained under basal conditions did not express these receptors (Figure 7; Supplementary Figure S13). Whether receptor agonists or other treatments can stimulate the expression and activity of glutamate receptors in converted cells merits further investigation. Dopamine receptors have also been reported to be present in OPCs, although relevant studies are scarce (Bongarzone et al., 1998). Our results corroborate previous, unpublished observations that NSC-derived oligodendroglial cultures express D1-type receptors (DR1 and DR5) and the DR2 subtype of D2-type receptors. Importantly, S + O + Z-transduced ADSCs also expressed DR1, DR2 and DR5 mRNA. Expression of dopamine receptors by S + O + Z-transduced ADSCs further supports their functional capacities as oligodendroglia.
Our study further demonstrated that adult rat ADSC-derived oligodendroglia-like cells are neurochemically functional as they respond to pharmacological stimuli that drive the maturation and myelinating capacity of CNS-derived oligodendrocytes (Deshmukh et al., 2013). In co-cultures of DRGns with converted cells, the addition of benztropine, a muscarinic antagonist that has been repurposed as a stimulator of OPC maturation and inducer of myelination, led to the generation of larger numbers of O1+ cells as well as more profuse axonal ensheathment (Figure 9).
We also investigated the mitochondrial function profile in converted cells and found that it was similar to that of NSC-OPCs. The results of several studies have suggested that OPC differentiation is accompanied by an increase in mitochondrial function and that the myelination process induces metabolic changes that favor the synthesis of myelin lipids (Rone et al., 2016; Tepavcevic, 2021). Myelination is an energy-demanding process. Several metabolites and drugs (benztropine, metformin, taurine) promote OPC differentiation by enhancing the mitochondrial respiratory capacity. Our data showed that benztropine treatment led to a substantial increase in the basal and maximal respiratory index in both NSC-OPCs and S + O + Z-transduced ADSCs, but particularly in the latter (Figure 8).
TEM analysis (Figure 10) showed large axons surrounded by one or several turns of processes emanating from converted oligodendroglia-like cells, which might provide metabolic support to those axons. The expression of the connexins Cx47 and Cx29 in S + O + Z-transduced cells, which would enable the intercellular flow of ions and small metabolites such as lactate or pyruvate (Philips and Rothstein, 2017), supports this hypothesis.
However, we failed to consistently demonstrate the presence of compact myelin around axons in our in vitro model, which may be related to technical or artefactual complications involving the culture conditions used. Consequently, it remains unknown whether these converted ADSCs have the capacity to myelinate in vivo when transplanted into animals. In embryonic fibroblasts, the expression of the Sox10 + Olig2 + Zfp536 transgene combination generates cells capable of forming compact myelin when transplanted into the brain or spinal cord (Yang et al., 2013), suggesting that our converted adult rat ADSCs might also have this capacity. However, the balance between MBP and CNPase reportedly determines which membrane regions are compacted and which retain cytoplasm and serve as channels for communication between peripheral and somatic zones of myelinating oligodendrocytes (Snaidero et al., 2017). Because ADSCs express CNPase under basal conditions, as shown in Figure 5 and in a previous study (Vellosillo et al., 2017), which does not appear to be the case for embryonic fibroblasts (Yang et al., 2013), a high CNPase-to-MBP ratio in ADSC-derived oligodendroglia might explain the lack of myelin compaction in our experiments.
4.6 Similarities Between Oligodendroglia Converted From ADSCs and Those Derived From Neural Stem Cells
Besides morphological similarities, cells converted from adult rat ADSCs through Sox10 + Olig2 + Zfp536 transgene expression showed the same molecular signature and responded to the same trophic factors (EGF, bFGF, and PDGF-AA) as neural-derived oligodendroglia. They were also similarly stimulated to differentiate by T3 or benztropine supplementation, and also displayed a high affinity for attaching to and ensheathing axons. Regarding differences, compared with neural OPCs, S + O + Z-transduced ADSCs display very low endogenous Sox10 expression, lower levels of several oligodendroglial genes, immunostaining for MAG before differentiation, and growth in culture as plastic-adherent cells instead of as floating aggregates (oligospheres).
Additionally, as mentioned above, S + O + Z-transduced ADSCs are not fully reprogrammed and may retain characteristics and properties of the original ADSCs. In vivo experiments using animal models of demyelination should be undertaken to determine if these converted cells can indeed efficiently remyelinate nude axons, as occurs with neural-derived OPCs (Groves et al., 1993; Archer et al., 1997; Learish et al., 1999), and also if their vestigial mesenchymal traits represent advantages or disadvantages regarding their potential use for cellular therapy in demyelinating diseases.
Given these observations, although we initially considered S + O + Z-transduced ADSCs to be “induced OPCs,” the differences between them and neural-derived OPCs suggest otherwise. Nevertheless, many of the characteristics displayed by these converted cells support that they behave like oligodendroglial cells. Moreover, when these cultures were maintained in 10% FBS-supplemented medium (D10 medium, for instance), the generated cells were comparable to astroglia and, putatively, also to Schwann cells/olfactory ensheathing glia-like cells. Thus, although our original goal was to generate oligodendroglia from peripheral tissues, the present study showed that S + O + Z-transduced ADSC can also be converted to other macroglial types.
4.7 Limitations of the Method
As discussed above, the direct conversion of adult rat ADSCs into oligodendroglia has some limitations. Cells generated through Sox10 + Olig2 + Zfp536 transgene expression displayed most of the phenotypic, molecular, pharmacological, differentiating, and functional characteristics of brain oligodendroglia, but are not exactly the same cell type. Although the converted cells acquired a new phenotype, they retained at least some of their former ADSC identity, and continuous transgene expression was required to maintain the oligodendroglial phenotype.
Another limitation of this study was that, at present, the procedure cannot be directly extrapolated to human cells although, as mentioned above, we also hypothesize that generating oligodendroglia by direct conversion from adult human ADSCs is possible once the appropriate transgene combination and culture conditions have been identified. On the other hand, the direct conversion of adult somatic cells into oligodendroglia takes longer than conversion of embryonic cells, even when using MSCs. In rats, the procedure becomes efficient and leads to the production of large numbers of oligodendroglia-like cells after 2–3 months; however, this will likely take longer in adult humans.
Regarding methodological limitations, the RT-qPCR results showed high variability, which affected the statistical significance of differences between source ADSCs and S + O + Z-transduced cells. Accordingly, non-parametric tests and data pairing for treatment conditions of sibling cultures were used when comparing groups whenever possible. Data variability did not appear to originate from technical issues associated with the use of a single housekeeping reference gene (Gapdh) since a triple housekeeping reference that included Rpl13a and Ppia did not improve variability compared with the use of Gapdh alone (data not shown). Instead, mRNA expression patterns depended on when S + O + Z-transduced cell samples were processed. We regularly used cultures at 2–4 months of transgene expression, when between 30% and 70% of O4+ cells had been generated (Figure 2C). Despite the consistency in ADSC conversion through Sox10 + Olig2 + Zfp536 transgene expression, the values of mRNA expression were variable within a wide range. Analysis of the effects of different treatments on these converted cells might benefit from O4+ cell selection as starting material. Meanwhile, NSC-derived oligodendroglia were used as a positive control to determine the similarities between S + O + Z-transduced ADSCs and neural oligodendroglia. This was not meant to provide quantitative comparison of gene expression between the 2 cell types as NSC-derived oligodendroglia culture consists of 75%–95% oligodendroglial-committed cells, which might not be comparable to other oligodendroglial cell preparations. Indeed, there is no prototypical oligodendroglial cell culture. Accordingly, we chose to use NSC-derived cultures as positive controls mainly due to their consistency in generating oligodendroglial-committed cells.
4.8 Alternatives for Generating Oligodendroglia From Adult Somatic Cells
Oligodendroglia can be generated by reprogramming adult somatic cells to pluripotency and then committing these iPSCs to a neural precursor cell type. OPCs are subsequently generated from the latter by complex cell culture procedures and the use of media that include specific morphogens, growth factors, and small molecules that either inhibit or activate intracellular mechanisms (Wang et al., 2013; Douvaras and Fossati, 2015; Espinosa-Jeffrey et al., 2016; James et al., 2021). The advantages of these procedures are that they are suited to human cells and generate oligodendroglia in which epigenetic traits of the source cells have been erased. The disadvantages are the protracted time required to obtain the first oligodendrocytes (>3 months from the start of somatic cell culture) and that the complexity of the method may impair its consistency. Besides oligodendroglia, these cultures also generate astroglia and neurons. The complexity and prolonged duration associated with this strategy can be slightly improved by transducing iPSCs-derived NSC with a combination of SOX10, OLIG2, and NKX6.2 (Ehrlich et al., 2017), SOX10 and OLIG2 (Pawlowski et al., 2017), or only SOX10 (Garcia-Leon et al., 2018) transgenes.
The generation of oligodendrocyte progenitor cells from adult mouse skin fibroblasts (Kim et al., 2015), human fibroblasts (Mitchell et al., 2014), or human blood cells (Lee et al., 2015) via Oct4 transgene expression has been reported. Oct4, a transcription factor, is a key regulator of embryogenesis and has been found to be sufficient for inducing pluripotency (Kim et al., 2009). The direct conversion of adult somatic cells to oligodendroglia through Oct4 expression relies on the composition of the culture medium and, in particular, on the spontaneous silencing of the Oct4 transgene after a few weeks; otherwise, as Oct4 can promote the generation of neural stem cells from human fibroblasts (Mitchell et al., 2014) and iPSCs from neural stem cells (Kim et al., 2009), the final product would be iPSCs, which could lead to the generation of teratomas when these cells are transplanted. Thus, because of the requirement for the precise control of Oct4 dosage (Niwa et al., 2000), inducing oligodendroglia from adult somatic cells by Oct4 transfection may result in inconsistent results between research laboratories.
Pharmacological reprogramming of mouse embryonic and postnatal fibroblasts using chemically defined conditions, without genetic manipulation, has also been reported (Zhang et al., 2016). The authors used a combination of nine small molecules to induce fibroblasts to a neural program, and then used another combination of chemicals in selected cells to obtain oligodendrocyte- and astrocyte-like cells (Liu et al., 2019). Whether these chemically-induced oligodendrocytes are stable and have the capability of forming compact myelin remains to be determined.
4.9 Adult ADSCs as a Source of Oligodendroglia
ADSCs have been shown to display trophism, and can protect and repair CNS myelin even when intravenously administered (Otero-Ortega et al., 2015). Such regenerative capacity appears to be due to the activity of released molecules or extracellular vesicles (Otero-Ortega et al., 2017). Additionally, ADSCs have been shown to enhance remyelination in animal models of neuroinflammation through multiple mechanisms (Constantin et al., 2009) and, like MSCs, show a preference for homing to sites of injury/inflammation (Ullah et al., 2019). Consequently, ADSCs are considered to be potential candidates for use in cellular therapy in demyelinating diseases, particularly multiple sclerosis.
Here, we showed that, in addition to oligodendroglial phenotypes, S + O + Z-transduced adult rat ADSCs maintained some characteristics of their parent cells, suggesting that they may also retain some of the trophic, immunomodulatory, anti-inflammatory, and homing properties of ADSCs. Although additional studies are needed to confirm this possibility, it can be hypothesized that both locally and systemically delivered S + O + Z-transduced ADSCs may provide remyelination in experimental allergic encephalomyelitis models of demyelination, overcoming the autoimmune/inflammatory environment.
In summary, we have shown that oligodendroglia-like cells can be generated by direct conversion from adult rat ADSCs. The expression of transgenes encoding the Sox10 + Olig2 + Zfp536 transcription factors was found to be an effective procedure for generating induced macroglial cells. Oligodendroglia-like or astroglia/Schwann-like cells were preferentially generated, depending on the culture conditions. Additionally, S + O + Z-transduced ADSCs in co-culture with neurons were able to ensheathe axons.
In the present study, we demonstrated that oligodendroglia-like cells can be generated from adult rat peripheral tissues. ADSC-derived oligodendroglia might be a safe and convenient alternative for cell therapy strategies in demyelinating diseases. An efficient combination of transcription factors for generating oligodendroglia from adult human peripheral tissues without going through an iPSC stage has yet to be identified; nevertheless, our study supports the feasibility of such an approach.
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Hypoxia and hypoxia-reoxygenation are frequently developed through the course of many retinal diseases of different etiologies. Müller glial cells (MGCs), together with microglia and astrocytes, participate firstly in response to the injury and later in the repair of tissue damage. New pharmacological strategies tend to modulate MGCs ability to induce angiogenesis and gliosis in order to accelerate the recovery stage. In this article, we investigated the variation in autophagy flux under hypoxia during 4 h, employing both gas culture chamber (1% O2) and chemical (CoCl2) hypoxia, and also in hypoxia-reoxygenation. Then, we delineated a strategy to induce autophagy with Rapamycin and Resveratrol and analysed the gliotic and pro-angiogenic response of MGCs under hypoxic conditions. Our results showed an increase in LC3B II and p62 protein levels after both hypoxic exposure respect to normoxia. Moreover, 1 h of reoxygenation after gas hypoxia upregulated LC3B II levels respect to hypoxia although a decreased cell survival was observed. Exposure to low oxygen levels increased the protein expression of the glial fibrillary acid protein (GFAP) in MGCs, whereas Vimentin levels remained constant. In our experimental conditions, Rapamycin but not Resveratrol decreased GFAP protein levels in hypoxia. Finally, supernatants of MGCs incubated in hypoxic conditions and in presence of the autophagy inductors inhibited endothelial cells (ECs) tubulogenesis. In agreement with these results, reduced expression of vascular endothelial growth factor (VEGF) mRNA was observed in MGCs with Rapamycin, whereas pigment epithelium-derived factor (PEDF) mRNA levels significantly increased in MGCs incubated with Resveratrol. In conclusion, this research provides evidence about the variation of autophagy flux under hypoxia and hypoxia-reoxygenation as a protective mechanism activated in response to the injury. In addition, beneficial effects were observed with Rapamycin treatment as it decreased the gliotic response and prevented the development of newly formed blood vessels.
Keywords: autophagy, hypoxia, angiogenesis, vascular endothelial growth factor, pigment epithelium-derived factor, gliosis
INTRODUCTION
As part of the Central Nervous System, the retina is highly dependent on nutrients and bioactive molecules, among them oxygen (Country, 2017). Extensive research has demonstrated that excessive or defective supply of oxygen is sufficient to trigger retinal damage or dysfunction (Caprara and Grimm, 2012). Retinopathy of prematurity (ROP) is a neonatal pathology that evidence this statement, as the events taking place in both the hyperoxic and the hypoxic phases are responsible for neuronal demise and glial activation (Ridano et al., 2017). In other retinal disorders as retinal vein occlusion, sickle cell anemia or diabetic retinopathy during the proliferative stage (PDR), hypoxia is solely detected.
Either constant or intermittent hypoxia is perceived as a threatening stimulus for retinal neurons. As a consequence, a fast response is settled by glial cells. Müller glial cells (MGCs), the most abundant macroglial cells of the retina, are known to collaborate in the immune response by secreting several cytokines, and to lead the vaso-proliferative response under hypoxia (Liu et al., 2014; Eastlake et al., 2016; Li et al., 2019). Many proteins participate in angiogenesis, including pro-angiogenic factors as the vascular endothelial growth factor (VEGF) and anti-angiogenic factors as pigment epithelium-derived factor (PEDF) (Eichler et al., 2004). Although these factors are secreted by many retinal cells, conditional VEGF KO mice revealed that the contribution of MGCs is indispensable for the vascular proliferation (Wang et al., 2010). Several signaling pathways can regulate VEGF synthesis or secretion. Therefore, a wide variety of compounds are able to modulate VEGF during pathological angiogenesis (Formica et al., 2021; Szymanska et al., 2021).
Another protective mechanism activated upon damage is autophagy. Autophagy is an intracellular catabolic process that ensure the degradation of misfolded proteins and altered organelles in the damaged tissue. Changes in autophagic flux can either induce cell survival or death. In this sense, treatments with different autophagy modulators proved to reduce cellular death or improve tissue function in disease (Kunchithapautham et al., 2011; Lin and Xu, 2019). On the other hand, autophagy inductors have demonstrated to exert pleiotropic effects in cells, including the secretion of trophic factors, affecting the fate of neighbor cells (Li et al., 2014; Zhou et al., 2018; Zwanzig et al., 2021). Two potent autophagy inductors are Rapamycin and Resveratrol. These compounds have attracted increasing attention in the research field because of their antioxidant and anti-angiogenic effects (Lee et al., 2015; Xin et al., 2017; Zhou et al., 2021). In ischemic retinopathies, it results interesting to evaluate if autophagy inductors under hypoxic conditions modulate the secretion of anti- or pro-angiogenic factors in MGCs and therefore vascular outgrowth.
Here, we initially investigated the variation in the autophagy flux under hypoxia and hypoxia-reoxygenation. Based on these results, we then delineated a strategy to induce autophagy with Rapamycin and Resveratrol and analysed the gliotic and pro-angiogenic response of MGCs under hypoxic conditions.
MATERIALS AND METHODS
Cell Line and Culture Reagents
A spontaneously immortalized human MGC line (MIO-M1), kindly provided by G. Astrid Limb (UCL Institute of Ophthalmology and Moorfields Eye Hospital, London, United Kingdom), was used. Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Buenos Aires, Argentina) containing 4500 mg/L glucose, sodium pyruvate) with 2 mM L-glutamine (GlutaMAX; Invitrogen), 10% vol/vol fetal bovine serum (FBS), and 50 U/mL penicillin/streptomycin (Invitrogen). Bovine aortic endothelial cells (BAECs) were grown in DMEM supplemented with 20% vol/vol FBS, and penicillin (100 U/mL)/streptomycin (100 U/mL) (Invitrogen). BAECs’ media contained 0, 03 mg/ml of endothelial cell growth supplement from bovine pituitary (Sigma). Cell cultures were kept at 37°C in a 5% CO2 humidified environment.
Hypoxic Assays
For gas hypoxia, cells were grown at 50–60% confluence in normal conditions and then transferred to a gas culture chamber (StemCell Technologies, Vancouver, Canada) supplied with 1% O2, 94% N2, and 5% CO2. Control cells were kept in normoxia (21% O2). For chemical hypoxia, cells were grown at 50–60% confluence in 10% FBS and then a solution of CoCl2 (Cicarelli, Santa Fe, Argentina) diluted in PBS was added to the cell medium. Cell experiments were conducted at two different time points (4 and 24 h). To assess the autophagy flux, Chloroquine (CQ) diluted in PBS was added to result in a final concentration of 10 μM (24 h of exposure) or 50 μM (4 h of exposure). Some experiments included incubations with inductors (50 μM Rapamycin, 100 μM Resveratrol) of the autophagic flux, in presence or absence of CQ. All experiments were carried out in 10% FBS, as fasting constitutes an additional stimulus for autophagy.
For reoxygenation, hypoxic medium was replaced for standard medium and cells were incubated for 1 h at 37°C with 5% CO2.
MTT Assay
To determine cell viability, the colorimetric MTT assay was performed. Briefly, 2.000 cells per well were seed in a 96-well plate and incubated under different experimental conditions (normoxia, hypoxia, CoCl2, with or without Rapamycin or Resveratrol) for 24 h. Then, 10 μl of the yellow tetrazolium salt 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (5 mg/ml) was added to culture medium. Cells were incubated with the MTT reagent for additional 3 h at 37°C. After that, cell medium was carefully removed and 100 μl of DMSO was added in order to solubilize the crystal violet. Finally, the optical density values were measured at a wavelength of 570 nm using a SpectraMax M5 plate reader (Molecular Devices, United States).
Western Blot Assay
Following treatment, cells were lysed with a solution of Triton X-100 1% in PBS, 1 mM PMSF and protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO). Lysates were cleared of insoluble material by centrifugation at 15,000 g for 10 min at 4°C. Protein concentration of MIO-M1 cell extracts were measured by a Bicinchoninic Acid Protein Assay Kit (Pierce BCA, Thermo Scientific, United States) according to the manufacturer’s protocol and 20 μg of proteins were electrophoresed in 15% SDS-PAGE. After electrophoresis, proteins were transferred to nitrocellulose membranes (Amersham Hybond ECL; GE Healthcare Bio-Sciences AB, Uppsala, Sweden). To prevent nonspecific binding, membranes were blocked with 5% milk in TBS containing 0.1% Tween-20 (TBST) during 1 h at room temperature (RT). Then, blots were incubated with primary antibodies diluted in 1% BSA in TBST overnight at 4°C. The following antibodies were used: rabbit polyclonal anti-LC3 (1/1000; L7543, Sigma Aldrich), mouse monoclonal anti p62 (1/1000; ab56416, Abcam), rabbit polyclonal anti-GFAP (1/1000; Dako, Carpinteria, CA), mouse monoclonal anti-Vimentin (1/1000; M7020, Dako) and mouse monoclonal anti-β-actin (1/2000; ab8226, Abcam). Blots were incubated with IRDye 800 CW donkey anti-rabbit Ig, or IRDye 800 CW donkey anti-mouse IgG antibodies (1/15000 in TBS with 5% BSA) for 1 h, protected from light. After washing with TBST, membranes were visualized and quantified using the Odyssey Infrared Imaging System (LI-COR, Inc., Lincoln, NE, United States).
Immunofluorescence Assays and Confocal Microscopy
Briefly, cells were grown at 30% confluence on coverslips. For staining with the lysosome marker LysoTracker Red (Thermo Fisher Scientific) 1 μl/ml of the reagent was added to the cell medium in the final hour of the incubation time. After stimuli, coverslips were washed twice with precooled PBS and fixed in PBS containing 4% PFA/4% sucrose for 15 min at RT. Free aldehyde groups were blocked with 50 mM NH4Cl in PBS during 20 min. The cells were then incubated in a blocking buffer (PBS containing 0.05% saponin/0.2% BSA) for 30 min. Antibodies were prepared in blocking buffer. Cells were then incubated overnight at 4°C with the following primary antibodies: rabbit polyclonal anti-LC3 (1/100; L7543, Sigma Aldrich), mouse monoclonal anti p62 (1/100; ab56416, Abcam). Then, cells were washed three times with PBS plus 1% BSA, and exposed to secondary antibodies diluted 1:800 for 45 min at RT. After a thorough rinse with PBS plus 1% BSA, cell nuclei were also counterstained with Hoechst 33258 (1:1000; Molecular Probes) for 7 min. Cells were washed with PBS and mounted on glass slides with Mowiol 4–88 (Calbiochem; Merck KGaA, Darmstadt, Germany). Fluorescent images were obtained with a confocal laser-scanning biological microscope (Olympus FluoView FV1200; Olympus Corp., New York, NY, United States). Finally, images were processed with ImageJ FIJI software (National Institutes of Health, Bethesda, MD, United States).
qRT-PCR
Total RNA was extracted from cultured cells using Trizol Reagent (Invitrogen) (Ridano et al., 2012). Briefly, 1 μg of total RNA was reverse-transcribed in a total volume of 20 μl using random primers (Invitrogen, Buenos Aires, Argentina) and 50 U of M-MLV reverse transcriptase (Promega Corp.). Then, cDNA was mixed with 1x SYBR Green PCR Master Mix (Applied Biosystems) and forward and reverse primers: Beclin-1 forward: CCATGCAGGTGAGCTTCGT/Beclin-1 reverse: GAA​TCT​GCG​AGA​GAC​ACC​ATC; ATG5 forward: AAA​GAT​GTG​CTT​CGA​GAT​GTG​T/ATG5 reverse: CAC​TTT​GTC​AGT​TAC​CAA​CGT​CA. VEGF-A forward:CCGCAGACGTGTAAATGTTCCT/VEGF-A reverse: CGG​CTT​GTC​ACA​TCT​GCA​AGT​A; PEDF forward: GCTGAGTTACGAAGGCGAAGT/PEDF reverse: TTG​ATG​GGT​TTG​CCT​GTG​AT. qPCR were carried out on an Applied Biosystems 7500 Real-Time PCR System with Sequence Detection Software v1.4. The cycling conditions included a hot start at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Specificity was verified by melting curve analysis. Results were normalized to β-actin (Forward: AAATCTGGCACCACACCTTC/Reverse: GGG​GTG​TGA​AGG​TCT​CAA​A). Relative gene expression was calculated according to the 2−ΔΔCt method. Each sample was analyzed in triplicate. No amplification was observed in PCRs using as template water (data not shown).
Tube Formation Assay
The assay was performed according to Arnaoutova y Kleinman, (Arnaoutova and Kleinman, 2010). Briefly, BAEC (≈1.5 × 104 cells) were placed on a 96 well half area plate previously coated with 30 uL of Matrigel. The plates were incubated for 18 h (37°C, 5% CO2) in the presence of normoxic or hypoxic MIO-M1 supernatants containing vehicle or autophagy inductors. Sodium suramine 30 uM and Axitinib 10 uM were used as positive control of inhibition. Control samples with and without their respective vehicles were simultaneously run. The images were obtained with an Olympus CKX41 inverted microscope and analyzed with the software ImageJ. The tubular structures were quantified and the percentages of inhibition (I%) were calculated I% = [1−(Total tube length treatment/Total tube length control)] x 100.
Statistical Analysis
Statistical analysis was performed using the GraphPad Prism 7.0 software. A p-value < 0.05 was considered statistically significant. Parametric or nonparametric tests were used according to variance homogeneity evaluated by F or Barlett’s tests. Two-tailed unpaired t or Mann Whitney tests were used in analysis of two groups. One-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison post-test or Kruskal-Wallis followed by Dunn´s multiple comparison post-test were used to determine statistical significance among more than two different groups. Mean ± standard error (SEM) are shown in graphs analysed with parametric tests and median with interquartile range are shown when data were analysed with nonparametric test.
RESULTS
Autophagic Flux is Increased in MIO-M1 Cells Exposed to 4 h of Hypoxia
Previous studies conducted in MGCs exposed to hyperglycemia showed an altered autophagic flux given that autophagosomes could not reach the degradation step (Lopes de Faria et al., 2016). However, in a hypoxic environment rat MGCs displayed an increase in LC3B II protein levels (Fung et al., 2016). Thereby, our first aim was to evaluate changes in the autophagic flux in human MGCs (MIO-M1), under hypoxia. Two experimental hypoxic models were used: the gas culture chamber (cells exposed to 1% O2) and a chemical model (cells exposed to CoCl2). Our experimental design included controls with and without Chloroquine (CQ) in order to assess the accumulation of the autophagosomes.
Although MGCs are very perceptive to environmental changes, they are considered the most resistant retinal cells to external injuries (Coughlin et al., 2017). In order to examine MIO-M1 survival under both hypoxic models, we carried out MTT assays at 24 h (Figure 1). MIO-M1 viability was reduced by 15% when exposed to 1% O2 compared to normoxia (p = 0.001) (Figure 1A). For chemical hypoxia, we tested increasing concentrations of CoCl2. Viability of MIO-M1 cells exposed to CoCl2 up to 250 μM did not change significantly respect to the control (p = 0.1358) (Figure 1B). Of note, no significant differences were observed in the MIO-M1 viability for shorter exposure periods (4 and 8 h, data not shown). Then, we studied changes in the expression of autophagic proteins in MIO-M1 cells exposed to CoCl2 for 4 h by Western blot (Figure 1C). LC3B II (a structural protein of the autophagosomes) and p62 (an adaptor protein that is degraded with the autophagosome content) were evaluated. The quantitative analyses of LC3B II and p62 bands evidenced a significant increase in the autophagic protein levels since a concentration of 250 μM respect to vehicle (p = 0,027 for LC3B II and p = 0,031 for p62). Therefore, we selected 250 μM CoCl2 as a concentration for in vitro studies as it represents the minimum concentration that achieves two relevant requisites: it is not detrimental for cell viability and it is able to induce the autophagic flux.
[image: Figure 1]FIGURE 1 | Effect of hypoxia (gas or CoCl2) on human MIO-M1 viability by MTT assay. (A) Viability of MIO-M1 cells exposed to 24 h hypoxia (1% O2) or normoxia. (B) Viability of MIO-M1 cells exposed to increasing concentrations of CoCl2 during 24 h. The cell viability was evaluated by MTT assay and measured by spectrophotometry. (C) Representative Western blot of autophagy markers, LC3B II and p62, from cell lysates of MIO-M1 incubated with increasing concentrations of CoCl2 during 4 h β-actin is shown as a loading control. (D) Protein levels of LC3B II and p62 were quantified by densitometry and normalized by β actin. Data is presented as mean ± SEM. *p < 0.05, **p < 0.01. Graph shows results of three independent experiments.
Autophagy is a catabolic process rapidly activated in response to environmental stimuli that enables the cell adaptation to the new living conditions (Mizushima and Komatsu, 2011). Hence, we decided to evaluate if hypoxia modified the autophagic flux in human MGCs exposed to short periods. For this purpose, the MIO-M1 cells were exposed to hypoxia or normoxia during 4 h, in presence of CQ or vehicle in the above indicated conditions. Simultaneously, a comparative study was performed by incubating MIO-M1 cells with CoCl2 250 μM, including controls with and without CQ (Figure 2). By Western blot assay we observed no significant changes in LC3B II and p62 protein expression levels in gas hypoxia or CoCl2 respect to normoxia in absence of CQ. However, in samples treated with CQ a significant increase in LC3B II protein levels was observed under both hypoxic treatments (p = 0.0447 for 1% O2 and p = 0.0021 for CoCl2) respect to normoxia.
[image: Figure 2]FIGURE 2 | Hypoxia increases LC3B II and p62 protein levels in MIO-M1. (A) Representative Western blot of autophagy markers, LC3B II and p62, from cellular lysates of MIO-M1 incubated in hypoxic conditions: gas (1% O2) or chemical hypoxia (250 mM CoCl2) during 4 h. (B) Protein levels of LC3B II and p62 were quantified by densitometry and normalized to β actin. Graph shows results of three independent experiments. (C) Representative immunofluorescence analysis of LC3B (green) and p62 (red) in MIO-M1 cells incubated in hypoxic conditions: gas (1% O2) or CoCl2 (250 mM) during 4 h. Cell nuclei were counterstained with Hoechst 33258 (blue). Images were taken with oil 60X objective in the best confocal resolution condition. (D) Quantification of LC3B puncta per cell with ImageJ analyze particles software. Values were normalized to normoxia + chloroquine. (E) Quantification of LC3B/p62 colocalization with ImageJ JACoP software. Pearson values were compared statistically. Values were normalized to normoxia + chloroquine. Statistical t test was performed. White arrows in the images show mayor colocalization areas. Data is presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Graph shows results of three independent experiments.
Under 1% O2, MIO-M1 cells incubated with CQ showed a significant increase in p62 protein levels (p = 0.0006) (Figures 2A,B) respect to normoxia-CQ. Although we observed a non-significant increase in the expression of p62 in presence of CoCl2 250 μM (p = 0.3959), incubation with CQ showed a significant accumulation of LC3B II in MIO-M1 cells respect to vehicle, suggesting that the autophagic vesicles follow the degradation pathway properly.
Correlatively, immunofluorescence assays with classic markers of autophagy showed an increased number of LC3B puncta per cell in MIO-M1 exposed to gas hypoxia (p < 0.001) and CoCl2 (p = 0.005), respect to normoxia (Figures 2C,D). In line with these results, a higher colocalization of LC3B and p62 was determined in both hypoxic conditions respect to normoxia (p = 0.018 for 1% O2 and p = 0.0069 for CoCl2) (Figure 2E).
Autophagic Flux Returns to Normoxic Levels After 24 h of Hypoxia in MIO-M1 Cells
Cell response to an injurious stimulus can vary depending on its duration. Therefore, we decided to evaluate MGCs behaviour under prolonged exposure to hypoxia (24 h) by analysing changes in their autophagic flux. Experimental conditions were similar to those in shorter hypoxic stimuli. By Western blot assays, similar protein expression levels of LC3B II and p62 were observed in MIO-M1 cells under gas hypoxia and normoxia when incubated with CQ (p > 0.9999 for LC3BII and p = 0.2821 for p62) (Supplementary Figures S1A,B). Then, we quantified mRNA levels of Beclin-1 and ATG5. Results showed a not statistically significant decrease in Beclin-1 and ATG-5 transcript levels in MIO-M1 cells under 1% O2 (p = 0.1248 for Beclin-1 and p = 0.0753 for ATG5) (Supplementary Figure S1C). In contrast, an increase in autophagy protein levels was observed in cells incubated with CoCl2 for 24 h in presence of CQ (p = 0.0011 for LC3BII and p < 0.0001 for p62) (Supplementary Figures S1A,B). In spite of this result, mRNA levels of Beclin-1 and ATG5 were not modified (p = 0.7368 for Beclin-1 and p = 0.3638 for ATG5), suggesting a slight activation of the autophagic flux (Supplementary Figure S1C). Confocal images of MIO-M1 cells exposed to hypoxia (1% O2) and normoxia revealed similar number of LC3B puncta per cell (p = 0.3081) and colocalization of LC3B and p62 (p = 0.2975) (Supplementary Figures S1D–F). On the other hand, CoCl2 induced an increase in the number of vesicles decorated with LC3B (p = 0.0373) and a slight rise in the colocalization of LC3B and p62 respect to control (p = 0.0024) (Supplementary Figures S2A–C). These results demonstrate a higher number of autophagosomes when MIO-M1 cells were exposed to CoCl2 for 24 h respect to control. The late stage of the autophagy pathway involves the degradation of the autophagosome content and its inner membrane by fusion with lysosomes. In order to evidence the fusion of autophagosomes with lysosomes, immunofluorescence assays were performed with LC3B and LysoTracker, an acidic compartment and late endosomes marker. The colocalization analysis evidenced no difference in the overlap of the proteins when MIO-M1 cells were incubated with vehicle or CoCl2 during 24 h (p = 0.9738) (Supplementary Figures S2D,E). Moreover, we also evaluated the lysosomal membrane integrity by immunostaining with Galectin-1 (Gal-1). In our experiments, Gal-1 staining showed a homogeneous cytoplasmic distribution in MIO-M1 cells in both hypoxic models, suggesting that lysosomal structure was preserved after 24 h of exposure (Supplementary Figure S2F).
Autophagic Flux is Increased in MIO-M1 Cells After Reoxigenation
Clinical studies provided evidence about the variation of oxygen levels in neuronal tissues in patients with PDR (Daulatzai, 2017). Hence, we next evaluated the autophagic flux in MIO-M1 cells exposed to 4 h hypoxia followed by 1 h of reoxygenation. Quantitative analysis of Western blot assays revealed a significant increase in LC3B II (p < 0.001) in reoxygenated MIO-M1 cells compared to the hypoxic ones, in conditions with CQ (Figures 3A,B). In line with this results an increase in vesicles decorated by LC3B were observed in reoxygenated MIO-M1 cells in presence of CQ (Figure 3C), suggesting an increase in the number of autophagosomes when returned to normoxia after the hypoxic period. To determine the role of autophagy in reoxygenation, we assessed MIO-M1 survival by MTT assay (Figure 3D). The cell viability of the reoxygenated MIO-M1 cells was significantly lower than in hypoxic condition (p = 0.0009). In addition, inductors of the autophagic flux were unable to restore MIO-M1 survival (p = 0.305 for Reoxygenation + Rapamycin; p = 0.9999 for Reoxygenation + Resveratrol). Notably, the blockade of the flux with CQ induced cytoplasmatic retraction and nuclear condensation in MIO-M1 cells under reoxygenation (Figure 3C, white arrow).
[image: Figure 3]FIGURE 3 | Reoxygenation increases LC3B II and p62 protein levels in MIO-M1. (A) Representative Western blot of autophagy marker LC3B II from cellular lysates of MIO-M1 incubated in hypoxic conditions (1% O2) during 4 h and later returned to normoxia for 1 h (reoxygenation). (B) Protein levels of LC3B II were quantified by densitometry and normalized to β actin. (C) Representative immunofluorescence analysis of LC3B (green) and p62 (red) in MIO-M1 incubated in hypoxic conditions (1% O2) during 4 and 1 h of reoxygenation. Cell nuclei were counterstained with Hoechst 33258 (blue). Images were taken with oil 60X objective in the best confocal resolution condition. (D) Evaluation of the viability of MIO-M1 cells in hypoxic conditions or hypoxia-reoxygenation and incubated with vehicle, Rapamycin or Resveratrol. Data is presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Graph shows results of three independent experiments.
MIO-M1 Cells Gliosis is Decreased by Autophagy Inductors
In response to an injury or stressor, MGCs trigger protective mechanisms in order to preserve retinal structure and functionality, a process called reactive gliosis (Subirada et al., 2018). We have previously demonstrated in a mouse model of Oxygen-induced retinopathy (OIR) that MGCs become reactive after the hyperoxic phase and modified the expression of stress and detoxifying proteins from postnatal days 12 to 26 in OIR mice (Ridano et al., 2017). Then, our next aim was to analyse changes in the expression levels of GFAP after hypoxic exposure. This set of experiments was performed with gas hypoxia, at the time where a main response to hypoxia was detected (4 h).
After 4 h of hypoxia, MIO-M1 cells showed an increase in protein levels of GFAP (p < 0.0001) in accordance with the activation of glial cells (Figures 4A,B), although no differences in Vimentin expression was detected (p = 0.1012) by Western blot assays (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Rapamycin decreases GFAP protein expression in MIO-M1. (A) Representative Western blot of GFAP from cellular lysates of MIO-M1 incubated in hypoxic conditions (1% O2) during 4 h. (B) Protein levels of GFAP were quantified by densitometry and normalized to β actin. (C) Representative Western blot of Vimentin from cellular lysates of MIO-M1 incubated in hypoxic conditions (1% O2) during 4 h. (D) Protein levels of vimentin were quantified by densitometry and normalized to β actin. (E) Representative Western blot of GFAP and autophagy markers, LC3B II and p62, from cellular lysates of MIO-M1 incubated in normoxia or hypoxia (1% O2) during 4 h (with or without CQ) and in presence of vehicle, Rapamycin or Resveratrol. (F) Protein levels of GFAP were quantified by densitometry and normalized to β actin. (G) Protein levels of LC3B II and p62 were quantified by densitometry and normalized to β actin. (H) Evaluation of the viability of MIO-M1 cells in normoxia or hypoxia during 24 h and incubated with vehicle, Rapamycin or Resveratrol. Graph shows results of three independent experiments. Data is presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
We have previously demonstrated in the OIR mouse model, a decrease in the GFAP protein levels after a single intraocular injection of Rapamycin at postnatal day 26 OIR (Subirada et al., 2019). Therefore, we aimed to determine if inductors of the autophagic flux prevented the increase of GFAP expression under hypoxic conditions. For this purpose, MIO-M1 cells were incubated in normoxia or hypoxia (1% O2) and in presence of Rapamycin or Resveratrol for 4 h. Western blot assays showed a substantial decrease in GFAP protein expression levels by Rapamycin in MIO-M1 cells exposed to 1% O2 (p = 0.0438). A trend to diminish GFAP protein levels was observed in hypoxia/Resveratrol, however, this decrease was not statistically significant (p = 0.6558) (Figures 4E,F). We confirmed the induction of the autophagic flux in this experiment by analysis of LC3B II and p62 protein levels (Figures 4E,G). Lastly, we evaluated if autophagy inductors could prevent cell death after 24 h of hypoxia, the only experimental time point where decreased viability was observed (Figure 1A). The MTT assay showed that MIO-M1 cells incubated with either of the inductors exhibited similar cell survival respect to hypoxia vehicle (p = 0.0834 for hypoxia + Rapamycin; p = 0.1337 for hypoxia + Resveratrol) (Figure 4H).
MIO-M1 Cells Modulate Angiogenesis in Presence of Autophagy Inductors
It is known that MGCs maintain the vascular structure through a balance between synthesis and secretion of pro- and anti-angiogenic factors. Thus, our next goal was to evaluate MGCs ability to induce tubulogenesis of endothelial cells (ECs) under hypoxia and how the inductors of the autophagy modified this response. For this purpose, we incubated MIO-M1 cells under normoxia or hypoxia (1% O2) with an inductor of the autophagic flux or vehicle, and obtained their supernatants. Then, tubulogenesis assays were performed on Matrigel by incubating ECs with the supernatants of MIO-M1 cells during 24 h (Figure 5A). Suramin and Axitinib were used as negative controls of tubulogenesis. Quantitative analysis of the tubular network formed by ECs showed that hypoxic MIO-M1 supernatants increased the formation of vascular tubules respect to normoxic supernatants. We observed an increase in the mesh number (polygonal vascular structures) and the total segment length of vessel tubules in ECs incubated with hypoxic supernatants (Figures 5A,B). Then we compared ECs tubulogenesis incubated with supernatants containing vehicle respect to those containing an autophagy inductor. MIO-M1 supernatants exposed to hypoxia and in presence of Rapamycin decreased the mesh number, increased the average mesh area and decreased the total segment length respect to hypoxic + vehicle supernatant. Those changes were not observed between vehicle and Rapamycin in normoxic supernatants. On the other hand, Resveratrol modified all the quantified parameters, showing an evident decrease in the tubule formation respect to vehicle. Resveratrol had a similar effect when ECs were incubated with both normoxic and hypoxic MIO-M1 supernatants. In line with these results, both treatments in hypoxic supernatants showed a significant increase in the percentage of tubulogenesis inhibition respect to hypoxic-vehicle supernatant (Figure 5C). Finally, we examined if autophagy inductors had a direct effect over ECs. For that purpose, we incubated ECs with Rapamycin and Resveratrol for 24 h. We observed no variations in the formation of polygonal structures when ECs were incubated with either autophagy inductor respect to vehicle (Supplementary Figure S3).
[image: Figure 5]FIGURE 5 | Supernatants of MIO-M1 incubated with Rapamycin or Resveratrol inhibit BAEC tubulogenesis. (A) Contrast phase images of BAEC incubated with MIO-M1 supernatants in normoxic or hypoxic conditions during 8 h and in presence of vehicle, Rapamycin or Resveratrol. Axitinib and Suramin were used as positive control of tubulogenesis inhibition. (B) Quantitative analysis of the number and average area of meshes, total segment length and the number of isolated segments of BAEC performed with Image J Fiji Angiogenesis Analyser Software. (C) Percentage of tubulogenesis inhibition mediated by Suramin, Axitinib, Rapamycin or Resveatrol, respect to control. (D) VEGF and PEDF mRNA levels were quantified by qRT-PCR in MIO-M1 cells in normoxia or hypoxia and in presence of vehicle, Rapamycin or Resveratrol. Results were normalized to β-actin and expressed according to the 2−ΔΔCt method using as calibrator the mRNA level obtained from normoxia. Graph shows results of three independent experiments. Data is presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
It has been demonstrated that under hypoxic conditions MGCs are one of the cells responsible for the increase of VEGF retinal levels, the main pro-angiogenic factor involved in angiogenesis (Wang et al., 2010). To restrict the vascular growth, MGCs secrete PEDF, which counterbalance pro-angiogenic factors (Yang et al., 2012). In order to determine if trophic factors levels were modified by the autophagy inductors, we further quantified the transcript levels of VEGF and PEDF in hypoxic MIO-M1 cells (Figure 5D). Quantitative RT-PCR analysis showed an increase in VEGF mRNA levels in hypoxia respect to normoxia. Moreover, Rapamycin induced a significant decrease of VEGF mRNA respect to hypoxia vehicle (p = 0.0334). VEGF transcript was not modified in MIO-M1 incubated in hypoxia + Resveratrol. By contrast, PEDF mRNA was only increased in hypoxic MIO-M1 cells treated with Resveratrol (p = 0.0003). In summary, the results indicate that Rapamycin and Resveratrol prevents tubule formation by modulating different proteins involved in angiogenesis.
DISCUSSION
MGCs provide neuronal support and communicate with other cells in order to maintain retinal homeostasis. Their roles in health and disease are indispensable for neuronal survival, however, they also undergo changes and eventually die after an injury. Autophagy is a catabolic pathway that can be up- or down-regulated in ischemic retinopathies. The increase in the autophagic flux has been linked to cell survival as it removes ROS or damaged organelles and proteins (Kroemer et al., 2010). However, under specific circumstances, excessive activation can also lead to cell death. With a proper pharmacological therapy, autophagy modulators have prevented neurodegeneration in several animal models (Lin and Xu, 2019). Autophagy inductors are a group of compounds that are able to increase autophagy flux. Their effects are exerted by the regulation of different signaling pathways that modulate autophagic flux but also by inducing other cellular events (Li et al., 2014; Zhou et al., 2018).
In a previous study we showed that induction and inhibition of the autophagic flux had a direct impact on vascular and glial events in the experimental OIR mouse model (Subirada et al., 2019). Here, we evaluated the ability of two autophagy inductors to modulate MCG functions under hypoxia.
Initially, we evaluated variations in the autophagic flux of human MGCs under two hypoxic models (gas and chemical during 4 h). In both models, we observed augmented LC3B II protein levels respect to normoxia in presence of CQ, suggesting an increase in the autophagic flux. The accumulation of autophagosomes in presence of CQ respect to their corresponding vehicle controls demonstrate that the autophagic vesicles can reach the final stage of the degradation pathway. Quantitatively, the increase in LC3B II protein levels in MIO-M1 cells was higher under CoCl2 than under gas hypoxia, indicating that the nature of the stimulus influences the intensity of the response. The increase in the number of LC3B vesicles and colocalization of LC3B and p62 reinforced these results as a major number of autophagosomes was observed in MIO-M1 cytoplasm under chemical and gas hypoxia. Similar results were obtained when incubating MIO-M1 cells under gas hypoxia. Although this work did not focus in the signalling pathways that activate autophagy under hypoxia, experiments performed with CoCl2 constitute a reflex of the activation of the flux via HIF-1α (Yuan et al., 2003). Respect to gas hypoxia, it is possible that other signalling pathways may also be activated (Li et al., 2015).
Autophagy is a catabolic mechanism by which altered proteins, organelles and others are recycled to amino acids in different stressful conditions, contributing to the reestablishment of the homeostasis (Klionsky et al., 2021). Thereby, it would be predictable that the autophagic flux have a relevant role during initial stages of the stimulus, until the cell reach a stable metabolic state. Prolonged exposition frequently show a different autophagy flux (Zhang et al., 2020). By Western blot and immunofluorescence assays we demonstrated that autophagic flux returned to normoxic levels when incubated in 1% O2 during 24 h. This result indicates that the activation of the flux is transient and takes place immediately after the exposition to hypoxic environment. Conversely, LC3B II and p62 protein levels remained elevated after a 24 h stimulus with CoCl2. The increase in the ratio of LC3B II to LC3B I evidenced that the autophagic flux is still activated. At this final time point, a similar colocalization between LC3B and Lysotracker was observed in normoxic and hypoxic conditions, demonstrating that the fusion of autophagosomes and lysosomes is not altered by CoCl2. On the other hand, a Gal-1 dotted pattern could be indicative of permeability and subsequent lysosomal dysfunction. No changes in Gal-1 staining pattern were detected under both hypoxic conditions respect to normoxia. All conditions exhibited a homogeneous cytoplasmic distribution of Gal-1, indicating that lysosomes are not permeable.
In this work, we also explored the variation in the autophagic flux after reoxygenation. Insulin resistance and metabolic derangement have been linked to sleep apnea and other sleeping disorders observed in diabetics, which can further induce nocturnal events of hypoxia and reoxygenation in the retina (Shiba et al., 2010; Thomas et al., 2017). As assessed by Western blot and confocal images, there is an increase in autophagosomes in MIO-M1 cells when reoxygenated respect to hypoxia. Moreover, the accumulation of LC3B II in hypoxia and reoxygenation with CQ respect to vehicle proved that there is no alteration in the degradation pathway in both experimental conditions. The restoration of oxygen levels to normoxia reduced the survival of MIO-M1 cells, probably due to the fast activation of the respiratory chain in presence of O2 and subsequent production of reactive oxygen species. In this sense, the activation of autophagy could represent a protective response to oxidative stress damage. Unfortunately, autophagy results insufficient to preserve the cell survival, as observed by the addition of Rapamycin and Resveratrol. This poorly studied effect of oxygen levels variation at night would partly explain the neurodegeneration observed in the retina of PDR diabetic patients even after anti-angiogenic treatment.
The gliotic response triggered after an injury provides protection to all retinal cells. Key features in the gliotic response are the biochemical and morphological changes experienced by MGCs, which include the up-regulation of intermediate filaments and detoxification enzymes (Graca et al., 2018). In our cellular system, incubations at low oxygen levels for 4 h increased GFAP protein expression, a glial stress marker. Other filamentous protein, Vimentin, showed less sensibility to the hypoxic exposure, as its protein levels remained constant respect to normoxia. It has been shown that Rapamycin treatment decreased astroglial reactivity in several neurological pathologies (Siman et al., 2015; Liu et al., 2021). In our hypoxic MIO-M1 culture, we observed decreased GFAP expression after Rapamycin treatment, whereas Resveratrol showed a non-significant reduction in this protein levels. We consider that the underlying mechanisms to this event could be different between both inductors, and even independent of the modulation of the autophagic flux. Overall, the ability of Rapamycin to prevent gliosis constitute a potential pharmacological strategy to cope with persistent gliosis, a relevant aspect of chronic ischemic retinopathies that is not improved with anti-VEGF treatment (Ridano et al., 2017). Unfortunately, at the concentrations evaluated, Rapamycin and Resveratrol were not able to mitigate cell death. Because the similar cell viability was detected in presence and absence of the inductors, we can conclude that autophagy is not the cell death mechanism involved in hypoxic cell death, but its activation is not sufficient to prevent MCGs death.
Finally, we examined another MGC function under hypoxia: its participation in vascular proliferation. A reduced formation of tubular structures was observed when ECs were incubated with MIO-M1 supernatants exposed to hypoxia and in presence of Rapamycin. The observation that normoxic supernatants with Rapamycin were not able to decrease tubulogenesis, demonstrates that Rapamycin anti-proliferative effect is exclusively exerted under hypoxia. The balance towards the anti-proliferative effect can be shifted by increasing the synthesis of anti-angiogenic proteins (as PEDF) or by decreasing the synthesis of the pro-angiogenic proteins (mainly VEGF) (Yafai et al., 2007). Accordingly, Rapamycin reduced VEGF mRNA as it was previously described (Liu et al., 2015; Kida et al., 2021). Instead, Resveratrol strongly inhibited ECs tubulogenesis in both hypoxic and normoxic MIO-M1 supernatants. In this regard, some studies have previously described the ability of Resveratrol to increase PEDF synthesis (Hua et al., 2011; Ishida et al., 2017). As expected, PEDF levels were increased in hypoxic conditions after Resveratrol treatment, suggesting an anti-angiogenic cell response. At the concentrations employed in this work, we did not observe a variation in the formation of tubular structures when the inductors were incubated directly with ECs. This result demonstrates that the antiangiogenic effects observed are mediated by MIO-M1 response.
In this research, we evaluated MGCs autophagy flux in two experimental hypoxic models, confirming the activation of an early autophagic response. At the same time, MGCs established a gliotic response and participated in vaso-proliferative events. Inductors of the autophagy flux partially reverted these responses, considering Rapamycin as the compound that more beneficial effects produced (Supplementary Table S1). Its ability to decrease persistent gliosis and reduce VEGF synthesis shows that Rapamycin modulates vascular and non-vascular alterations through direct effect on MGCs, two relevant aspects of ischemic retinopathies. Our results provide a general overview of the multiple benefits of MGCs modulation with autophagy inductors.
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NOMENCLATURE
ATG-5 Autophagy related protein 5
BAECs Bovine Aortic Endothelial Cells
CoCl2 Cobalt chloride
CQ Chloroquine
ECs endothelial cells
Gal-1 Galectin-1
GFAP Glial fibrillary acid protein
HIF-1 Hypoxia inducible factor 1
LC3B Microtubule-associated proteins 1A/1B light chain 3B
MGCs Müller glial cells
mTOR mammalian target of Rapamycin
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
O2 Oxygen
OIR Oxygen-induced retinopathy
p62 sequestosome 1 (SQSTM 1)
PDR proliferative diabetic retinopathy
PEDF pigment epithelium-derived factor
VEGF Vascular endothelial growth factor
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Diabetic retinopathy (DR) is a significant complication of diabetes. During the pathogenesis of retinal microangiopathy and neuronopathy, activated retinal Müller cells (RMCs) undergo morphological and structural changes such as increased expression of glial fibrillary acidic protein, disturbance of potassium and water transport regulation, and onset of production of a large number of inflammatory and vascular growth factors as well as chemokines. Evidently, activated RMCs are necessary for the pathogenesis of DR; therefore, exploring the role of RMCs in DR may provide a new target for the treatment thereof. This article reviews the mechanism of RMCs involvement in DR and the progress in related treatments.
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1 INTRODUCTION
The retina is a classic “neuro-vascular coupling” tissue and coordinates the bioactivity of neurobioloy retinal blood flow. Diabetic retinopathy (DR) is characterized by retinal nerve deformation and microcirculatory disturbances, and its pathogenesis reflects the interactive nature of this “neuro-vascular coupling” (Moran et al., 2016; Sinclair et al., 2019). According to different needs derived from either its standard physiology or pathological processes, the retina regulates a variety of different cell types including vascular endothelial cells, retinal glial cells, retinal pigment epithelium cells, and photoreceptor cells; as well as inflammatory and growth factors (Kugler and Greenwood, 2021). The cascade reaction triggered by hyperglycemia as an initiating factor is not only concentrated in retinal microangiopathy, early neuronal apoptosis and glial cell activation are also participate in the destruction of blood-retinal barrier (BRB), water and ions transport disorder (Rao et al., 2019), release of growth factors (Gaonkar et al., 2020), and inflammation (Schmalen et al., 2021), all of which act as injury accelerating factors that promote the vicious circle of neurodegeneration and microangiopathy, resulting in irreversible retinal dysfunction (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of the pathogenic mechanisms of diabetic retinopathy (DR). Diabetes can lead to abnormal glucose and lipid metabolism, while hyperglycemia, insulin resistance and dyslipidemia will further accelerate the development of DR. Prolonged hyperglycemia induces the abnormal activation and dysfunction of retinal Müller cells (RMCs) and affects their physiological function. This involves the decoupling of potassium and water channels, production of growth factors (e.g., TGF-β, VEGF and FGF), occurrence of inflammation and changes in Connexin43 expression. RMC dysfunction also participates in blood-retinal barrier (BRB) disruption, neovascularization, retinal fibrosis, and neurodegeneration.
Exploring the pathogenesis of DR from a cellular perspective has attracted increasing attention from researchers worldwide. Retinal Müller glial cells (RMCs), as the main macroglia in the retina, span the entire thickness of the tissue, and ensheath all retinal neurons and microvascular of retina (Wang et al., 2017). This morphological characteristic is reflected by a multitude of functional interactions between neurons and the BRB, which play fundamental roles in DR. In its early stages, neurotrophic factors secreted by activated RMCs can protect the retina by alleviating retinal edema and protecting optic ganglion cells (Ou et al., 2020). However, in late stages, the cytokines and inflammatory factors secreted by the activated RMCs damage the BRB, increasing apoptosis, and abnormal secretion of cytokines. This suggests that RMCs can be a potential target for DR treatment (Becker et al., 2021). Therefore, new strategies may be developed by further exploring the role and mechanism of RMCs in DR pathogenesis. In this paper, the role of RMCs in the development and progression of DR are reviewed.
2 DISTRIBUTION AND FUNCTION OF RMCS IN THE RETINA
The RMCs account for approximately 90% of retinal glial cells and run through the whole layer of the retina (Subirada et al., 2018). The cell bodies of RMCs are found in the inner nuclear layer (INL), whereas their ends wrap the neurons and blood vessels in the ganglion cell layer to form the internal limiting membrane. They then form tight junctions with photoreceptor cells to form the external membrane (Gao et al., 2021). RMCs are not only involved in maintaining the structural integrity of the retina but are also essential its homeostasis and physiological function. First, RMCs are interconnected to form a reticular scaffold in which neurons are wrapped, providing support to them. They can regulate neuronal excitability and protect neurons from excitotoxicity by taking up and recycling neurotransmitters such as GABA and glutamine (Singh et al., 2020). They also participate in retinal glucose metabolism and provide nutrition for the oxidative metabolism of retinal neurons (Goldman 2014). Second, RMCs are rich in ion channels, ligands, receptors, membrane-spanning transporters, and enzymes that help to maintain water and ions homeostasis in retinal tissues (Beverley and Pattnaik, 2022). In addition, RMCs play an important role in retinal innate immunity and inflammation through phagocytosis of cellular debris, release of inflammatory mediators, and regulation of immune cells such as microglia (Vecino et al., 2016).
3 RMCS AND DR
RMCs are the main glial cells in the retina and are essential for maintaining retinal homeostasis. They not only penetrate the whole layer of the tissue, but also form the anatomical connection between the retinal neurons and retinal blood vessels, the vitreous body and the subretinal space. This morphological relationship is reflected in the multiple functions of RMCs (Bringmann et al., 2006). Thus, once the microenvironment is disturbed by factors such as chronic hyperglycemia, RMC becomes dysfunctional, which is manifested as water-potassium imbalance leading to cellular edema, the production of pro-angiogenic factors leading to neovascularization, the establishment of a chronic inflammatory environment, and the dysregulation of neuronal function, and subsequent the morphological structure changes (Figure 2).
[image: Figure 2]FIGURE 2 | The role of retinal Müller cells in the pathogenesis of diabetic retinopathy. The diagram shows the central role of retinal Müller cells (RMCs) in various pathophysiological events in diabetic retinopathy (DR) and depicts the interactions between RMCs, capillary endothelial cells, pericytes and neurons. High glucose-induced RMC activation and Connexin43 downregulation in pericytes and Müller cells ultimately lead to accelerated retinal cell death. The accumulation of water and ions in RMCs is a pathogenic factor involved in retinal degeneration during DR. It has been found that there is upregulation of aquaporin 4 (AQP4) and down-regulation of the inwardly-rectifying potassium channel 4.1 (Kir4.1) in diabetes. Abnormally-activated RMCs produce pro-inflammatory mediators such as TNF-α, IL-1β, IL-17 and IL-6, and growth factor such as TGF-β, VEGF and FGF. The release of VEGF by RMCs exacerbates retinal neurodegeneration, and the release of TGF-β and FGF induces the migration and proliferation of capillary endothelial cells. Increased pro-inflammatory cytokines contribute to microglial activation. Activated microglial also produce increased levels of pro-inflammatory molecules, which then induce neuronal degeneration, altogether contributing to the development of DR.
3.1 Pathological changes of RMCs during the pathogenesis of DR
Confocal images of rat RMCs under high glucose conditions showed mitochondrial disruption and abnormal membrane potentials. Additionally, decreased cellular oxygen consumption rates and maximal oxygen consumption rates were measured by the bioenergetic assay (Tien et al., 2017). The results of electron microscopy and histochemical studies on the human retina by Fehér et al. (2018) showed that the basement membranes of RMCs were significantly thickened in the early stages of DR, with embedded translucent round vacuoles and highly dense granules, indicating the presence of lipids. As the severity of diabetes increased, RMCs gradually developed the neuroglial phenotype of poorly differentiated cell clusters. In addition, the number of mitochondria, lysosomes, endoplasmic reticula, and Golgi apparatus was reduced while that of vacuoles was increased. Additionally, it was found that the morphology of RMCs was significantly altered in the diabetic rat model, which exhibited deformed and denser nuclei, more dispersed nuclear chromatin, and increased cytoplasmic glycogen, dense bodies, and lysosomes. These morphological changes became more evident around the capillaries with the development of DR (Sorrentino et al., 2016). Studies have also found that as DR progresses, RMCs gradually start to undergo apoptosis, and the frequency of apoptosis is rapidly accelerated due to a decrease of protective cytokines such as BDNF and GDNF (Fu et al., 2015). These findings suggest that the altered RMCs ultrastructure and impaired organelles leading to cellular hypofunction may contribute to the development of DR.
Under normal conditions, glial fibrillary acidic protein (GFAP) is primarily expressed by retinal astrocytes, but not by RMCs (Li D. et al., 2020). One of the striking signs indicating that RMCs are activated during diabetic disease is the expression of GFAP, a characteristic molecular marker of RMCs injury and reactive gliosis (Sanchez et al., 2022). In animal models of diabetes, GFAP was found to be highly expressed in RMCs, while its expression was reduced or absent in astrocytes (Barber et al., 2000). It was also demonstrated that high GFAP expression is secondary to the activation of RMCs, which in turn leads to neuronal and microvascular damage (Picconi et al., 2019). It was found that the average concentration of GFAP in the aqueous humor was higher in DR patients compared to healthy controls or diabetic patients without DR. Additionally, optical coherence tomography showed that the inner nuclear layer was thinner in DR patients (Vujosevic et al., 2015).
3.2 Involvement of RMCs in the pathogenesis of DR
Changes in the homeostasis of the retinal microenvironment will disrupt the normal function and homeostasis of RMCs, affecting in turn the entire retina. As mentioned earlier, activated RMCs play an important role in various pathological changes in DR, inducing abnormal water and ion transport, neovascularization, secretion of inflammatory factors, and changes in retinal neurons.
3.2.1 Abnormalities in potassium (K+) and water channels caused by active RMCs
Under normal circumstances, K+ produced by the excitation of nerve tissue and water produced by tissue metabolism are released into the interstitial space. The K+ influx into RMCs stimulates the inwardly-rectifying potassium channel 4.1 (Kir4.1), which actively discharges K+ into capillaries. Previous studies have shown that aquaporin 4 (AQP4) channels promote the movement of water through the glial-vascular interface and are related to the excretion of K+ ions from glial cells into the blood (Rao et al., 2019). Kir4.1 and AQP4 channels show a structural and functional coupling, jointly promoting the transmembrane transport of excessive water and K+ into the retinal interstitial space (Ruiz-Ederra et al., 2007). However, under the pathological conditions of high glucose, AQP4 expression is gradually increased and Kir4.1 expression is significantly decreased in the later stages of the disease. Consequently, the dynamic balance between the AQP4 and Kir4.1 is disrupted, causing an uncoupling of the channels and leading to abnormal water and K+ transport, resulting in swelling of RMCs and retinal vascular leakage (Vujosevic et al., 2015).
Kir4.1 is the main channel protein in RMCs that undertakes drainage functions. In the healthy retina, it is predominantly distributed in the RMCs terminals, the inner limiting membrane, and around the middle and deep capillary plexus. Kir4.1-mediated homeostasis of the retinal microenvironmental in RMCs is essential for the retina to maintain normal physiological functions, which not only mediates K+ homeostasis but is also coupled with water transport in RMCs. Together, they maintain osmotic homeostasis between the inside and outside of the cells, thus ensuring optimal functioning of RMCs (Gao et al., 2018). It has been shown that Kir4.1 channel activity is reduced in proliferative diabetic retinopathy (PDR) compared to non-proliferative diabetic retinopathy (NPDR), leading to RMCs depolarization, which impairs voltage-dependent functions such as uptake of glutamate, GABA, and other neurotransmitters (Alex et al., 2020). Studies have shown that in DR, the downregulation of Kir4.1 in RMCs leads to a decrease in cell drainage capacity, the swelling of RMCs, and a decrease of fluid removal in the macular. This causes fluid accumulation which can lead to macular thickening, destruction of the retinal structure, and impaired visual function (Hassan et al., 2017). After Kir4.1 downregulation in RMCs, the increase in extracellular K+ concentration depolarizes neurons and glial cells, leading to glutamate accumulation. The increase in glutamate concentration then leads to a decrease in glutamate-aspartate transporter (GLAST) expression, resulting in abnormal synaptic transmission. This, in turn, affects the function of action potential-generating neurons in the inner retina, ultimately leading to irreparable visual impairment (Gao et al., 2018).
AQP4 is a bidirectional transmembrane transporter protein that co-localizes and interacts with Kir4.1, mediating the reabsorption of water from the extracellular space of the retina back into the blood or transport thereof to the vitreous humor. The fluid in the blood or vitreous humor can also enter RMCs through AQP4 and then enter the extracellular space of the retina through RMCs (Schey et al., 2014). Under normal conditions, RMCs transport excess water from the retina to the blood through the cross-cell water transport channel through AQP4. In diabetes, the expression of AQP4 on RMCs increases significantly, and the fluid from the retinal microvasculature can thus enter the retinal cells in large quantities due to hydrostatic pressure; this excess fluid cannot be reabsorbed back into the blood in time, which eventually causes retinal edema (Kida et al., 2017). AQP4 expression was found to be significantly increased in the rat retina during diabetes, especially in RMCs (Amann et al., 2016). AQP4 levels in the aqueous humor were also significantly elevated in patients with diabetes (including those without clinical features of retinopathy). In a group of patients affected by DR, AQP4 levels were approximately 25 times higher than in healthy participants and four times higher than in diabetic patients without DR. This shows that the expression of AQP4 is markedly increased in both DR and preclinical DR patients. Therefore, AQP4 is considered an early marker of RMCs alterations in diabetes (Vujosevic et al., 2015).
RMCs are essential for fluid transport in the retina, and AQP4 and Kir4.1 play a key role in maintaining the retinal “dry state”. Under high glucose conditions, RMCs fail to properly regulate the transport of ions and water in the retina, which is one of the important mechanisms underlying the occurrence and development of DR. It has been suggested that DR can be prevented and treated by targeting the liquid transport pathway in RMCs.
3.2.2 Abnormal expression of Connexin43 in RMCs
A gap junction is an area of contact between adjacent cells that allows small molecules to be transported directly between cells. A gap junction channel is composed of two hemichannels, each of which is in turn composed of six connexins. Connexin43 (Cx43) is the most widely expressed connexin, and it is abundantly present on the apical protrusions of RMCs, which are involved in maintaining the vascular permeability of the retina and the structure of the BRB, as well as in regulating cell apoptosis (Danesh-Meyer et al., 2016). It was observed that the expression of Cx43 was decreased in RMCs under high glucose conditions, which subsequently inhibited gap junction intercellular communication (GJIC) and led to protein kinase B inactivation, ultimately leading to RMC apoptosis. Furthermore, high glucose levels induced the downregulation of Cx43 and impairment of GJIC function in RMCs co-cultured with normal pericytes, eventually resulting in apoptosis of RMCs and pericytes. This suggests that Cx43 plays an important role in intercellular communication between these cells (Muto et al., 2014). GTPases play a vital role in regulating intracellular transport and facilitating the translocation of fusion proteins to the cell surface. The GTPase named Rab20 was shown to be involved in regulating Cx43 translocation. It was found that Rab20 expression was significantly elevated in RMCs under high glucose conditions, which hindered the localization of Cx43 to the cell surface. As a consequence, intercellular communication between retinal endothelial cells and RMCs becomes impaired, thus promoting the loss of DR-related retinal vascular endothelial cells and RMCs. However, the use of Rab20 siRNA inhibited Rab20 overexpression and improved GJIC function, thus preventing high glucose-induced neurovascular injury (Kim et al., 2020). Therefore, the abnormal downregulation of Cx43 in RMCs induced by high glucose may promote the disruption of neurovascular homeostasis associated with DR.
3.2.3 RMCs and growth factors
Hyperglycemia promotes the secretion of growth factors, such as vascular endothelial growth factor (VEGF) (Rezzola et al., 2021), fibroblast growth factor (FGF) (Li et al., 2019), insulin-like growth factor-1 (IGF-1) (Actis Dato et al., 2021), and transforming growth factor-β (TGF-β) (Schmalen et al., 2021), which are involved in the regulation of neovascularization and cause retinal fibrosis in DR. It has been found that VEGF expression in RMCs in the high-glucose state increases with the duration of disease, which in turn increases capillary permeability, promotes neovascularization, and ultimately leads to irreversible visual impairment (Capozzi et al., 2016). The role of VEGF secreted by RMCs in DR was first investigated by Y.Z.Le et al., who used an inducible Cre/lox system to create conditional knockout mice. VEGF levels in this conditional VEGF-knockout model were reduced by 47.4% in RMCs compared to those in wild-type mice, and the typical pathological changes in DR such as reduced leukocyte adhesion, capillary non-perfusion, vascular leakage, and neovascularization were also ameliorated (Wang et al., 2010). The number of ferritin particles and the VEGF content were increased in RMCs from knockout mice for TIM-2, a ferritin-specific binding receptor found mainly in this cell type. This resulted in impaired paracellular and transendothelial transport, and in eventual disruption of the BRB, suggesting that iron overload caused by TIM-2 knockout may be a new mechanism for VEGF involvement in DR (Valença et al., 2021).
Fibroblast growth factor (FGF) is a neurotrophin and mitogen that not only mediates neuronal differentiation, survival, and regeneration; but also acts directly on vascular endothelial cells, influencing neovascularization (Xie et al., 2020). The expression of FGF was found to be significantly increased in RMCs in high glucose environments, and was directly proportional to the increase in glucose concentration in the culture medium. This then induced the expression of various pro-vascular growth factors and pro-inflammatory cytokines, such as VEGF, interleukin IL-1β, IL-6, and interferon-γ (Rezzola et al., 2021).
Insulin-like growth factor-1 (IGF-1) is a trophic factor in the retina that is a crucial in both normal and pathological conditions (e.g., the formation of retinal neovascularization in DR). It increases glucose transport to the retinal vascular endothelium of the retina through glucose transporter 1 (GLUT1) expressed in RMCs, and stimulates RMCs activation, increasing their mobilization to the retinal stroma and thus causing retinal detachment in PDR (Xi and Wai, 2019; Actis Dato et al., 2021).
The interaction between TGF-β receptors and their ligands leads to overexpression of extracellular matrix proteins, which results in retinal fibrosis, and is involved in the proliferation of fibroblasts and vascular endothelial cells (Peng et al., 2022). It was found that significantly activated RMCs in patients with PDR secreted large amounts of TGF-β and promoted their own transdifferentiation into myofibroblasts through glial–mesenchymal transition, which is involved in diabetic fibrovascular proliferation (Wu et al., 2020).
The characteristic pathological change of DR is neovascularization. The above-mentioned studies confirmed that growth factors such as VEGF, FGF, IGF-1, and TGF- β are involved in the pathophysiology of DR. Although numerous factors are closely associated with DR. In terms of clinical application and overall perspective, there is often the synergistic effect of multiple factors in the progression of the disease. Therefore, more attention should be paid to the interaction of different growth factors in DR.
3.2.4 RMCs and inflammation
Chronic inflammation of the retina is a key process in DR, which appears in the early stages of DR. Numerous studies have shown pathological changes in the retina of patients with DR due to chronic inflammation, including elevated inflammatory cytokines and chemokines, neutrophil and macrophage infiltration, vascular endothelial adhesion (leukocyte stasis), and disruption of the BRB (Forrester and Kuffova, 2020). In vitro experiments revealed that receptors for advanced glycation end products were overexpressed in RMCs exposed to high glucose levels. When bound to their ligands, these receptors could activate the mitogen-activated protein kinase (MAPK) signaling pathway, thereby upregulating the expression of pro-inflammatory cytokines (Rübsam et al., 2018). The gene expression profile of RMCs from streptozotocin (STZ)-induced diabetic rats showed that more than 70 genes were upregulated, and one-third of those were genes responsible for coding proteins related to the inflammatory response, such as IL-1β, tumor necrosis factor-α (TNF-α), intercellular cell adhesion molecule-1, vascular cell adhesion molecule-1, and integrin β-2; suggesting an important role of these inflammatory factors in DR (Gerhardinger et al., 2005).
In high glucose environments, the RMCs not only secrete IL-1β (a key regulator of DR inflammation), but also produce other inflammatory cytokines such as TNF-α and IL-6 (Schmalen et al., 2021). Additionally, the level of IL-6 was positively correlated with retinal macular thickness (Wang et al., 2020). Furthermore, IL-1β stimulates RMCs to secrete higher amounts of IL-8, an important activator and recruiter of leukocytes, by activating p38 MAPK and extracellular regulated protein kinase (ERK)-1/2,thus amplifying diabetic retinal inflammation (Liu et al., 2014). Another pro-inflammatory cytokine, IL-17A, affects cell function and survival through a dimeric receptor complex composed of IL-17RA and IL-17RC (Qiu and Liu, 2017). The IL-17RA-related Act1-TRAF6-IKK-NFκB signaling pathway was found to regulate IL-17A damage to RMCs in DR. The expression of IL-17RA in rat RMCs increased under high glucose conditions, and the use of anti-IL-17RA antibodies alleviated high glucose-induced RMCs dysfunction (Qiu et al., 2016).
Under the stimulation of inflammation, the expression of cell adhesion molecules and chemokines such as intercellular cell adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and monocyte chemoattractant protein-1 (MCP-1) are also upregulated in RMCs, thus promoting the migration and adhesion of leukocytes to the retinal vessel wall, ultimately disrupting vascular permeability (Taghavi et al., 2019). Another driver of DR inflammation is CD40 expressed in RMCs, which triggers extracellular ATP release in RMCs and induces purinergic receptor (P2X7)-dependent secretion of pro-inflammatory factors by myeloid cells (Portillo et al., 2022). CD40 is a member of the TNF receptor superfamily, and CD40−CD40L pathway is the core of autoimmunity and adaptive immunity. The expression of CD40 gene and protein in retina of diabetic mice was upregulated (Portillo et al., 2016). Elevated levels of soluble CD40 receptor sCD40L in peripheral blood of patients with diabetes patients (Neubauer et al., 2010). Moreover, activation of CD40 upregulates the expression of ICAM-1 and MCP-1 in RMCs of diabetic mice, which enhances recruitment of leukocytes to the retina and contributes to neurovascular degeneration. Blocking CD40 signaling significantly inhibits the upregulation of these factors and attenuates retinal inflammation (Portillo et al., 2017). It was found that the expression of adhesion molecules (ICAM and VCAM) and chemokines (CCL2 and CXCL16) was significantly increased in RMCs treated with the pro-inflammatory cytokine TNF-α, and that CXCL6 was not only involved in leukocyte recruitment and inflammatory processes in DR but was also targeted to induce upregulation of nuclear factor kappa-B (NF-κB), phosphorylated ERK1/2, and VEGF synthesis and secretion in RMCs, thereby mediating the progression of inflammation and neovascularization in DR (Abu El-Asrar et al., 2020).
It can therefore be concluded that the inflammatory response mediated by RMCs plays an important role in the pathogenesis of DR. In response to prolonged hyperglycemia, RMCs secrete large amounts of inflammatory cytokines and form new vascular structures, while neovascularization in turn can result in further recruitment of RMCs and further release inflammatory cytokines. Persistent chronic inflammation eventually results in retinal vascular injury, tissue remodeling and loss of function.
3.2.5 Effect of RMCs activation on retinal neurons
RMCs are important glial cells that maintain a close contact with each neurons and protect them by secreting neurotrophin, taking up and degrading glutamate, and secreting glutathione. An imbalance in the expression of neuroprotective factors is the main reason leading to retinal neuronal degeneration in the retina during diabetes. It was found that the concentrations of brain-derived neurotrophin and nerve growth factor, which are mainly synthesized and secreted by RMCs, were significantly decreased in the retinas of patients with diabetes, suggesting that RMCs play a fundamental role in the survival of retinal neurons (Fu et al., 2015). GLASTs in RMCs can remove excess glutamate from the synaptic gap, thus protecting neurons from glutamate excitotoxicity. GLAST activity in RMCs is reduced in a high glucose environment, which prevents the transfer of extracellular glutamate into RMCs, leading to an accumulation of glutamate in the retina and vitreous humor, causing cytotoxicity and eventually inducing irreversible death of retinal ganglion cells (RGCs). Therefore, glutamate toxicity damage to neurons caused by RMCs dysfunction is an important mechanism leading to DR (Wang et al., 2013).
It has also been proposed that activated RMCs do not always lead to the death of retinal neurons in DR, but may instead have neuroprotective effects against neurotoxicity induced by high glucose through the regulation of ERK1/2 phosphorylation (Matteucci et al., 2014). It has been found that RMC gliosis occurs in the early stages of DR, and these RMCs fill the spaces of neuronal necrosis, maintain the survival of residual neuronal cells, and regulate the stability of the neuronal internal environment, exerting neuroprotective effects. However, with the progression of DR, excessive gliosis can lead to retinal glial scar proliferation, affecting the regeneration and functional recovery of retinal neuronal cells, hindering the repair of retinal tissue structure, leading to RGC loss and decreasing the thickness of the retinal nerve fiber layer (Simó and Hernández, 2014). VEGF released from RMCs under high glucose conditions supports the survival of endothelial cells and retinal neurons in the early stages of injury and limits glucose-induced retinal vascular damage (de Hoz et al., 2016). Hyperglycemia increased IL-6 levels in human RMCs and the activation of IL-6 in the early stages induced the production of VEGF-A to protect RMCs from high glucose toxicity. However, as VEGF-A accumulates, it triggers angiogenesis and vascular breakdown or leakage, which accelerates the progression of DR (Coughlin and Trombley, 2019). Diabetic retinopathy can induce the release of nitrogen monoxide (NO) by RMCs. In the early stages, low concentrations of NO increase local retinal blood flow by dilating blood vessels, preventing platelet aggregation, and protecting neurons from glutamate toxicity by blocking N-methyl-D-aspartate receptor channels (Kobat and Turgut, 2020).
The neuroprotective effect of RMCs and some cytokines during the development of DR deserves attention by researchers. During the development of DR, this neuroprotective effect may be taken advantage of in the future by interfering with the morphological and structural changes, neurotransmitters secretion and signal transduction of RMCs.
4 ROLE OF RMCS AS A TARGET OF DR TREATMENT
When RMCs are activated in diabetes, a variety of cytokines that mediate pathological changes in DR such as vascular leakage, pathological angiogenesis, and inflammation, are secreted. Therefore, therapeutic strategies that target RMCs will effectively prevent the loss of vision and aid in the early treatment of patients with DR (Rolev and Shu, 2021). Table 1 summarizes the different RMC targets that could potentially be used in the treatment of DR.
TABLE 1 | Retinal Müller cells (RMCs) as a target for diabetic retinopathy (DR) treatment. The table shows current and novel treatment strategies in DR related to RMCs.
[image: Table 1]4.1 Treatments targeting Kir4.1 and AQP4
In DR, the expression of Kir4.1 is reduced or is even absent in the perivascular and inner limiting membrane, leading to swelling of the RMCs. It was observed that the acrolein derivative FDP-lysine, an oxidative stress lipid oxidation end product, accumulated in RMCs of diabetic mice and downregulated Kir4.1 levels, while the acrolein scavenger 2-hydrazino-4,6-dimethylpyrimidine (2-HDP) prevented FDP-lysine accumulation and increased Kir4.1 expression in diabetic RMCs, and reversed diabetes-induced Kir channel deficiency in the perivascular region and RGC layer (McDowell et al., 2018). Other studies have found that metformin also improved the distribution and protein expression of Kir4.1 in RMCs from diabetic mice, as well as that of adenosine monophosphate (AMP)-activated protein kinase (AMPK), which is involved in lipid-lowering and insulin-sensitizing processes and interacts with Kir4.1 to maintain RMC osmotic homeostasis. Metformin improved RMCs dysfunction by activating AMPK in the treatment of type 2 diabetes (Alex et al., 2020). Pinacidil is a non-selective ATP-sensitive potassium channel opener. Intravitreal injection of pinacidil in diabetic rats significantly inhibited RMC activation and reversed diabetes-mediated Kir4.1 downregulation and AQP4 upregulation in RMCs (H. Li et al., 2021). The results showed that increased AQP4 expression significantly increased the volume of rat RMCs in a high-glucose culture medium and increased retinal thickness. The application of the AQP4 inhibitor 2-(nicotinamide)-1,3,4-thiadiazole (TGN-020), which inhibited AQP4 expression by intravitreal injection into rats, was found to inhibit the GFAP expression and reduce cell swelling of RMCs, thereby improving the extent of diabetic retinal edema (Oosuka et al., 2020).
4.2 Anti-VEGF therapy
RMCs are involved in VEGF production and in the induction of neovascularization in DR; therefore, VEGF inhibition with the aim of reducing vascular permeability and retinal neovascularization has become an important strategy to treat DR. Anti-VEGF drugs, including monoclonal antibodies (bevacizumab, ranibizumab, and ramucirumab) and recombinant fusion proteins (aflibercept and conbercept) have been widely used in the clinical setting, and new small-molecule inhibitors of VEGF receptors such as sorafenib, axitinib, apatinib, levatinib, and fruquintinib, have gradually entered the clinical trial stage (Chatziralli and Loewenstein, 2021). It was found that VEGF and AQP4 mRNA expression were increased and positively correlated in the RMCs of diabetic rats. Treatment of diabetic rat RMCs with bevacizumab revealed a significant decrease in VEGF and AQP4 mRNA expression, which reduced intracellular osmotic pressure in RMCs and reduced intracellular edema in RMCs (Wang et al., 2021).
Glucagon-like peptide-1 (GLP-1), is a peptide hormone that maintains glucose homeostasis by promoting insulin secretion and is widely expressed in the retina, plays a neuroprotective role in the central and peripheral nervous systems (Hernández et al., 2019). The b-wave amplitudes of ERG were significantly higher in diabetic mice treated with eye drops containing a GLP-1 agonist compared with the untreated group. Moreover, the treatment inhibited RMC activation downregulated VEGF mRNA levels, as well as the expression of genes coding for pro-inflammatory cytokines, such as IL-1β and IL-6. Additionally, GLP-1 agonist treatment can prevent the thinning of the neural retina caused by diabetes and restore the number of retinal cells to the same levels as in non-diabetic mice. The authors inferred that the topical application of a GLP-1 agonist blocked the progression of diabetic retinal neurodegeneration by downregulating VEGF and inflammatory cytokines and upregulating anti-apoptotic proteins, such as Bcl-xL and Akt (Sampedro et al., 2019).
VEGF is one of the most important factors that promote neovascularisation and increase vascular permeability. In the presence of hyperglycemia, RMCs are the main source of VEGF. Therefore, glial cell proliferation, neovascularization and vascular permeability can be reduced by regulating the VEGF signaling pathway in RMCs.
4.3 Anti-inflammatory therapy
Inflammation is involved in all stages of the disease, from NPRD to PDR, and also in diabetic macular edema (Buyuktepe et al., 2021). RMCs participate in the pathological process of inflammation through the secretion of various inflammatory mediators, such as IL-1β, TNF-α, and NF-κB. Therefore, anti-inflammatory therapy targeting RMCs can effectively alleviate ocular inflammation, thereby treating DR. Intraocular free fatty acid levels are significantly elevated in DR, and fatty acids can stimulate the expression of multiple DR-related signaling pathways in RMCs, including the NF-κB and the MAPK signaling pathways, inflammation, lipid signaling, and angiogenesis, resulting in leukocyte stasis, increased vascular permeability, and thickening of the vascular basement membrane (Eynard and Repossi, 2019). While cytochrome P450 cyclooxygenase exhibits anti-inflammatory activity by metabolizing fatty acids into epoxides, soluble epoxide hydrolase (sEH) inhibits its anti-inflammatory activity by reducing the half-life of epoxide. The use of the sEH inhibitor GSK2256294 in human-derived cell lines of RMCs in a high-glucose environment significantly downregulated the expression of fatty acids and IL-1β-induced inflammatory cytokines such as TNF-α and IL-8 in RMCs by blocking the NF-κB pathway. It has been suggested that this strategy could have a protective role by targeting RMCs inflammation in DR (Ontko et al., 2021). Suppressor of cytokine signaling 1 (SOCS1) is a negative regulator of cytokine signaling pathways in the SOCS family that ameliorates inflammation by inhibiting Janus kinase and regulating IFN-γ to attenuate the expression and transduction of cytokine signals such as IL-2, IL-6, IFN, TNF-α, and colony-stimulating factor. After 2 weeks of administration of SOCS1-derived peptide eye drops in diabetic mice, it was found that RMC activation was significantly inhibited, ERG parameters were significantly improved, and IL-1β, IL-6, TNF-α, and VEGF expression were downregulated, suggesting that local application of SOCS1-derived peptide could be used in the early treatment of DR by effectively blocking RMC inflammation (Hernández et al., 2019). TNF is a key regulatory component of the immune system and contributes to the initiation and maintenance of inflammation (Dostert et al., 2019). At present, there are five kinds of anti-TNF drugs in clinical use: infliximab, adalimumab, certolizumab pegol, golimumab, and etanercept (Monaco et al., 2015). Recently studies have showed that the presence of CD40 restricted to RMCs is sufficient to cause upregulation of inflammatory molecules such as TNF, IL-1β and ICAM-1 in the retina of diabetic mice and lead to the development of diabetic retinopathy (Portillo et al., 2017). Meanwhile, TNF receptor-associated factors (TRAFs) are critical regulators of CD40 (Bishop and Hostager, 2002). Portillo et al. (2022) have pointed out that CD40-TRAF (mainly involving TRAF2 and TRAF3) signaling in RMCs inhibits retinal inflammation and the development of DR. In addition, this study demonstrated that intravitreal administration of a cell-permeable CD40-TRAF2,3 blocking peptide impairs upregulation of TNF-α and IL-1β in diabetic mice. This approach offers therefore potential new targets to avoid inflammatory diseases such as DR. Although anti-TNF drugs have been widely used in the treatment of inflammatory diseases, the mechanism of their action in DR requires further study, especially how to target TNF or TNF receptors in RMC for earlier treatment of DR.
The nuclear receptor-related factor 1 (Nurr1) could suppress the inflammatory response by binding to NF-κB (the promoter of inflammation) and downregulating the downstream NOD-like receptor protein 3 (NLRP3) inflammasome. It was found that Nurr1 expression was downregulated in RMCs under high glucose condition, but NLRP3 inflammasome expression was upregulated. C-DIM12, a Nurr1 agonist, inhibits the activation of RMCs and loss of RGCs in STZ-induced diabetic mice, indicating that Nurr1 has anti-inflammatory and neuroprotective effects in DR (Li W. et al., 2020). Nuclear factor of activated T cells (NFAT) is a transcriptional regulator of inflammatory cytokines that is widely expressed in retinal cells and is present in the cytoplasm in a phosphorylated state under normal conditions and dephosphorylates upon inflammatory stimulation. NFAT shuttles to the nucleus to increase the transcription of inflammatory cytokines. It has been found that NFAT is involved in the downstream inflammatory signal transduction mediated by IL-1β in RMCs. The use of NFAT inhibitor (INCA-6) could downregulate the expression of IL-1β and TNF-α in experimental diabetes, suggesting that inhibition of NFAT attenuates diabetic-induced retinal inflammation (Giblin et al., 2021). In view of the anti-inflammatory properties of glucocorticoids (GCs) and the fact that glucocorticoid receptors are found almost exclusively in RMCs, application of corticosteroid agonists has been proposed as a therapeutic strategy against DR (Gallina and Zelinka, 2014). Glucocorticoid-induced leucine zipper (GILZ) is an important anti-inflammatory mediator of GCs and has great potential in anti-inflammatory therapy (Ronchetti and Migliorati, 2015). A study using an animal model of inflammatory disease showed that GLIZ exerts its anti-inflammatory activity by interacting with and suppressing the NF-κB and activator protein-1 (AP-1), et al. Moreover, GLIZ significantly downregulated the expression of inflammatory cytokines such as TNF-α, ICAM-1, and IL-1β in RMCs (Gu et al., 2018). Considered together, these results suggest that GLIZ could inhibit inflammatory responses in RMCs and may play an important role in the treatment of DR.
As we gain a more in-depth understanding of the inflammatory mechanism underlying DR, therapeutic strategies involving targets associated with inflammation continue to emerge. The therapeutic effect of drugs has been continuously improved, from single target inhibition to multi-target synergism, and from laboratory to clinic. The complex mechanisms by which multiple factors secreted by RMC interact with each other currently make the development of therapeutic strategies more difficult, so new advances in the study of the pathogenesis of inflammation in the development of DR will play a huge role in the precise treatment of DR.
5 SUMMARY AND FUTURE PERSPECTIVES
In summary, in the pathogenesis of DR, prolonged hyperglycemia affects the normal physiological function of RMCs, leading to the disturbances in the retinal water-ion balance, disruption of the BRB, imbalance in the homeostasis of the retinal microenvironment, and the secretion of pro-inflammatory cytokines and chemokines following RMCs overactivation. This leads to inflammation and retinal glial scar proliferation, resulting in neuronal degeneration. It follows that in DR with retinal neurodegenerative lesions and microcirculatory dysregulation, alterations in RMCs trigger a cascade reaction, making them an important regulatory factor that cannot be ignored. However, the majority of the current research is still focused on the treating outcomes after the damage has already occurred, that is, how to inhibit neovascularization, how to prevent vascular leakage, and how to improve the success rate of vitreous surgery; whereas the triggering factors and initial changes responsible for causing the lesions have been mostly ignored.
We postulate that the activation of RMCs has an important effect on retinal nerve injury and vasculopathy in DR, and therefore it would be a new and potentially effective approach to treat DR and other related retinal diseases by interfering with RMC signaling and the inflammatory microenvironment, thus inhibiting, delaying, or even reversing the dysfunction of damaged RMCs. For example, RMCs are found throughout the entire retina and can therefore be a useful carrier for somatic gene therapy, providing nutrients to the retina and preventing or even reversing damage of optic nerve. However, there are still a number of issues that remain to be addressed. For example, the advantages and disadvantages of early activation of RMCs in DR, and how to reverse its overreaction to pathological stimulus. RMCs, as potentially differentiated progenitor cells in the retina, whether they could be a key target cell for DR repair, whether it signaling pathway could be used as an intervention target in DR treatment, and whether this can protect the optic nerve, inhibit neovascularization, vascular leakage and retinal inflammation at the same time is still not clear. Therefore, we need more evidence to understand the role that RMCs pluripotency plays in disease. Moreover, it is necessary to use the existing methods to explore advanced treatment strategies and pay attention to the basic research of RMCs in the context of DR.
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Tg(sox10:nis-eos)*18
Tg(sox10:mrfp)234
Tg(sox10:Gal4)
Tg(UAS:Lifeact-gfp)ymu271

Tglcntn1b:mcherry)

Description of expression

Membrane eGFP in mbp™ cells (oligodendrocytes)
Cytosolic mCherry in mpeg™ cells (macrophages,

microglia)
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microglia)

P in mpeg™ cells (macrophages,
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Membrane RFP in sox70* cells (OPCs,
oligodendrocytes)

Gal4 specifica
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All lines were stable, germline transgenics. Only cell types pertinent to this study

are listed for each transgene.
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Primer

PME_sigpep-YFP-nostop
attB1_sigpep_F

Sigpep_YFP_F

attB2R_YFP_nostop_R

p3E_CD59pA
Clal_CD5&9_F

Xbal_CD59_R
attB2_CD59_F

attBSR_pA_R
pME_mScarlet-CAAX
attB1F_mScarlet-CAAX_F
mScarlet-CAAX_R

attB2R_CAAX-mScarlet_R

Sequence

GGGGACAAGTTTGTACAAAAAAGCAGG
CTGCCACCATGAAAGCTTCTGTCGGAG
ATGAAAGCTTCTGTCGGAGTGTGTGTGGT
TTTCGTGCTGGCTCTGCTGGGGCTTGGTT
CTGCCatggtgagcaagggcgag
GGGGACCACTTTGTACAAGAAAGCTGGG
Tecttgtacagctcgtccatg

GACTATCGATATTAAATGTTACAATTGTA
AGGAC

GATCTAGATTAGAAAACACCCCACCAG

GGGGACAGCTTTCTTGTACAAAGTGGTAA
TTAAATGTTACAATTGTAAGGAC

GGGGACAACTTTGTATAATAAAGTTG

GGGGACAAGTTTGTACAAAAAAG
TCAGGAGAGCACACACTTGCAGCTCATG
CAGCCGGGGCCACTCTCATCAGGAGGGT
TCAGCTTCTTGTACAGCTCGTCCATG
TCAGGAGAGCACACACTTGCAGCTCATGCA
GCCGGGGCCACTCTCATCAGGAGGGTT
CAGCTTCTTGTACAGCTCGTCCATG
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Antibody/Dye Concentration Manufacturer Cat No.

Anti-GFP 1in 2000 Abcam ab13970  GR236651-23
Anti-DsRed (for mApple) 1in1000  Takara/Clontech632496  PK0495
Goat anti-chicken AF 488 1in 1000 Invitrogen A-11039 1899514
Goat anti-rabbit AF 555 1in 1000 Invitrogen A-21428 1903133

Opal 650 1in 1000 Perkin Elmer FP1496A
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Patient Gender Age (year) Duration (year) AEDs Localization

El F 27 11 TPM, VPA, CBZ LTN
E2 M 29 20 OXC, VPA, LTG LTN
E3 F 33 10 VPA,CBZ,PHT RTN
E4 M 17 9 VPA, CBZ, TPM RTN
ES M 17 10 VPA, LTG, CBZ RTN
E6 F 33 3 TPM, OXC RTN
E7 M 8 7 VPA, CBZ, PB RTN
E8 F 14 3 VPA, CBZ, TPM LTN
E9 M 55 5 CZP, PB, VPA RTN
E10 F 39 7 LTG, CBZ, VPA RTN
Ell M 37 20 VPA TPM, OXC LTN
E12 M 34 20 VPA, OXC RTN
E13 F 16 13 OXC, LEV, TPM LTN
E14 M 24 5 CBZ, PHT, PB RTN
E15 F 36 30 VPA, OXC RTN
E16 M 4 6 VPA, PHT, CBZ RTN

M, male; F, female; AEDs, antiepileptic drugs; TPM, topiramate; VIPA, valproic acid; CBZ, carbamazepine; OXC, oxcarbazepine; LTG, lamotrigine; PHT, phenytoin; PB,
phenobarbital; LEV, levetiracetam; LTN, left temporal cortex; RTN, right temporal cortex.
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Patients Gender Age (years) History of AEDs Localization Pathology

Cl M 27 None LTN Normal
c2 F 18 None RTN Normal
C3 M 34 None RTN Normal
C4 F 30 None LTN Normal
C5 F 16 None RTN Normal
C6 M 23 None RTN Normal
C7 F 37 None LTN Normal
c8 M 43 None RTN Normal
C9 M 22 None RTN Normal
C10 M 20 None LTN Normal

M, male; F, female; LTN, left temporal cortex; RTN, right temporal cortex.
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Brain region Paired paranodes (um) CTL vs. dKO Node of Ranvier (um) CTL vs. dKO # Mice CTL vs. dKO

Corpus callosum 510+ 0.05vs. 4.56 £ 0.15 1.42 £ 0.26 vs. 0.85 +£ 0.07 2,911 from 7 mice vs. 3,483 from 7 mice
Spinal cord 5.06 £0.14vs. 4.94 £0.14 0.46 £ 0.07 vs. 0.36 £ 0.06 3,023 from 7 mice vs. 3,503 from 7 mice
Optic nerve 4.67 £0.10vs. 4.58 £ 0.07 0.41 £0.02 vs. 0.38 £ 0.03 496 from 4 mice; dKO, n = 649 from 5 mice
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Ependymal cells

Oligodendrocytes

Functions

0 Generate glia and neurons in development (Rakic, 2003)
o Stem cells and BBB maintenance in adulthood (Sharif et al., 2018)

o Control neurotransmitters as well as ionic and osmotic homeostasis (Simard and
Nedergaard, 2004; Keaney and Campbell, 2015; Price et al., 2018)

0 Regulate blood vessel diameters (Kimelberg, 2010)
o Act as angiogenic templates (O’Sullivan et al., 2017)
o Retina-specific, species-specific glia cells (Cajal, 1995)

0 CNS primary immune cells (Nimmerjahn et al., 2005)

o Line the brain ventricles, producing cerebrospinal fluid, and act as progenitors
(Bigio, 2010; Furube et al., 2020)

0 Axon insulation and create myelin (Elbaz and Popko, 2019)

Shape

Bipolar

Star-shaped

Apico-basal organization with 5 sub-domains (Wang
etal, 2017)

Highly plastic, depending on activation state
Simple columnar shape

Ensheath axons
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Gene name NCBI accession no. Forward/reverse Sequence

Gapdh NM_008084.3 Forward CTGCACCACCAACTGCTTAGC
Reverse CAGTCTTCTGGGTGGCAGTGA
Nes NM_016701.3 Forward AGTGCCCAGTTCTACTGGTGTCC
Reverse CCTCTAAAATAGAGTGGTGAGGGTTGA
Hes1 NM_008235.2 Forward ACGGCCAATTTGCCTTTCT
Reverse GGAAGGTGACACTGCGTTAGG
Vim NM_011701.4 Forward CAGCATGTCCAGATCGATGTG
Reverse AGCCTCAGAGAGGTCAGCAAAC
Nkx2-2 NM_010919.2 Forward TCAGTCAAGGACATCTTGGACCT
Reverse TTCGCTCTCCTCCTCTGGC
Olig1 NM_016968.4 Forward AGGCAGCCACCTATCTCCTCA
Reverse AGCGGAGCTTCGGCCTT
Olig2 NM_016967.2 Forward GGCTTCAAGTCATCTTCCTCCA
Reverse TCATCTGCTTCTTGTCTTTCTTGGT
Cspg4 NM_139001.2 Forward GAACGCATCAGCCACCGTAA
Reverse GGACGCTTCTTCCTGGTTTC
Pdgfra NM_011058.3 Forward CCATCGAGACAGGTTCCAGTAGT
Reverse GGTCCGAGGAATCTATACCAATGT
Sox9 NM_011448.4 Forward GAAAGACCACCCCGATTACAAG
Reverse GGAGAGATGTGAGTCTGTTCCGT
Sox10 NM_011437.1 Forward TCACGACCCCAGTTTGACTATTC
Reverse CCCCATGTAAGAAAAGGCTGAA
Ascl1 NM_008553.5 Forward TCCTGTCGCCCACCATCT
Reverse TGGGCTAAGAGGGTCGTAGGAT
Gpr17 NM_001025381.2 Forward TCTGGACTTCATCCTCGCTTTT
Reverse GGTGCATGAGGAAGACATTGG
Plp1 NM_011123.4 Forward TGGCACTGTTCTGTGGATGTG
Reverse GTCCTGGTAGTTTTTGGAGAAATAGGT
Gfap NM_010277.3 Forward CGTTAAGCTAGCCCTGGACATC
Reverse GGATCTGGAGGTTGGAGAAAGTC
Map2 NM_008632.2 Forward AAAGGCCCGCGTAGATCAC
Reverse GGGATTCGAGCAGGTTGATG
Prox1 NM_008937.3 Forward TGCCATGAATCCCCAAGGT

Reverse GTACGTTCGAC CCCCATCT
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Primer Sequence

L6 F ctoocaacagacetgtotatac
R ceattgeacaactettttetca

TNF-a F atgtetcageotettcteattc
R gettgteactcgaatttigaga

IL-1p F aagectogtgetgteggace
R tgaggoccaaggecacagat

18s F gocatgeatgtetaagtacge
R cogteggeatgtattagete

F forward primer, R reverse primer.
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Disease/Condition

Aicardi-Goutiéres
Syndrome (AGS)

Alexander’s Disease
(AXD)

Autism Spectrum
Disorder (ASD)

Down'’s Syndrome (DS)

Pelizaeus-Merzbacher
Disease (PMD)

Rett Syndrome (RTT)

Schizophrenia (SC2)

Tuberous Sclerosis
(TSC)

Cell line/Genetic background

hESCs with CRISPR/Cas9-induced frameshift
mutations in TREX7 or hiPSCs from a patient
with a homozygous TREXT mutation

hiPSCs from AxD patients with GFAP mutations

hiPSCs or hESCs with doxycycline-inducible
shRNAmir-mediated knockdown of NRXN7

hiPSCs from patients with non-syndromic ASD

hiPSCs from a patient with biallelic deletion of
NRXN1-a

hiPSCs from a DS patient

hiPSCs from patients with various mutations
spanning the PLP7 gene

hiPSCs from several RTT patients with different
MECP2 mutations

hiPSCs from a patient with a MECP2 p.Arg294*
mutation

hiPSCs from female RTT twins with MECP2
frame-shift mutation

hESCs with TALENS-induced MECP2
loss-of-function mutations

hiPSCs from male RTT patients with MECP2
mutations

hiPSCs from patients with juvenile-onset SCZ

hiPSCs from patients with SCZs (including
schizoaffective disorder)

hiPSCs from patients with CSPG4 missense
mutations

hiPSCs from patients with SCZ

hiPSCs from patients with juvenile-onset SCZ
hiPSCs or hESCs with CRISPR/Cas9-induced

homozygous or heterozygous mutations in
TSC1 or TSC2

Phenotypes

AGS cortical organoids significantly smaller than controls; AGS
astrocytes express elevated levels of neurotoxic type-I
interferon genes and cause apoptosis of neurons

AxD astrocytes inhibit proliferation of control hiPSC-derived
OPCs and induce myelination defects

Impaired astrogenesis following NRXN7 knockdown in NPCs;
neuronal differentiation potential is unchanged

ASD astrocytes cause reduced development, morphology, and
function of healthy neurons and release increased levels of
proinflammatory cytokines and reactive oxygen species

ASD NPCs proliferate more slowly and preferentially differentiate
into astrocytes

DS NPCs have decreased neurogenic and increased astrocytic
potential when cultured with DS astrocyte conditioned media;
DS astrocytes induce neuronal cell death and fail to promote
synaptogenesis

Defects in OPC development, OL morphology, and myelination
capacity in monolayer cultures and oligocortical spheroids

RTT astrocytes reduce the morphology and functionality of
wild-type neurons

RTT astrocytes have reduced acetylated a-tubulin and altered
microtubule stability

Increased differentiation of astrocytes from RTT NPCs

RTT microglia-like cells are significantly smaller in size
compared to controls

RTT NPCs have inhibited astrocyte differentiation and
decreased neuronal synapse density due to LIN28 upregulation
SCZ hGPCs transplanted into Shiverer mice display deficient
myelination, astrogenesis, and astrocyte maturation

Significant reduction of OL production in SCZ lines compared
to controls

SCZ OPCs display aberrant post-translational processing and
subcellular localization of CSPG4/NG2 and reduced
morphology, viability, OL maturation, and myelination potential
SCZ microglia-like cells excessively phagocytose neuronal
synapses

Defective astrocyte differentiation of SCZ hGPCs due to
downregulated BMP signaling

Premature and increased astrogenesis in homozygous TSC 2D
cultures and cortical organoids; Elevated mTORC1 signaling
and STAT3 phosphorylation

OPCs, oligodendrocyte precursor cells; NPCs, neural progenitor cells; OL, oligodendrocyte; hGPCs, human glial progenitor cells.

References

Thomas et al., 2017

LiL etal, 2018

Zeng et al., 2013

Russo et al., 2018

Lam et al., 2019a

Chen et al., 2014

Nevin et al., 2017;
Madhavan et al., 2018
Williams et al., 2014
Delépine et al., 2016
Andoh-Noda et al.,
2015

Muffat et al., 2016
Kim J.J. et al., 2019
Windrem et al., 2017

McPhie et al., 2018

de Vrij et al., 2019

Sellgren et al., 2019

Liuetal., 2019

Blair et al., 2018
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Model Cell
source
(A) Astrocytes
EBs hiPSCs
2D hiPSCs
2D hESCs or
hiPSCs
2D hESCs or
hiPSCs
2D hESCs or
hiPSCs
2D hiPSCs
3D hiPSCs
3D hiPSCs
2Dand hESCs or
3D hiPSCs

(B) Oligodendrocytes

2D

2D

2D

3D

hESCs or
hiPSCs

hESCs or
hiPSCs

hESCs or
hiPSCs

hESCs or
hiPSCs

Key methods

Neural induction of
neurospheres using 50:50
DMEM/F12 to
neurobasal-based media
supplemented with AA

Culture in ScienCell 1801
Astrocyte Medium with
Astrocyte Growth Supplement
and 2% FBS

Overexpression of murine Nfib
and Sox9 transcription factors

Tetracycline-inducible NFIA or
NFIA and SOX9 overexpression

Transient expression of NFIA
and addition of
macroglial-promoting factors

Culture in N2/B27/insulin media
with RA and SAG from days
8-19 then with PDGF-AA, IGF1,
T3, and NT3 from days 20-sort;
FACS for CD49f* cells

Neural differentiation of human
cortical spheroids and
long-term culture (over 1 year)
Culture EBs in induction
medium containing KOSR,
FBS, and bFGF, followed by
cerebral differentiation medium
with BDNF added after 1 month
3D astrospheres induced via
FGF2 and EGF, then matured in
single cell monolayers using
CNTF; followed by
2D-astrocytes cocultured with
2D-neurons to form 3D
organoids

Derive NPCs using BDNF and
AA, then differentiate into OLs
using PDGF-AA, IGF1, cAMP,
T3, FGF8, and Purmorphamine
Lentiviral induction of NPCs
with SOX10, OLIG2, and
NKX6.2 transcription factors
Differentiate into OLIG2+ NPCs
then transduce with lentiviral
SOX10 vector

Oligocortical spheroids using
PDGF-AA and IGF1 from days
50-60, then addition of T3 days
60-onward

Advantages

Spontaneous production of
astrocytes from 3D NPC
aggregates in 4 weeks

Derivation of astrocyte-like cells
from NPCs in 30 days using single
medium

Nfib overexpression results in
GFAP*, VIM*, and
S100B™ astrocytes within 21 days

Direct conversion of human stem
cells into astrocytes in 4-7 weeks;
validation via transcriptomics and
engraftment methods

Transient NFIA expression results in
macroglial competent cells from
NPCs within 5 days

CD49f can be used as a novel
reactivity-independent marker to
purify astrocytes in 2D and 3D
cultures

GFAPT, functional, and maturing
astrocytes are present after about
7 weeks of differentiation
Astrocytes present within 3 months
and cultured long-term without
hypoxia using optimized neural
induction media

Ability to grow astrocytes in 3D
while precisely controlling the
numbers and types of cells present

04+ OPCs can be detected by day
50; BDNF accelerates OL
maturation

Production of 70% O4* OLs from
NPCs within 28 days

Induction of SOX10 alone is
sufficient to generate functional OLs
in 22 days total

Generate OPCs and myelinating
OLs in cortical organoids within
100 days

Potential limitations

Relies on spontaneous differentiation into
astrocytes, leading to a smaller subset of cells
being GFAPT and AQP4; not easily scalable

Reactivity unknown due to hiPSC-derived
astrocytes being compared to A1/A2 murine
astrocytes; FBS may induce an active inflammatory
state

Unknown if overexpression of human NFIB and
SOX9 genes also result in astrocyte production;
only gPCR used to validate a subset of
astrocyte-specific genes; supplementation with
serum can result in reactivity

Both GFAP and S100B expression are induced by
NFIA and SOX9, potentially confounding their use
as readouts of astrocyte production

Production of nearly 100% GFAP™ cells takes
about 75 days total; presence of LIF and FBS can
induce GFAP expression and astrocyte reactivity
Possibility that CD49f could also label radial glia
populations; use of RA may result in astrocyte
reactivity

Endogenous astrogenesis and maturation is slow,
indicating a need for faster protocols to derive
astrocytes in 3D organoids

Undirected cerebral organoid protocol; culturing
with FBS may affect astrocyte reactivity

Need to pre-differentiate cells; no endogenous
progenitors, so difficult to study the gliogenic switch
or influences of neurons on astrocyte production
and development

Culturing on MEFs; only 35% of cells are 04" by
day 100; need to FACS sort to enrich for OLs

Must first generate NPCs via EBs; unknown effects
of lentiviral presence on OL survival and maturation

Unknown effects of lentivirus and doxycycline
presence on OL survival and maturation

Due to presence of neurons and astrocytes,
myelinating OLs (MYRF') constitute about 20% of
cells within the organoids; OLs require over

250 days to mature

References

Zhou et al.,
2016

Toew et al., 2017

Canals et al.,
2018

LiX. et al.,
2018

Tchieu et al.,
2019

Barbar et al.,
2020

Pasca et al.,
2015; Sloan
etal, 2017
Quadrato et al.,
2017

Krencik et al.,
2017

Piao et al.,
2015

Ehrlich et al.,
2017

Garcia-Ledn
etal., 2018

Madhavan
etal, 2018
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3D hiPSCs Culture with IWP-2 days 4-24; Heterogeneous production of OLs Requires many patterning molecules; OLs comprise  Marton et al.,
SAG days 12-24; T3, biotin, within organoids (from pre-OLs to only a subset of total cells at late timepoints 2019
NT3, BDNF, HGF, IGF1, mature, late-stage OLs) by day 160
PDGF-AA, and cAMP days
25-36; then T3, biotin, cCAMP,
and AA days 36-onward
3D hESCs or Inhibit or activate SHH pathway — Generation of OLs within brain Requires over 12 weeks to produce OPCs; less Kim H. et al.,
hiPSCs in OLIG2-GFP knock-in human  region-specific (dorsal vs. ventral) than 10% of myelinating cells present by week 18in 2019
stem cell 3D spheres to obtain  forebrain organoids fusion organoids; limited studies performed to test
dorsal or ventral organoids, functionality
respectively
(C) Microglia
EBs hESCs or Induction into primitive Production of MGLs within 75 days ~ Requires positive selection of cells from EB layers Muffat et al.,
and hiPSCs microglia via serum-free with high purity (97 %) and transfer to monolayer culturing for cellular 2016
2D neuroglial differentiation media maturation; need for stromal feeders
with IL-34 and CSF1
EBs hiPSCs EBs patterned into MGL production occurs within Requires collecting single cells of embryonic Haenseler
and 2D macrophages with VEGF, 45 days with very high yields macrophages from yolk sac EB supernatant and etal., 2017
BMP4, and SCF, followed by (10-43x) and purity (100%); no culturing in monolayers with or without neurons for
differentiation into MGLs via feeder cells required maturation into MGLs
IL-34, CSF1, and CSF2
microglia medium
2D hESCs or Isolation of Derivation of microglial progenitors  Relies on FACS or MACS sorting; lower purity Douvaras et al.,
hiPSCs CXCR1+/CD14* MGL within 45-65 days (68%) and yield (2x); lack of microglial maturation 2017
progenitors, followed by culture
with CSF2 and IL-34
2D hiPSCs Differentiation into MGL Co-culture with astrocytes allows Lower purity and yield due to co-culturing; relies on  Pandya et al.,
precursors using CSF1 and for production of functional MGLs other cells for differentiation and maturation rather 2017; Takata
IL-3 in low (5%) oxygen for within 30-45 days without the need  than a defined set of factors; hypoxia may resultin -~ et al., 2017
8-15 days then co-culture with  for feeder layers activated microglia
astrocytes or neurons
2D or hiPSCs Differentiation of HPCs into 2D High yield of MGLs (30-40/hiPSC) Hypoxic conditions can cause microglia reactivity; Abud et al.,
3D MGLs using CSF1, IL-34, and in 35 days without cell FACS step required; MGLs are incorporated into 2017
TGF-1 in low (5%) oxygen for ~ contamination (97% purity) in organoids post-differentiation, limiting 3D studies
4 days; co-culture with 3D feeder-free conditions on their development
organoids
2D hiPSCs Differentiation of CD43* HPCs  Simplified protocol to obtain MGLs ~ Unable to maintain long-term culture; Must collect McQuade
using CSF, IL-34, and TGFB-1,  within 38 days; avoids co-cultures,  and culture floating HPCs; MGLs predominantly do et al., 2018
followed by the addition of hypoxic conditions, complex not grow adherently, potentially making
CD200 and CX3CL1 startingat  medias, and FACS downstream studies more difficult
day 25
3D hiPSCs Culture EBs with bFGF for Innate growth of microglia, Low yield and variable distribution of microglia Ormel et al.,
4 days, transfer to neural macroglia, and neurons within throughout the organoids; need additional tests to 2018
induction media, then culture cerebral organoids via minimal confirm the functionality and reproducibility of these
with organoid differentiation patterning microglia
media without RA
2D and hiPSCs 2D differentiation of MGLs Ability to study microglia in brain Microglial differentiation protocol is similar to those ~ Song et al.,
3D using IL-3, CSF2, and FBS, region-specific organoids previously established; potential microglial 2019

followed by co-culture with
dorsal or ventral organoids

activation due to culturing with serum

EBs, embryoid bodies; NPC, neural progenitor cell; MGL, microglia-like cell; HPC, hematopoietic precursor cell; OLs, oligodendrocytes; OPCs, oligodendrocyte
precursor cells; KOSR, knockout serum replacement; AA, ascorbic acid; RA, retinoic acid; SAG, smoothened agonist; MEFs, mouse embryonic fibroblasts;, HGF,
hepatocyte growth factor.
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GLOSSARY

Apoptosis: The most common form of programmed cell death, essential in development and tissue homeostasis. This mechanism
is energy-dependent, and when triggered, results in the activation of cysteine proteases (caspases) that degrade cellular compo-
nents.

Blood brain barrier (BBB): A protective membrane structure generated by a combination of epithelial cells and glial processes
that separates the nervous system from blood circulation. The BBB protects the nervous system from toxins and pathogens and
maintains its homeostasis and function by regulating the passage of ions, moleculas and cells.

Macroglia: Nervous system cells, excluding neurons and microglia; i.e. glia cells from non-neuronal lineages of neuroectodermic
origin, including astrocytes, oligodendrocytes, Schwann cells and satellite glia.

Marginal zone: The most superficial layer (layer |) of the mammalian cortex, positioned above the cortical plate (layers II-VI). It is
composed of Cajal-Retzius cells, which migrate tangentially into the neocortex and regulate radial migration of layers II-IV cortical
neurons.

Neural stem cell (NSC)/Neuroblast: NSCs or Neuroblasts (invertebrate nomenclature) are the primordial multipotent cells that
originate all cells, neuronal and glial, of the nervous system. In vertebrate embryogenesis, these are called radial glial cells (CNS
only), which asymmetrically divide to give rise to neurons and glia.

Neural stem cell niche: Delimitated region in the developing and adult nervous system that harbors NSCs and regulates neuro-
genesis, also referred to as the “neurogenic niche”.

Neuroblast quiescence: The reversible state of cell cycle arrest in NSCs/neuroblasts, i.e. exit of the cell cycle and entry in GO
phase, retaining capacity to re-enter cell cycle and proliferate upon reactivation (see Neuroblast reactivation).

Neuroblast reactivation: The activation of NSCs/neuroblast to re-enter the cell cycle and return to a proliferative state, regulated
by intrinsic and extrinsic cues.

Neuroepithelium: Sheet of the earliest neural progenitor cells, which are of ectodermic origin, with features of a polarized epithe-
lium connected by tight and adherens junctions. Neuroepithelial cells proliferate symmetrically and differentiate into NSCs (radial
glia), in vertebrates, and neuroblasts in Drosophila.

Neuronal plasticity: The capacity of a neuron to modify the strength or structure of existing synaptic connections (synaptic plas-
ticity) or create new synaptic connections. These anatomical and functional changes are essential for the correct development of
neuronal circuits in response to experience or injury.

Neuropil: Areas of the nervous system mainly composed of unmyelinated axons, dendrites, and glia processes, mostly devoid of
cell bodies and with a high density of synapses.

Outer proliferation center (OPC): One of the two optic placodes (neuroepithelial structure) formed at the end of embryogenesis,
which give rise to the neurons of the four neuropils of the Drosophila optic lobe (lamina, medulla, lobula and lobula plate).

Perineuronal nets: Chondroitin sulfate proteoglycan-rich extracellular matrix structures ensheathing neuronal cell bodies and den-
drites, with roles in the regulation and stabilization of synapses.

Programmed cell death (PCD): Genetically determined cell death resulting from activation of intracellular pathways. PCD mecha-
nisms include apoptosis, autophagy, and regulated necrosis (necroptosis), each with specific/distinctive molecular and morphologi-
cal features.

Radial migration: Migratory movement of neurons along radial glial fibers in the vertebrate neocortex from the most inner/ventral
layer — ventricular zone — to the most dorsal/superficial cortical layer, just below the marginal zone.

Tangential migration: Migratory movement of neurons in the vertebrate neocortex perpendicular to radial migration, i.e. parallel to
the marginal zone, of incoming neurons born in the ganglionic eminences.

Transition zones: Regions of the nervous system at CNS-PNS boundaries. Selective crossing of neurons, glial cells, and axons is
mediated by resident pools of glia at the border.

Trophic factors: Proteins and small peptides that regulate the growth and survival of cells. Neurotrophic factors refer particularly to
those regulating development, function and survival of neurons.

Ventricular zone: The most ventral/inner layer of the mammalian cortex, where the radial glial cell bodies are positioned and
cortical neurons are born (proliferative zone).
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