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Background: Idebenone is an antioxidant and a coenzyme Q10 analog that has been used to treat neurodegeneration disease. Some studies show idebenone exerts anti-inflammatory effects. However, whether idebenone can be used to reduce the neuroinflammation in Parkinson’s disease (PD) has been little studied.

Methods: The study investigated the potential anti-inflammatory effects of idebenone in vitro and in vivo, using cell models of Lipopolysaccharide (LPS)-simulated BV2 cells and animal models of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD with or without idebenone. To verify how idebenone exerts its effects on the BV2 cell activation and PD model, we performed the mechanistic studies in vitro and in vivo.

Results: In vitro study showed that pretreatment with idebenone could attenuate the production of pro-inflammatory factors in LPS-stimulated BV2 cells and promoted a phenotypic switch from the M1 state to the M2 state. Mechanistically, idebenone reduced the activation of the MAPK and NF-κB signaling pathway upon LPS stimulation. Furthermore, in vivo experiments confirmed that pretreatment with idebenone could ameliorate MPTP-induced neurodegeneration and modulate microglia phenotypes through inhibition of the MAPK and NF-κB signaling pathway in the SN.

Conclusion: These results suggest that idebenone ameliorates the neurological deficits related to PD and this effect is partly mediated by inhibiting the neuroinflammation and modulating microglia phenotypes.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease that is caused by progressive loss of dopaminergic neurons, Lewy body formation, and mitochondrial dysfunction (Dauer and Przedborski, 2003). In addition to these pathophysiological mechanisms, there is some evidence from previous studies suggest that the neuroinflammatory response related to microglia cell activation participate in the progression of dopaminergic neuron cell death (Czlonkowska et al., 2002; Whitton, 2007; Brochard et al., 2009).

Microglia cells are the main glial cell type that participate in the neuroinflammatory response in the central nervous system (CNS) (Saijo and Glass, 2011; Lu et al., 2018). Under pathological conditions, microglia cells in the brain undergo changes in morphology to adopt an activated state in order to respond to the toxic environment (Song and Suk, 2017). One of the characteristics of microglia cell is the capacity to adopt two different states in response to the toxic substance they encounter. Microglial activation can be classified into two major phenotypes defined as classically M1 microglia or alternatively M2 microglia (Colton, 2009; Han et al., 2018). The M1 phenotype is associated with the release of proinflammatory factors, whereas M2 microglia execute an anti-inflammatory effect and contribute to regeneration and neuroprotection (Saijo et al., 2009; Colton and Wilcock, 2010). M1 microglia release proinflammatory factors such as interleukin-6 (IL-6), IL-1β, tumor necrosis factor-α (TNF-α) to recruit additional inflammatory cells (Giaume et al., 2007; Colton and Wilcock, 2010). M2 microglia produce anti-inflammatory cytokine including IL-4 and IL-10 and promote wound healing and tissue repair (Liu et al., 2006; Yan et al., 2016). The M1 and M2 activation state are critical in neuroinflammation-related neurodegeneration diseases including PD.

Idebenone (2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4-benzoquinone), a synthetic analog of coenzyme Q10, is an important antioxidant for cell membrane and an elementary constituent of the ATP-producing mitochondrial electron transport chain (Muscoli et al., 2002). One of the most important features of idebenone is its antioxidant capacity (Jaber and Polster, 2015). Beneficial effects of idebenone have been studied in the treatment of some neurodegeneration diseases, including Parkinson’s disease (Horvath et al., 2003), Alzheimer’s disease (Weyer et al., 1997), and dementia (Voronkova and Meleshkov, 2009). In addition, idebenone is also used in the treatment of Friedreich’s Ataxia, which is a progressive neurodegenerative disease associated with cardiomyopathy and other features (Parkinson et al., 2013). Apart from its antioxidant properties, the study from Civenni et al. (1999) reported that idebenone exerted anti-inflammatory effects and behaved similar to indomethacin and piroxicam—two typical anti-inflammatory agents.

Taking these factors into consideration, we hypothesize that idebenone may have an inhibitory effect on neuro-inflammatory processes and microglial activation in PD. To test this hypothesis, we will investigate the anti-neuroinflammation and microglia modulating effects of idebenone in the BV2 microglial cell line and examine idebenone’s efficacy on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced neurodegeneration and neuroinflammatory response in PD mice.



MATERIALS AND METHODS

Reagents

Idebenone was purchased from Qilu Pharmaceutical Co., Ltd., MPTP, dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) standards, dimethyl sulfoxide (DMSO), and Lipopolysaccharide (LPS) were purchased from Sigma-Aldrich (St. Louis, MO, United States).

Animals

Male C57BL/6 mice (mean weight = 22–25 g; mean age = 10–12 weeks) were purchased from Shanghai SLAG Laboratory Animal Corporation (Shanghai, China). The mice were individually housed at a temperature of 22 ± 1°C and relative humidity 50–60% under a 12-h/12-h light–dark cycle, with free access to food and water. Animals received four intraperitoneal injection of MPTP (20 mg/kg) at 2 h intervals, whereas control mice were treated with the same volume of saline. Idebenone was resuspended in corn oil and applied daily by oral gavage. 100 mg/kg idebenone or vehicle (corn oil) was administered daily starting at day 7 before MPTP administration (Abdel Baky et al., 2010). These mice were sacrificed at 3, and 7 days after MPTP treatment.

This study was carried out according to the guidelines of the National Institutes of Health and was approved by the Ethics Committee of Xin Hua Hospital affiliated to Shanghai Jiao Tong University School of Medicine.

Behavioral Tests

Open Field Test

Motor behavior was analyzed in an open-field test after 3 and 7 days of administration of MPTP. Open-field test is an important method for assessing spontaneous locomotor activity in mice model of PD (Yan et al., 2018). Mice were placed into the center of the case, and their behaviors were observed. The total distance and the number of gridline crossings were measured by an observer who was seated approximately 1.0 m away. The parameters were analyzed by the SuperMaze V2.0 software (Shanghai Xin Ruan, China) over a 5-min period: the total distance traveled and the number of gridline crossings.

Pole Test

The pole test is an available method to evaluate bradykinesia in PD mice model. We performed the pole test at 3 and 7 days after the last MPTP injection according to a previously described protocol (Wu et al., 2012). In brief, a rod with a length of 55 cm and a diameter of 10 mm was used to make the pole. The mice were put on the top of the pole. Time taken by the animal to turn around was recorded as the T-turn (time to turn). The test was carried out three times for each mouse, and the mean time was calculated for statistical analysis.

Cell Culture

The BV2 microglial cell line was purchased from China Center for Type Culture Collection1. The SH-SY5Y cells were presented by Institute of Neurology, Rui Jin Hospital (Shanghai, China). The BV2 microglial cells and SH-SY5Y cells were cultured in Dulbecco’s-modified Eagle’s medium (DMEM) (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin at 37°C with an atmosphere of 5% CO2. Idebenone was dissolved in DMSO as a 1 M stock solution, and dilutions were made in DMEM. The final concentration of DMSO in the DMEM was less than 0.05% which had no effect on cell growth.

Cell Viability Assay

The BV2 microglial cells were seeded in 96-well plates (4.0 × 103 cells/ml) and treated with idebenone concentrations (1, 2.5, 5, 7.5, 10, or 20 μM) for 24 h. Cell viability was examined by a CCK-8 assay kit (CCK-8; Dojindo, Tokyo, Japan) according to the manufacturer’s instructions (Yan et al., 2017).

BV2 cells were seeded in 6-well plates (4.0 × 105 cells/ml) and treated with 5 μM idebenone for 2 h, followed by incubation with 100 ng/ml LPS for 24 h. Then, conditioned media of the BV2 cells was collected and applied to SH-SY5Y cells that has been seeded in 96-well plates. CCK-8 assay kit was used to assess the changes in SH-SY5Y cell viability after 24 h. Morphological change in the SH-SY5Y cells were examined by phase-contrast microscopy.

NO Measurement

The BV2 microglial cells were seeded in 24-well plates (1.0 × 105 cells/ml) and treated with various idebenone concentrations (1, 2.5, 5, 7.5, 10, or 20 μM) for 2 h, followed by 100 ng/ml LPS for 24 h. After 24 h, culture supernatant was collected, and the NO concentration in the supernatant was measured by an NO assay kit (Beyotime Institute of Biotechnology, Inc., Shanghai, China) according to the manufacturer’s instructions (Yang et al., 2016).

Immunohistochemistry

Immunohistochemical staining of brain sections was carried out as previously described (Luster et al., 2005). Briefly, mice were transcardially perfused with PBS, followed by 4% paraformaldehyde (PFA) in 0.1 M PBS. The brains were removed and immersed for 24 h in 4% PFA, and then cryoprotected in a 30% sucrose solution in PBS (pH 7.4). Subsequently, serial coronal sections (cut thickness: 20 μm) were then prepared using a microtome. These brain sections were immersed with 0.3% H2O2 for 30 min and then were rinsed with PBS containing 0.3% Triton X-100. The coronal sections were immersed with serum for 1 h and then incubated overnight with a rabbit polyclonal anti-TH (cat. no. 41528, 1:500, Abcam) at 4°C. Staining was carried out using the ABC method (Vector Laboratories), with 3,3′-diaminobenzidine (DAB) as the peroxidase substrate. TH-positive DA neurons from the substantia nigra (SN) region were examined by light microscopy. Stereological counting of TH-positive neurons was used the method described in previous studies (Hunot et al., 2004; Brochard et al., 2009).

Brain sections were fixed with 4% PFA for 15 min and then rinsed with PBS containing 0.3% Triton X-100. Sections were blocked for 60 min in 10% donkey serum and incubated with primary antibody at 4°C overnight. Primary antibodies used were rabbit anti-Iba-1 (cat. no. 178847, 1:200 dilution, Abcam); goat anti-Arg-1 (cat. no. 18351, 1:100 dilution, Santa Cruz Biotechnology); mouse anti-CD16/32 antibody (cat. no. 553141, 1:200 dilution, BD Pharmingen, San Jose, CA, United States). After washing three times with PBS, brain sections were incubated with corresponding donkey anti-rabbit, donkey anti-goat, or donkey anti-mouse secondary antibodies conjugated to Alexa Fluor-488 and Alexa Fluor-594 fluorochrome (1:500 dilution, Life Technologies). 4,6-diamidino-2-phenylindole (DAPI) (1:1000 dilution, Beyotime Institute of Biotechnology, China) was used to stain the nuclei. The brain sections were examined by a microscope (Leica, Solms, Germany).

BV2 microglial cells were fixed with 4% PFA and stained overnight with rabbit anti-NF-κB antibody (cat. no. 32536, 1:300, Abcam) at 4°C, followed by incubation with the fluorescent conjugated secondary antibodies.

High-Performance Liquid Chromatography (HPLC) Analysis

The levels of dopamine and its metabolites (DOPAC) in the striatum were measured using an HPLC apparatus (Yu et al., 2017). Briefly, the striatum was weighed and quickly removed on ice. Striatum was homogenized in perchloric acid (0.1 mol/L). After lysis, samples were centrifuged at 10,000 g (4°C) for 10 min and the collected supernatants were then assayed for dopamine and DOPAC content through HPLC. The content of each neurotransmitter was expressed as pg/mg equivalent striatal tissue.

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

BV2 cells, seeded in 12-well plates, were pretreated with 5 μM idebenone for 2 h, followed by treatment with 100 ng/ml LPS for 12 h. Total RNA was extracted from BV2 microglial cells with Trizol reagent (Takara Bio, Inc., Otsu, Japan) and was reverse transcribed to cDNA using the PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan), as previously described (Yan et al., 2017). RT-qPCR was carried out using an SYBR Green kit (Takara Bio, Inc., Otsu, Japan) with the following conditions: Denaturation at 95°C for 10 s, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. The data were analyzed using the comparative threshold cycle (Ct) method. The outcome was expressed as fold-difference normalized to the ribosomal phosphoprotein P0 (Rplp0). RT-qPCR was detected using an ABI PRISM 7500 Sequence Detection system (Thermo Fisher Scientific, Inc.). The primers used in RT-qPCR were as follows:

IL-6 (F: TAGTCCTTCCTACCCCAATTTCC, R: TTGGTCCTTAGCCACTCCTTC); IL-1β (F: GCAACTGTTCCTGAACTCAACT, R: ATCTTTTGGGGTCCGTCAACT); TNF-α (F: CCCTCACACTCAGATCATCTTCT, R: GCTACGACGTGGGCTACAG); iNOS (F: ATGTCCGAAGCAAACATCAC, R: TAATGTCCAGGAAGTAGGTG); CD 16 (F:TTTGGACACCCAGATGTTTCAG, R: GTCTTCCTTGAGCACCTGGATC);CD32 (F: AATCCTGCCGTTCCTACTGATC, R:GTGTCACCGTGTCTTCCTTGAG); CD86 (F: TTGTGTGTGTTCTGGAAACGGAG, R: AACTTAGAGGCTGTGTTGCTGGG); Arg-1 (F: GAACACGGCAGTGGCTTTAAC, R: TGCTTAGCTCTGTCTGCTTTGC); CD206 (F: TCTTTGCCTTTCCCAGTCTCC, R: TGACACCCAGCGGAATTTC);YM (F: CAGGGTAATGAGTGGGTTGG, R: CACGG CACCTCCTAAATTGT); Rplp0 (F: AGATTCGGGATATGCTGTTGGC, R: TCGG GTCCTAGACCAGTGTTC).

Western Blotting

Proteins were extracted from the BV2 cells and brain by homogenization in standard lysis buffer. The concentration of protein was measured using a BCA kit (Beyotime Institute of Biotechnology, Inc., Shanghai, China) according to the manufacturer’s instructions (Cai et al., 2018). 40 μg of protein was separated by 10% SDS-PAGE and then transferred into nitrocellulose membranes (300 mA for 60 min). The membranes were blocked with 3% bovine serum albumin (BSA) for 1 h and immersed overnight in primary antibodies at 4°C. The primary antibodies used were as follows: p-ERK (cat. no. #4370), ERK (cat. no. #4695), p-p38 (cat. no. #4511), p-38 (cat. no. #8690), p-JNK (cat. no. #4668), JNK (cat. no. #9252), p-NF-κB (cat. no. #3033), NF-κB (cat. no. #8242) (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, United States), a rabbit polyclonal anti-TH (cat. no. 41528, 1:500, Abcam). The membranes were washed three times with Tris-buffered saline and Tween 20 (Beyotime Institute of Biotechnology, Inc., Shanghai, China) and incubated with corresponding anti-rabbit Horseradish Peroxidase (HRP) IgGs (cat. no. #7074 diluted 1:1000, Santa Cruz Biotechnology, CA, United States) secondary antibody for 1 h. The bands were visualized by chemiluminescence (Thermo Scientific Inc.) and results were measured by a ChemiDocTM XRS+ imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, United States).

Statistical Analysis

All data were analyzed by GraphPad Prism software, v6.0 (GraphPad Software, Inc., La Jolla, CA, United States). Comparison between the two groups was assessed with an unpaired t-test, while comparison among several groups was evaluated using one-way ANOVA followed by a Tukey’s multiple comparisons test. Data were expressed as the mean ± standard error of the mean (SEM). p-values < 0.05 was considered statistically significant.



RESULTS

Idebenone Reduced NO Release and Expression of Proinflammatory Cytokines in LPS-Activated BV2 Cells

To detect the potential cytotoxicity of idebenone, we analyzed the dose-dependent effects of idebenone (1, 2.5, 5, 7.5, 10, and 20 μM) on the survival of BV2 microglial cells. The result demonstrated that idebenone was not cytotoxic to BV2 microglial cells at 1, 2.5, or 5 μM (Figure 1A). Activated microglia release various proinflammatory cytokines, NO and superoxide (Shao et al., 2013). We then investigated the effects of idebenone on LPS-activated BV2 cells. Our data showed that idebenone (1, 2.5, and 5 μM) dose-dependently decreased the LPS-stimulated production of NO (p < 0.01; Figure 1B) and suppressed the mRNA expression of IL-6, IL-1β, TNF-α, and iNOS in LPS-stimulated BV2 cells (p < 0.05; Figure 1C). As shown in Figure 1, the most inhibition was observed at the concentration of 5 μM, and we selected 5 μM idebenone in the following experiments.
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FIGURE 1. Idebenone reduced LPS-induced NO release and expression of proinflammatory cytokines in BV2 cells. (A) Effects of different concentration of idebenone on BV2 microglial cell viability. ∗∗∗p < 0.001, different concentration of idebenone vs. control. (B) The NO content of the supernatant was analyzed using NO assay kit. (C) The mRNA expression levels of IL-1β, IL-6, TNF-α, and iNOS were measured by RT-qPCR in different group. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001: idebenone + LPS vs. LPS; ###p < 0.001: LPS vs. vehicle.



Idebenone Suppressed LPS-Stimulated Microglial M1 Polarization and Promoted M2 Polarization in BV2 Cells

Lipopolysaccharide is regard as a classically M1 microglia inducer, which causes M1 phenotype to express pro-inflammatory cytokines (Yang et al., 2017). In our study, we showed that the expression of CD16, CD32, and CD86 (M1 markers) was increased in LPS-activated BV2 cells. Idebenone had little impact on microglia polarization in resting state, while it could suppress the expression of M1 markers (p < 0.05; Figure 2A) and promote activated microglia to alternatively M2 phenotype in conditions of inflammatory stimulation, as demonstrated by the increased expression of Arg-1, CD206, and YM (M2 markers) (p < 0.05; Figure 2B).


[image: image]

FIGURE 2. Idebenone reduced the expression of M1 markers and promoted the expression of M2 markers in LPS-activated BV2 cells. (A) The expression of M1 markers (CD16, CD32, and CD86) as determined by RT-qPCR in the different groups. (B) The expression of M2 microglial markers (Arg-1, CD206, and YM) as determined by RT-qPCR in the different groups. ∗p < 0.05, ∗∗p < 0.01: idebenone + LPS vs. LPS; #p < 0.05, ###p < 0.001: LPS vs. vehicle.



Conditioned Medium From Activated BV2 Cells Pretreated With Idebenone Could Increase SH-SY5Y Cells Viability

Conditioned medium from LPS-stimulated BV2 cells should contain proinflammatory cytokines and other toxic molecules (Yang et al., 2016). We designed the following experiment to test such impacts on human neuroblastoma SH-SY5Y (Figure 3A). SH-SY5Y, a neuronal cell line, was used to mimic neurons. BV2 microglial cells were treated with 100 ng/ml LPS for 24 h with or without idebenone (5 μM) pretreatment, and then the conditioned medium from BV2 microglial cells was collected. SH-SY5Y cells were incubated with the conditioned medium and cells viability was analyzed by CCK8 assay kit after 24 h. Conditioned medium from LPS-stimulated BV2 cells reduced SH-SY5Y cells viability, and caused morphological changes, while pretreatment with idebenone partially blocked the effect of LPS (Figures 3B,C). These results indicated that LPS could promote production of pro-inflammatory cytokines, which could explain the reduction of SH-SY5Y cells survival in the conditioned medium from activated BV2 cells. Pretreatment with idebenone could reverse the process of inflammation. To eliminate the possibility that reagents in conditioned medium may affect SH-SY5Y cells survival, idebenone and LPS were directly added to SH-SY5Y cells for 24 h. Results suggested that there was no statistically significance among different groups (Supplementary Figure S1).
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FIGURE 3. Conditioned medium from idebenone in the pretreated group could increase SH-SY5Y cell viability. (A) The experimental design and procedure. (B). The effects of mediated conditioned medium from the different groups on the SH-SY5Y cells were assessed by CCK-8 assay kit. (C) The effects of mediated conditioned medium from the different groups on SH-SY5Y cells were observed by microscopy. Scale bar = 20 μm. ∗∗p < 0.01: idebenone + LPS vs. LPS; ###p < 0.001: LPS vs. vehicle.



Idebenone Inhibited LPS-Induced Activation of Mitogen Activated Protein Kinases (MAPK) and NF-κB

Lipopolysaccharide, an inducer of M1 microglia (Fenn et al., 2012), especially acts on Toll-like receptors (TLRs) of cells, which can stimulate the activation of NF-κB/MAPK pathway. MAPKs are important regulators in the process of LPS-activated BV2 microglial cells (Yan et al., 2017). To detect the potential mechanisms of the idebenone-mediated reduction of inflammatory factors expression and modulation of microglial polarization, BV2 microglial cells were pretreated with or without idebenone for 2 h and then treated with 100 ng/ml LPS for 30 min. LPS induced an increase in the phosphorylation of ERK, p38, and JNK, which was inhibited by idebenone pretreatment (p < 0.05; Figure 4A).
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FIGURE 4. Idebenone inhibited LPS-induced activation of MAPKs and NF-κB. (A) Expression levels of p-ERK, ERK, p-p38, P-38, p-JNK, and JNK were analyzed by western blotting. (B) Expression levels of p-NF-κB and NF-κB were analyzed by western blotting. (C) Idebenone inhibited LPS-caused translocation of p65 from cytosol to nucleus. BV2 microglial cells were immunostained with anti-NF-κB p65 antibodies and Alexa Fluor 594-conjugated secondary antibodies. Scale bar = 20 μm. Values are presented as the mean ± standard error. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001: idebenone + LPS vs. LPS; ##p < 0.01, ###p < 0.001: LPS vs. vehicle.



The NF-κB signaling pathway is also a significant mediator in LPS-activated BV2 microglial cells (Min et al., 2014). Thus, NF-κB pathway was evaluated as a potential mechanistic target for idebenone during inflammatory response. In the following study, the effect of idebenone on LPS-stimulated NF-κB activation was observed. The data showed that pretreatment with idebenone did not change the protein expression of NF-κB, but it inhibited LPS-induced expression of p-NF-κB in BV2 microglial cells (p < 0.01; Figure 4B). The result was confirmed by immunofluorescence study of NF-κB translocation from the cytosol to the nucleus in BV2 microglial cells (Figure 4C).

Idebenone Treatment Protected Against MPTP-Induced Motor Dysfunction and Reduced the Neuronal Death in the SN and in the Striatum of PD Mice

We sought to identify whether idebenone treatment affected MPTP-induced dopaminergic neuronal death and neurobehavioral deficits. According to previous studies, idebenone was treated at a dose of 100 mg/kg body weight (Abdel Baky et al., 2010; Fiebiger et al., 2013). Mice received idebenone showed no visible disorders such as reduced appetite, infection, or inhibition of motor activity. The open field test and pole test are useful methods for evaluating the motor dysfunction caused by PD. For open field test, we mapped the mice’s paths on the 3rd and 7th days, which were recorded as the total distance mice traveled in 5 min. MPTP-treated mice that were pretreated with corn oil moved around the arena very little, compared with MPTP-treated mice that received idebenone (3 days: p < 0.01; 7 days: p < 0.001; Figures 5A,B). Corn oil-MPTP-treated mice demonstrated decreased locomotor activity, crossing fewer lines than corn oil-saline-treated mice (3 days: p < 0.001; 7 days: p < 0.001; Figures 5A,C). Idebenone-MPTP treated mice crossed more lines than corn oil-MPTP-treated mice (3 days: p < 0.01; 7 days: p < 0.01; Figures 5A,C). For the pole test, the time to descend for the corn oil-MPTP group was markedly prolonged compared with the corn oil-saline group (3 days: p < 0.001; 7 days: p < 0.01; Figure 5D). However, the time to descend of the idebenone-MPTP group was shortened to 8.69 ± 0.64 s (3 days, p < 0.01; Figure 5D), and 6.97 ± 0.54 s (7 days, p < 0.05; Figure 5D) compared with the corn oil-MPTP group.
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FIGURE 5. Idebenone treatments ameliorated motor function in MPTP-treated mice. (A) Movement paths in the different experimental groups. (B) Total distance traveled in different experimental groups. (C) The number of squares crossed by mice. (D) For the pole test, the time for every mouse to reach the bottom of the pole was recorded and analyzed. Values are presented as the mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001: idebenone-MPTP vs. corn oil-MPTP; ##p < 0.01, ###p < 0.001: corn oil-MPTP vs. corn oil-saline.



To determine whether idebenone in the PD model is beneficial or harmful to TH+ neurons in the SN, we compared the idebenone-MPTP group with its corn oil-MPTP group. The results showed that only 38% of TH+ neurons survived in the corn oil-MPTP group, while 66% of TH+ neurons survived in the idebenone-MPTP group (p < 0.01; Figures 6Aa,b). We also used western blotting to analyze the expression of TH in the SN. The results showed that expression of TH was downregulated in the SN of corn oil-MPTP-treated mice (p < 0.001; Figure 6Ac), whereas idebenone lessened the decline of TH in the SN, compared with corn oil-MPTP-treated mice (p < 0.01; Figure 6Ac).
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FIGURE 6. Idebenone treatments reduced MPTP-induced loss of TH and striatal dopamine and its metabolites, DOPAC. (Aa) Dopaminergic neurons were evaluated by immunohistochemical analysis of TH in the SN. Scale bar = 20 μm. (b) Quantification of the TH+ neuron in the SN. (c) The expression level of TH was analyzed by western blotting. (Ba) Optical density analysis for TH-positive fibers in the striatum. (b) Quantification of the TH in the striatum. (C) Striatal dopamine and its metabolites levels measured by HPLC (a: dopamine; b: DOPAC). Values are presented as the mean ± SEM. ∗∗p < 0.01: idebenone-MPTP vs. corn oil-MPTP; ###p < 0.001: corn oil-MPTP vs. corn oil-saline.



In accordance with the previous reports (Zhu et al., 2018; Chen et al., 2019), MPTP-induced PD model decreased the TH-positive fibers and neurotransmitters, such as dopamine and its metabolites DOPAC in the striatum (p < 0.001; Figures 6B,C). Compared with corn oil-MPTP group, idebenone prevented TH positive fibers loss (p < 0.01; Figure 6B) and increased the dopamine and DOPAC levels (p < 0.05; Figure 6C). These results suggest a neuroprotective effect of idebenone against MPTP toxicity.

Idebenone Treatment Inhibited the Inflammatory Response and Modulated Microglial Polarization in MPTP-Treated Mice

To determine whether the protective effect of idebenone was related to anti-inflammatory effects and microglial phenotypic shift, we used RT-qPCR to detect proinflammatory cytokines and microglial phenotypic markers in the SN and in the striatum of mice sacrificed at 3 and 7 days after the last MPTP injection. The result indicated that the expression of proinflammatory cytokines (IL-1β, IL-6, and TNF-α) was significantly higher in the corn oil-MPTP treated mice than the corn oil-saline treated mice at 3 and 7 days after the last MPTP administration (p < 0.01; Figures 7A, 8A). In the idebenone-MPTP treated mice, idebenone inhibited the expression of IL-1β, IL-6, and TNF-α compared with the corn oil-MPTP treated mice (p < 0.05; Figures 7A, 8A).
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FIGURE 7. Idebenone treatments inhibited expression of proinflammatory cytokines and M1 markers and promoted M2 markers in the SN of PD mice. (A) The expression of proinflammatory factors (IL-1β, IL-6, and TNF-α) in the SN as determined by RT-qPCR. (B) The expression of M1 markers (CD16, CD32, and CD86) in the SN as determined by RT-qPCR. (C) The expression of M2 microglial markers (Arg-1, CD206, and YM) in the SN as determined by RT-qPCR. Values are presented as the mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001: idebenone-MPTP vs. corn oil-MPTP; #p < 0.05, ##p < 0.01, ###p < 0.001: corn oil-MPTP vs. corn oil-saline.
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FIGURE 8. Idebenone treatments inhibited expression of proinflammatory cytokines and M1 markers and promoted M2 markers in the striatum of PD mice. (A) The expression of proinflammatory factors (IL-1β, IL-6, and TNF-α) in the striatum as determined by RT-qPCR. (B) The expression of M1 markers (CD16, CD32, and CD86) in the striatum as determined by RT-qPCR. (C) The expression of M2 microglial markers (Arg-1, CD206, and YM) in the striatum as determined by RT-qPCR. Values are presented as the mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001: idebenone-MPTP vs. corn oil-MPTP; #p < 0.05, ##p < 0.01, ###p < 0.001: corn oil-MPTP vs. corn oil-saline.



To determine whether the anti-inflammatory effect of idebenone resulted from the regulation of microglial polarization in the SN and in the striatum of PD mice, we detected the expression of M1 and M2 markers by RT-qPCR. Increased mRNA expression of M1 markers (CD16, CD32, and CD86) and decreased mRNA expression of M2 markers (Arg-1, CD206, and YM-1) were observed at 3 and 7 days after the last MPTP administration (p < 0.05; Figures 7B,C, 8B,C). In animals pretreated with idebenone, M1 marker levels were decreased, and M2 markers increased gradually at 3 and 7 days after the last MPTP administration (p < 0.05; Figures 7B,C, 8B,C).

The M1 and M2 signature genes are expressed not only in microglia but also in other central nervous system cells. The results of RT-qPCR reflected the changes of these genes in mixed cell types. To specifically evaluate the polarization state of microglia after MPTP injection, M1 marker (CD16) or M2 marker (Arg-1) were analyzed by double immunofluorescent staining with the microglia marker (Iba-1) in the SN and in the striatum. Consistent with the RT-qPCR results, expression of the M1 marker CD16 was lower in Iba-1+ microglia cells in idebenone-MPTP treated group compared with the corn oil-MPTP treated group at 3 days after MPTP injection (p < 0.01; Figures 9A,D, 10A,D). Expression of the M2 marker Arg-1 was higher in Iba-1+ microglia in idebenone-MPTP treated group compared with the corn oil-MPTP treated group (p < 0.01; Figures 9B,E, 10B,E).
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FIGURE 9. Idebenone reduces M1 phenotype and increased M2 phenotype in the SN of PD mice. (A,B) Immunofluorescence double staining for Iba-1 (green) with CD16 (red) or Arg-1 (red) in the SN at 3 days following MPTP injection. (C) The quantity of microglia in the SN is quantified by the intensity of Iba-1+ immunofluorescence. (D,E) Quantification of the percentage of CD16+/Iba-1+ and Arg-1+/Iba-1+ cells. Scale bar = 100 μm. Values are presented as the mean ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001: idebenone-MPTP vs. corn oil-MPTP; ###p < 0.001: corn oil-MPTP vs. corn oil-saline.
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FIGURE 10. Idebenone reduces M1 phenotype and increased M2 phenotype in the striatum of PD mice. (A,B) Immunofluorescence double staining for Iba-1 (green) with CD16 (red) or Arg-1 (red) in the striatum at 3 d following MPTP injection. (C) The quantity of microglia in the striatum is quantified by the intensity of Iba-1+ immunofluorescence. (D,E) Quantification of the percentage of CD16+/Iba-1+ and Arg-1+/Iba-1+ cells. Scale bar = 100 μm. Values are presented as the mean ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001: idebenone-MPTP vs. corn oil-MPTP; ###p < 0.001: corn oil-MPTP vs. corn oil-saline.



We also evaluated the effect of idebenone on the numbers of microglia in the SN and in the striatum of MPTP mice. The percentage of Iba-1+ microglia in idebenone-MPTP treated group was obviously lower than that in corn oil-MPTP treated group (p < 0.01; Figures 9A–C, 10A–C). Our results suggested that idebenone could inhibit proliferation of the microglia in the SN and in the striatum.

Idebenone Treatment Inhibited MPTP-Induced Activation of MAPK and NF-κB in the SN of PD Mice

To confirm whether idebenone treatment suppressed activation of MAPK and NF-κB in the SN of PD mice, we tested the phosphorylation of MAPK/NF-κB in the mice. Our result showed that MPTP injection could induce the phosphorylation of p38, ERK, JNK, and NF-κB in the SN at 7 days after the last MPTP administration (p < 0.01, Figures 11A,B). Treatment of idebenone could inhibit the phosphorylation of ERK, p38, JNK, and NF-κB in the SN compared with the corn oil-MPTP mice (p < 0.05, Figures 11A,B).
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FIGURE 11. Idebenone inhibited the MPTP-induced activation of MAPKs and NF-κB in the SN of PD mice. (A) Expression levels of p-ERK, ERK, p-p38, p38, p-JNK, and JNK in the SN were analyzed by western blotting. (B) Expression levels of p-NF-κB and NF-κB in the SN were analyzed by western blotting. Values are presented as the mean ± standard error. ∗p < 0.05, ∗∗∗p < 0.001: idebenone-MPTP vs. corn oil-MPTP; ##p < 0.01, ###p < 0.001: corn oil-MPTP vs. corn oil-saline.





DISCUSSION

Idebenone is a synthetic analog of the coenzyme Q10 (CoQ10), and its therapeutic potential has been reported in many diseases, including cerebrovascular disorders and neurodegenerative disorders (Nagaoka et al., 1989a,b). A growing number of studies suggest that idebenone protects against PD, and in agreement, we report that idebenone treatment not only ameliorated neurological dysfunction but also decreased the inflammatory response and modulated M1/M2 microglial polarization in LPS-activated BV2 microglial cells and MPTP-treated PD mice.

Accumulating evidence from human and animal studies suggests that the microglia-mediated neuroinflammatory response is a hallmark shared by PD (Xu et al., 2016). Microglia activation states are classified as the classically activated M1 state or the alternatively activated M2 state (Colton, 2009). LPS, an inducer of the M1 state, induces the release of several proinflammatory cytokines (Yang et al., 2017). These cytokines induce the expression of M1 markers (CD16, CD86) and elicit the progressive death of neurons in the SN (Tian et al., 2006). By contrast, CD206 and arg-1, which are markers of the M2 microglia, block the expression of proinflammatory cytokines and promote neuroprotection (Liu et al., 2013). The switch between the M1 state and M2 state has been regarded as a novel therapeutic strategy for neurodegenerative diseases (Yang et al., 2017).

Previously, some studies showed that idebenone had anti-inflammatory abilities. Lauro et al. (2016) reported that when complexed with HP-β-cyclodextrins, idebenone exerted a potent anti-inflammatory efficacy. Another observation of previous studies was that idebenone behaved similar to indomethacin and piroxicam—two typical anti-inflammatory agents (Civenni et al., 1999). In our study, we evaluated the anti-inflammatory effect of idebenone in LPS-activated BV2 microglial cells. Our results indicated that idebenone significantly attenuated the LPS-induced production of proinflammatory factors. Another finding from our research was that idebenone could inhibit LPS-stimulated M1 microglia activation and promote M2 microglia polarization in vitro. Furthermore, conditioned medium from the LPS-stimulated BV2 cells decreased SH-SY5Y cell viability, while pretreatment with idebenone significantly attenuated the effect of LPS. Our experiments indicated that LPS could induce proinflammatory cytokines released in BV2 cells, which may explain the reduction in SH-SY5Y cell survival in conditioned medium from activated BV2 cells.

To further investigate the potential mechanisms of inhibition of inflammatory factors release and modulation of microglia phenotypes by idebenone, different signal pathways activated by LPS were evaluated. NF-κB and MAPKs signaling pathways are significant regulators of LPS-induced expression of proinflammatory cytokines in microglia (Boje, 2004). Inhibition of these signaling pathways reduced the release of proinflammatory cytokines in LPS-activated BV2 cells (Yu et al., 2015). In our experiments, the phosphorylation of ERK, p38, JNK, and NF-κB were observed to occur within 30 min of LPS treatment and can be reduced by idebenone. These results demonstrated that idebenone inhibited LPS-induced activation of BV2 microglial cells by suppressing MAPKs and NF-κB activation.

For in vivo experiments, idebenone was treated at a dose of 100 mg/kg body weight. In previous studies, 100 mg/kg of idebenone improved neurological deficits and energy metabolism in animal with cerebral ischemia (Nagaoka et al., 1989a,b) and was shown to reduce age related neurodegeneration (Scavini et al., 1996). 100 mg/kg of idebenone was sufficient to attenuate neurological dysfunction following cerebral hypoxia in rats (Abdel Baky et al., 2010). Thus, in view of these research reporting administration of idebenone in mice, we considered 100 mg/kg idebenone to be a reasonable dose to test. Consistent with in vitro studies implicating the protective role of idebenone, we found that idebenone protected against MPTP-induced motor dysfunction and reduced the neuronal death in the SN and in the striatum. Idebenone also lessened the decline of dopamine levels and its metabolites in the striatum of MPTP-induced PD mice. As the dopamine level is a marker of dopaminergic synaptic function, these results indicate that idebenone exerts neuroprotective effects on MPTP-induced PD mice. This effect may be related to the inhibition of proinflammatory cytokines release, as evidenced by the decreased expression of IL-6, IL-1β, and TNF-α in the SN and in the striatum of MPTP-treated animals.

Conversion of M1 state to M2 state prevented death of TH+ neurons in the MPTP induced PD model (Zhao et al., 2015). Fasudil, a Rho kinase inhibitor, decreased the expression of M1 markers and increased the expression of M2 markers. Thus, fasudil promoted recovery of motor function and was neuroprotective (Zhao et al., 2015). In our study, idebenone suppressed the “proinflammatory” M1 phenotype, while enhancing the “anti-inflammatory” M2 microglia phenotype in the SN and striatum after MPTP administration. Our findings revealed that the anti-inflammatory effects and modulation of M1/M2 polarization by idebenone contributed to the survival of TH+ neurons in the MPTP-induced PD model. We attempted to identify the underlying mechanism that inhibits M1 polarization and promotes M2 polarization in vivo. Consistent with in vitro study, idebenone suppressed the phosphorylation of ERK, p38, JNK, and NF-κB in the SN of MPTP-treated animals. These data suggested that idebenone could inhibit M1 polarization and promotes M2 polarization by modulating the MAPKs and NF-κB signaling pathway in vivo.

Our work reveals a new insight into idebenone neuroprotection. Idebenone could attenuate the proinflammatory cytokines expression, and promote the phenotypic shift of microglia from the M1 to M2 phenotype in LPS-activated BV2 cells and the MPTP induced PD model. Mechanistically, these effects of idebenone may be mediated by inhibition of the MAPK and NK-κB pathway. Taken together, the present data suggested that the preventive potential of idebenone as a novel anti-inflammatory and microglia-modulating drug for neurodegenerative diseases associated with neuroinflammation, such as PD.
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Neuropathic pain caused by nerve injury or disease remains a major challenge for modern medicine worldwide. Most of the pathogenic mechanisms underlying neuropathic pain are centered on neuronal mechanisms. Accumulating evidence suggests that non-neuronal cells, especially glial cells, also play active roles in the initiation and resolution of pain. The preponderance of evidence has implicated central nervous system (CNS) glial cells, i.e., microglia and astrocytes, in the control of pain. The role of Schwann cells in neuropathic pain remains poorly understood. Schwann cells, which detect nerve injury and provide the first response, play a critical role in the development and maintenance of neuropathic pain. The cells respond to nerve injury by changing their phenotype, proliferating and interacting with nociceptive neurons by releasing glial mediators (growth factors, cytokines, chemokines, and biologically active small molecules). In addition, receptors expressed in active Schwann cells have the potential to regulate different pain conditions. In this review article, we will provide and discuss emerging evidence by integrating recent advances related to Schwann cells and neuropathic pain.
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INTRODUCTION

Neuropathic pain is a typically persistent and intractable type of chronic pain. This condition is not a symptom of a disorder but a pathological state caused by a primary lesion or dysfunction in the nervous system (Backonja, 2003). It is well known that neuropathic pain is an expression of neuroplasticity and arises from both the peripheral nervous system (PNS) and the central nervous system (CNS).

Past research on neuropathic pain has focused mostly on the role of neurons (Ji et al., 2003; Chen et al., 2016, 2017). Following a nerve injury, both peripheral and central sensitization act as important disease mechanisms, including sensitization and hyperexcitability of primary sensory neurons as well as enhanced excitatory synaptic transmission or reduced inhibitory synaptic transmission in the neurons of the CNS (Gold and Gebhart, 2010; Kuner, 2010). In parallel to the changes in the activity of neuronal systems, non-neuronal cells, especially glial cells, are increasingly recognized as important in the development and maintenance of neuropathic pain (Ji et al., 2013, 2016). Regarding the glial cells in the CNS, both astrocytes and microglia have well-documented roles in the regulation of neuropathic pain, primarily in the spinal cord and brain (Ji et al., 2013, 2016; Chen et al., 2014, 2018).

The glial cells of the PNS primarily include Schwann cells and satellite glial cells. The satellite glial cells surrounding the somata of dorsal root ganglion (DRG) neurons are activated prior to central glial cells after nerve injury and play a critical role in the development of neuropathic pain (Jasmin et al., 2010; Ji et al., 2013). Schwann cells not only physically support the long axons but also release a variety of growth factors to nourish and myelinate the large associated axons (Chen et al., 2012; Kidd et al., 2013; Su et al., 2016). After sciatic nerve injury, activated Schwann cells undergo dramatic changes in response, including phenotype modulation, proliferation, migration and release of numerous factors, which eventually promote nerve regeneration (Scheib and Höke, 2013). It is well known that nerve injury is of utmost importance in the generation of neuropathic pain. Thus, Schwann cells play a key role in the study of neuropathic pain, but little is known about how these cells regulate this condition. In this review article, we will discuss and update the current knowledge of how Schwann cells modulate neuropathic pain, and we will provide an improved understanding of the underlying mechanisms (Figure 1).
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FIGURE 1. Interactions between Schwann cells and neurons in different pain conditions after trauma and disease. Note that Schwann cells can modulate neuropathic pain in different directions by producing relevant mediators that act on specific receptors. Activated neurons also have a feedback effect on Schwann cells, completing an interaction loop.





SCHWANN CELLS AND THEIR MULTIPOTENCY

Schwann cells, the most abundant glial cells in the PNS, include two major phenotypes: myelinating Schwann cells and non-myelinating Schwann cells. Both types originate from embryonic Schwann cell precursors derived from the neural crest. Initially, these cells surround the external margins of the axon bundles (Kidd et al., 2013). Schwann cells support axonal outgrowth during this stage by producing a variety of growth factors, such as nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF), and brain-derived neurotrophic factor (BDNF; Kidd et al., 2013). While maturing and interacting with axons, myelinating Schwann cells wrap larger axons at a one-to-one ratio to produce a myelin sheath, while nonmyelinating Schwann cells embed smaller axons, forming a Remak bundle (Kidd et al., 2013).

After nerve injury, the former myelinating cells degrade their myelin and become a class of nonmyelinating cells, repair Schwann cells, which regain their developmental potential, including the capacity for proliferation, growth factor production, sorting, or sprouting and myelination if they receive the suitable neuronal signals (Griffin and Thompson, 2008; Scheib and Höke, 2013). Importantly, signaling systems that are crucial for the development of the Schwann cell lineage, but they have no or little role in the generation of repair Schwann cells and nerve regeneration (Jessen and Arthur-Farraj, 2019). This encourages the view that the different phenotype of Schwann cells and their transitions are likely to play a different role in regulating neuropathic pain, but it still awaits the selective tools to control the particular cells and reveal their specific role in the process of neuropathic pain. Notably, multiple receptors, channels and active molecules are altered or activated in different neuropathic pain conditions. Glial mediators, including cytokines, chemokines and growth factors are produced and secreted from activated Schwann cells.



RECEPTORS, CHANNELS AND ACTIVE MOLECULES OF SCHWANN CELLS MEDIATE NEUROPATHIC PAIN

As shown in Table 1, multiple receptors and channels are expressed in Schwann cells and regulated in different pain conditions. Although these molecules are not released, they activate intracellular signaling to release growth factors, cytokines, and chemokines that regulate pain states (Table 2).


TABLE 1. Regulation of receptors and active molecules in Schwann cells in neuropathic pain.
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TABLE 2. Regulation of cytokines, chemokines, and growth factors in Schwann cells in neuropathic pain.
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Adenosine triphosphate (ATP) is an important molecule in the process of pain information transmission (Kuan and Shyu, 2016). This substance modulates glial activation primarily via activating the P2X ion channel receptor and the G-protein-coupled receptor (GPCR)-coupled receptor P2Y (Lecca et al., 2012). Although both P2X and P2Y receptors are expressed in Schwann cells, accumulating evidence shows that P2X receptors play a critical role in the regulation of neuropathic pain (Mayer et al., 1998). mRNAs for all P2X receptor subtypes are detectable in Schwann cells, with P2X4–7 receptors being highly expressed (Su et al., 2019). In vivo and in vitro experiments have revealed that the expression of the P2X4 receptor is markedly upregulated in Schwann cells of injured nerves. Blocking the P2X4 receptor in microglia can reverse established pain hypersensitivity after nerve injury, and the development of pain hypersensitivity after nerve injury is prevented in P2X4 receptor knockout mice (Tsuda et al., 2003; Ulmann et al., 2008). However, we did not observe increased pain hypersensitivity in mice with specific overexpression of the P2X4 receptor in Schwann cells compared with the control group (Su et al., 2019). While the expression of P2X7 receptor in Schwann cells and Schwann cell-like adipose-derived stem cells has been found to contribute to ATP-induced cell death (Faroni et al., 2013). Notably, the study from P2X7 knockout mice has revealed that P2X7 knockout nerves possess more unmyelinated axons containing a higher number of Remak bundle, which increase nociception (Faroni et al., 2014b). Another report regarding Schwann cells involved in regulating neuropathic pain shows that the transplantation of microencapsulated Schwann cells can alleviate neuropathic pain by inhibiting P2X2/3 receptor overexpression in sciatic nerve injury (Zhang et al., 2018). The underlying mechanism of upregulation of P2X receptors in nerve injury is centered on the enhancement of BDNF release (Ulmann et al., 2008; Su et al., 2019), while the other mechanisms are still unclear.

Toll-like receptors (TLRs) are known to regulate innate immunity and have been strongly linked to the activation of glial cells (Nicotra et al., 2012). TLR2, 3 and 4 are highly expressed in Schwann cells at both the mRNA and protein levels (Lee et al., 2013). Lee et al. (2013) found that necrotic sensory neurons induced the release of proinflammatory mediators such as tumor necrosis factor-α (TNF-α) and iNOS by cultured rat Schwann cells from wild-type mice but not those from TLR2 knockout mice, suggesting that Schwann cells are activated through TLR2 recognition of damage-associated molecular patterns (DAMPs) during nerve injury. Notably, an in vivo study by Boivin et al. (2007) demonstrated that the Wallerian degeneration and expression of proinflammatory molecules induced by nerve injury were severely impaired in TLR2-knockout mice. Strikingly, the male specificity of the involvement of spinal TLR4 in neuropathic pain suggests a sex difference in TLR4 and microglial signaling (Sorge et al., 2011). Despite the lack of evidence that Schwann cells are involved in the sex difference in TLR signaling in neuropathic pain, any research to develop a TLR-antagonist analgesic or characterize a Tlr mutation must take the effect of sex differences into account if such information is available.

The endocytic transmembrane receptor known as LDL receptor-related protein 1 (LRP1) is a potent regulator of Schwann cells that orchestrates many of the physiological changes and the activation of Schwann cells after injury (Campana et al., 2006a; Mantuano et al., 2011). When Schwann cells lose LRP1 function through a cell-type-specific deletion in scLRP1−/− mice or through an antagonist of the receptor-associated protein, both the survival and the function of those cells are compromised (Campana et al., 2006a; Orita et al., 2013). Prior to nerve injury, LRP1 gene deletion in Schwann cells resulted in the activation of regeneration-associated genes in DRG neurons and the potential to cause chronic pain. Although the presence of abnormal Schwann cells in scLRP1−/− mice primed injured DRG neurons to develop neuropathic pain, nerve repair in scLRP1−/− mice was associated with abnormalities in ultrastructure and primarily in Remak bundles (Orita et al., 2013; Boivin et al., 2007).

It is well known that transient receptor potential ankyrin 1 (TRPA1) channels are highly expressed by a subpopulation of primary sensory neurons (Story et al., 2003). TRPA1 has been shown to mediate mechanical hypersensitivity in different types of neuropathic pain, including those induced by peripheral nerve injury (Eid et al., 2008). In 2017, TRPA1 was found to be expressed in Schwann cells both in cultures and in the sciatic nerve trunk (De Logu et al., 2017). The same study found that TRPA1 silencing in nociceptors attenuated mechanical allodynia without affecting macrophage infiltration, whereas TRPA1 silencing in Schwann cells reduced both mechanical allodynia and neuroinflammation. Activation of Schwann cell TRPA1 induces and maintains macrophage infiltration to the injured nerve and sends paracrine signals to activate TRPA1 in ensheathed nociceptors to sustain mechanical allodynia (De Logu et al., 2017).

Lysophosphatidic acid (LPA) is a bioactive lipid that interacts with specific GPCRs (Ishii et al., 2004). At least three specific LPA receptors are expressed in Schwann cells, and this cell type is known to primarily express the LPA1 receptor (Weiner et al., 2001). The LPA1 receptor is upregulated following sciatic nerve injury, and Schwann cells cultured from LPA1-null mice exhibit greatly diminished morphological responses to LPA (Weiner et al., 2001). Intrathecal injection of LPA induced morphological, biochemical and behavioral changes similar to those observed after nerve injury. However, mice lacking the LPA1 receptor do not develop signs of neuropathic pain after peripheral nerve injury, suggesting that receptor-mediated LPA signaling is crucial in the initiation of neuropathic pain (Inoue et al., 2004). Although there is no direct, accurate evidence characterizing the role of Schwann cell LPA1 receptors in neuropathic pain, the LPA1 receptor is a critical factor in the mediation of neuropathic pain by Schwann cells.

Hydroxyl carboxylic acid receptor type 2 (HCAR2), another class of GPCR is primarily expressed on adipocytes, peripheral immune cells and brain microglia, and involved in lipogenesis, inflammatory processes (Offermanns, 2017). Recently, the HCAR2 expression has been highlighted in the sciatic nerve, primarily in cells positive for S100 specifically marked by Schwann cells. An up-regulation of HCAR2 in the sciatic nerve and the DRG is present in neuropathic mice. Moreover, the HCAR2 endogenous ligand β-hydroxybutyrate can reduce the tactile allodynia in neuropathic pain models in female but not male mice. But the effect only occurs in wild-type mice but not in the HCAR2-null mice (Boccella et al., 2019). Although HCAR2 is not specifically expressed in Schwann cells, and do not have the evidence to investigate its role in conditional knockout mouse models, HCAR2 may be a new receptor for the regulation of neuropathic pain.

γ-aminobutyric acid type B (GABA-B) receptor, is one of the native targets of GABA, and mediates the inhibitory transmission in the CNS. Emerging evidence of GABA-B receptor functions in the PNS suggest its contribution in regulating maturation and plasticity of Schwann cells (Magnaghi et al., 2006). Both GABA-B1 and GABA-B2 receptors are present in neurons, and also in Schwann cells (Magnaghi et al., 2004). The conditional mice with specific deletion of GABA-B receptors in Schwann cells are hyperalgesic and allodynia, which associated with a morphological phenotype characterized by a peculiar increase in the number of small unmyelinated fibers and Remak bundles, including nociceptive C-fibers (Procacci et al., 2012; Faroni et al., 2014a). Meanwhile, GABA-B receptor activation following GABA-B ligands treatments with baclofen and CGP56433, promotes nerve regeneration and ameliorates neuropathic pain (Magnaghi et al., 2014). These findings support the importance of GABA-B receptors in the peripheral myelination process, and in modulating the nociceptive fiber activity.

The class II major histocompatibility complex (MHC-II) is presented on the surfaces of antigen presenting cells (APCs) for recognition by T cells. The main professional APCs are dendritic cells, macrophages and B cells (Neefjes et al., 2011). However, under traumatic and inflammatory conditions, Schwann cells have the potential to express MHC-II and present antigens (Meyer zu Hörste et al., 2010a,b). Notably, Schwann cells upregulate MHC-II under traumatic conditions in female but not male rats (Liu et al., 2012). MHC-II on Schwann cells activates T helper cells and promotes posttraumatic axon loss and subsequent neuropathic pain. Meanwhile, deletion of MHC-II in myelinating Schwann cells can diminish mechanical allodynia and thermal hyperalgesia in a chronic constriction injury (CCI) model in female mice (Hartlehnert et al., 2017).

Other interesting examples suggest that Schwann cells directly control the development of neuropathic pain. Deficiency of the Neuregulin/ErbB cell signaling pathway induces an enhanced response to mechanical allodynia but no changes in thermal hyperalgesia (Chen et al., 2006). In addition, mice expressing the HIV-1 envelope glycoprotein gp120 in nonmyelinating Schwann cells and treated with didanosine, an antiretroviral drug, had changes in sensory function (thermal allodynia; Keswani et al., 2006). Another candidate target is the acetylcholine system. Botulinum neurotoxins, an inhibitor of acetylcholine neurotransmitter release, exerting their action by cleaving soluble NSF attachment proteins, SNARE proteins, is well established in the treatment of neuropathic pain (Oh and Chung, 2015). In vitro experiments showed that Botulinum neurotoxins was able to interact with the proliferative state of Schwann cells, and facilitate Schwann cell proliferation (Marinelli et al., 2012). Moreover, acetylcholine receptors are present on Schwann cell membrane, and the activation of acetylcholine receptors can induce myelin structure reorganization (Verdiyan et al., 2016). Although there is no direct evidence to strongly characterize the role of Schwann cell acetylcholine system in neuropathic pain, these studies indicate that Botulinum neurotoxins may regulate the function of Schwann cells by the acetylcholine system to reduce neuropathic pain.



REGULATION OF GROWTH FACTORS, CYTOKINES, AND CHEMOKINES IN SCHWANN CELLS IN NEUROPATHIC PAIN

In response to nerve injury, glial mediators produced or released by activated Schwann cells or recruited immune cells are also a key issue in the control of neuropathic pain by Schwann cells. As shown in Table 2, Schwann cells produce both large molecules, such as growth factors, cytokines and chemokines, and small molecules, including ATP. These mediators from Schwann cells play a critical role in neuronal and synaptic activity as well as pain.

Proinflammatory cytokines such as TNF-α, IL-1, and IL-6 are well-studied glial mediators. The expression levels of these molecules are upregulated in the sciatic nerve, spinal cord and DRG of animals after CCI (Martucci et al., 2008). Activated Schwann cells and infiltrating macrophages release these mediators, which contribute to axonal damage and enhance nociceptor activity (Campana, 2007; Sacerdote et al., 2008). TNF, the most prominent proinflammatory cytokine, is detectable as early as 6 h after sciatic nerve injury but has no significant difference from the control group within 7 days after nerve injury (Scholz and Woolf, 2007). Activated resident Schwann cells and macrophages are thought to be the sources for TNF production in the early stage of sciatic nerve injury (Campana, 2007; Sacerdote et al., 2008). IL-1 and IL-6 are also produced at the onset of injury but have a sustained effect on neuropathic pain. In CCI models, the mRNA levels of these cytokines increase at 1 day after injury, and the levels remain high for up to 21 days after surgery. In addition to the proinflammatory cytokines, anti-inflammatory mediators are also critical to the regulation of neuropathic pain (Martucci et al., 2008). The accumulating reports show that IL-10, the predominant anti-inflammatory mediator, is detected in the sciatic nerve after a lesion develops (Austin and Moalem-Taylor, 2010; Franchi et al., 2012). Meanwhile, several strategies aimed at enhancing the level of endogenous IL-10 have succeeded in preventing and relieving pain hypersensitivity in several neuropathic pain models (Franchi et al., 2012; Wang et al., 2012).

Erythropoietin (Epo), another anti-inflammatory cytokine, is upregulated along with its receptor EpoR after nerve injury, and the primary cellular source of EPO is activated Schwann cells (Li et al., 2005). In the early stage of nerve injury, Epo is able to reduce the production of TNF-α and facilitate recovery from chronic pain states (Keswani et al., 2004; Campana et al., 2006b). Therefore, the balance of inflammatory and anti-inflammatory mediators may be a future target for therapeutic intervention.

Chemokines, as another pain modulator, are expressed in neurons as well as in glial cells (Ji et al., 2013, 2016). In Schwann cells, cyclooxygenase-2 (COX-2) and monocyte chemoattractant protein-1 (MCP-1) are expressed after nerve injury (Toews et al., 1998; Takahashi et al., 2004). However, the cellular sources of these molecules differ between the early and late stages of nerve injury. The first increase in the number of positive cells occurred approximately 1 day after nerve injury in Schwann cells coexpressing S-100. The second increase was noted after 7–14 days and these cells were macrophages coexpressing ED-1 (Toews et al., 1998; Takahashi et al., 2004). Notably, a distinct CCL2 and TRPA1/oxidative stress pathway induced macrophage accumulation in Schwann cells (De Logu et al., 2017). Oxidative stress has been thought to exert a chemoattractant effect by macrophage infiltration. NADPH oxidase-1 (NOX1) is noticeably expressed in Schwann cells. TRPA1 in Schwann cells activates a NOX1-mediated intracellular signaling pathway to produce sustained oxidative stress, and it also maintains macrophage infiltration into lesion sites, which induces allodynia by activating TRPA1 on the nociceptors (De Logu et al., 2017).

Growth factors are known to play important roles in neuronal survival, myelination and synaptic plasticity (Park and Poo, 2013). In response to sciatic nerve injury, Schwann cells secrete multiple growth factors, such as NGF, BDNF, and neurotrophin-3 and 4 (Scheib and Höke, 2013). Among these factors, we found that TNF-α-induced BDNF release beyond the basal level in Schwann cells depends on P2X4R (Su et al., 2019). However, P2X4R-knockout mice do not show pain hypersensitivity after nerve injury, which has an ill effect on the release of intracellular signaling factors, including BDNF (Tsuda et al., 2003). On the other hand, as BDNF is a key mediator of neuropathic pain, BDNF-knockout mice display reduced pain hypersensitivity after nerve lesion compared with wild-type mice (Yajima et al., 2005). However, overexpression of P2X4R in Schwann cells did not result in increased pain hypersensitivity. In addition, intraplantar injection of BDNF induced mechanical allodynia only in naïve mice and not in mice with crush injuries of the sciatic nerve (Su et al., 2019).

ATP is an important intracellular messenger molecule that interacts with purinoceptors, playing a crucial role in the formation and regulation of neuropathic pain (Burnstock, 2006). Several subtypes of P2X receptors are highly expressed in Schwann cells (Su et al., 2019). ATP is released from Schwann cells under physiological conditions, and after nerve injury, increasing levels of ATP play an important role in both peripheral and central sensitization (Martucci et al., 2008; Tsuda et al., 2010). Released ATP activates neurons and Schwann cells to release certain mediators, including proinflammatory cytokines and chemokines (Inoue, 2006). Notably, when the broad-spectrum P2 receptor antagonist pyridoxal phosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS) was administered after nerve injury, it significantly reduced the levels of IL-1 and IL-6, decreased tactile allodynia and thermal hyperalgesia, and continued to exert an effect for 2–3 weeks after administration (Martucci et al., 2008).



RELATIONSHIP OF DEMYELINATION AND REMYELINATION WITH NEUROPATHIC PAIN

It is well established that demyelination contributes to the development of neuropathic pain by disrupting the precise molecular and structural features of nerve fibers. For example, in females specifically, algesic MBP fragments released from the intact myelin sheath after nerve injury via MT1-MMP proteolysis control mechanical allodynia (Hong et al., 2017). The alteration of ErbB signaling in myelination Schwann cells leads to demyelination and induces mechanical hypersensitivity (Tao et al., 2013).

However, a direct relationship between remyelination and pain relief has not been investigated. Several studies have shown an indirect association between them. For example, Gabapentin alleviates mechanical and thermal allodynia and improves nerve remyelination after chronic constriction of the sciatic nerve (Camara et al., 2015). Focal lysolecithin-induced demyelination of peripheral afferents results in neuropathic pain behaviors, which are reversible by cannabinoids after nerve remyelination nearly 3 weeks after treatment (Wallace et al., 2003). Our work reveals that the P2X4-LV group is related to improve remyelination and has the potential to reduce the mechanical allodynia induced by sciatic nerve injury (Su et al., 2019). Thus, the accurate relationship of remyelination with neuropathic pain will require further study.



CONCLUSIONS

Peripheral neuropathic pain is a disorder caused by nerve trauma or disease. In this review article, we mainly discuss the role of Schwann cells in the development and relief of neuropathic pain directly induced by nerve injury. In fact, diabetes may induce several types of neuropathies, resulting in spontaneous pain and eventual loss of pain sensation (Mizisin, 2014; Gonçalves et al., 2017). The state of Schwann cells and their communication with axons might be disturbed, ultimately leading to fiber loss and pain. However, the mechanistic understanding of the Schwann cell response to diabetes is unclear. In addition to the importance of glial receptors and mediators, Schwann cell autophagy represents a powerful approach to prevent the onset and chronification of neuropathic pain (Marinelli et al., 2014). Notably, caloric restriction promotes Schwann cell autophagy via AMP-activated protein kinase and facilitates remyelination in nerve injury, which provides new evidence for Schwann cell autophagy as a therapeutic approach against neuropathic pain (Coccurello et al., 2018). Overall, accumulating evidence has revealed the key role of Schwann cells in the regulation of neuropathic pain. An improved and extended comprehension of the underlying neurobiological mechanisms of neuropathic pain would allow the development of successful targeted pain therapy.



FUTURE PROSPECTS

Increased mechanistic study of the response of Schwann cells to nerve injury could reveal the underlying molecular mechanisms specific to neuropathic pain. The first pertinent approach would be to expand the recent development of conditional knockin/knockout mouse models to study the specific roles of target genes expressed in Schwann cells following nerve injury. Second, nonmyelinating Remak Schwann cells are characterized by a lack of myelin, but they also characteristically express cell surface receptors and cell adhesion molecules that are downregulated on myelinating Schwann cells. The difference between the two types of Schwann cells is a factor that merits additional study in the future. Third, neuropathic pain can result from different types of nerve injury or disease but has a higher prevalence in females than in males. How sex differences influence neuropathic pain must also be elucidated in future studies. Finally, drug targeting or transplantation of Schwann cells will be of great interest in the search for therapeutic strategies against neuropathic pain.
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Background: Perinatal asphyxia, leading to neonatal encephalopathy, is one of the leading causes for child mortality and long-term morbidities. Neonatal encephalopathy rates are significantly increased in newborns with perinatal infection. Therapeutic hypothermia is only neuroprotective in 50% of cooled asphyxiated newborns. As shown experimentally, cooling has failed to be neuroprotective after inflammation-sensitized hypoxic ischemic (HI) brain injury. Microglia are thought to be key players after inflammation-sensitized HI brain injury. We performed this study investigating early microglia phenotype polarization in our newborn animal model of inflammation-sensitized HI brain injury, better understanding the underlying pathophysiological processes.

Methods: Seven days old Wistar rat pups were injected with either vehicle (NaCl 0.9%) or E. coli lipopolysaccharide (LPS), followed by left carotid ligation combined with global hypoxia inducing a mild unilateral hypoxic-ischemic injury. Pups were randomized to (1) Sham group (n = 41), (2) LPS only group (n = 37), (3) Veh/HI group (n = 56), and (4) LPS/HI group (n = 79). On postnatal days 8 and 14 gene-expression analysis or immunohistochemistry was performed describing early microglia polarization in our model.

Results: We confirmed that LPS pre-sensitization significantly increases brain area loss and induced microglia activation and neuronal injury after mild hypoxia-ischemia. Additionally, we show that microglia upregulate pro-inflammatory genes involving NLRP-3 inflammasome gene expression 24 h after inflammation-sensitized hypoxic-ischemic brain injury.

Conclusion: These results demonstrate that microglia are early key mediators of the inflammatory response following inflammation-sensitized HI brain injury and that they polarize into a predominant pro-inflammatory phenotype 24 h post HI. This may lead to new treatment options altering microglia phenotype polarization early after HI brain injury.

Keywords: newborn, HIE, brain, infection, inflammation, microglia


INTRODUCTION

Perinatal asphyxia is one of the leading causes of neonatal mortality and long-term mental and motor disabilities, including cerebral palsy (Jacobs et al., 2013). Between 2 and 4 of 1000 term newborns in the western world suffer from birth asphyxia, whereas globally the incidence is described to be much higher (Jacobs et al., 2013; United Nations Report, 2015). Perinatal asphyxia may lead to neonatal encephalopathy (NE), most likely due to hypoxia-ischemia (HI). Currently therapeutic hypothermia (TH) is the standard treatment for hypoxic-ischemic encephalopathy (HIE), however, only 50% of cooled asphyxiated newborns benefit from cooling treatment (Jacobs et al., 2013). Early identification of “non-responders" to cooling therapy is not feasible yet, as specific and robust biomarkers are lacking and early identification of non-responders is yet not possible. In low- and middle-income countries, where NE rates are significantly higher, the introduction of TH was unsuccessful, increasing mortality (Robertson et al., 2011). Perinatal infection is a well-recognized risk factor for cerebral palsy, long-term disability and mortality in term newborns (Grether and Nelson, 1997). Recently, it has been shown that neonatal infection rates in asphyxiated newborns are significantly higher, compared to the general population (Tann et al., 2017). Whether TH is neuroprotective in these newborns remains unknown. We have previously shown that TH is not neuroprotective in our established animal model of inflammation-sensitized hypoxic-ischemic brain injury (Osredkar et al., 2013, 2015). However, the underlying mechanisms remained unclear.

Microglia, the tissue-resident macrophages of the central nervous system (CNS), are responsible for combating infection, clearing cellular debris, and maintaining tissue homeostasis (Pierre et al., 2017; Lenz and Nelson, 2018). Within minutes following an injurious insult, such as hypoxia, ischemia, infection and trauma, microglia become activated, changing their gene expression profile (Ohsawa and Kohsaka, 2011; Lenz and Nelson, 2018). We have previously shown that microglia cells are significantly upregulated in our inflammation-sensitized model of HI brain injury (Osredkar et al., 2015; Falck et al., 2018). However, we have not further investigated microglial polarization yet. Activated microglia are capable to polarize into different phenotypic categories (Lenz and Nelson, 2018). The M1 microglia, or classical activated microglia phenotype is associated with an increased production of pro-inflammatory cytokines and chemokines (Chhor et al., 2013; Cunha et al., 2016). The alternative anti-inflammatory M2 phenotype is less aggressive to the neuronal tissue, promoting tissue repair, phagocytosis of protein aggregates and cell debris (Wang et al., 2014).

The nucleotide-binding domain, leucine-rich repeat protein (NLRP)-3 inflammasome is highly involved in neonatal brain injury either due to LPS or hypoxia-ischemia (Hedtjarn et al., 2002; Gustin et al., 2015). Regarding our inflammation-sensitized HI model, no data are available on NLRP3 activity yet. NLRP3 is responsible for the cleavage of interleukin IL-18 and IL-1beta from its preforms. As shown the vulnerability of the neonatal brain to LPS or hypoxia-ischemia is IL-18 and IL-1beta dependent predominantly leading to microglia activation (Gustin et al., 2015).

The mechanisms responsible for microglia phenotype regulation in the newborn CNS are poorly understood. The interaction of M1/M2 microglia does not seem to follow strict differentiation, but to be a complex time dependent continuum, which may be altered due to its actual needs (Wang et al., 2014; Mallard et al., 2018). Following neonatal HI brain injury, it has been shown that M1/M2 specific genes are upregulated in a time dependent manner, with early M1 response and delayed M2 response possibly regulating the pro-inflammatory, neurotoxic cascade (Hellstrom Erkenstam et al., 2016). Furthermore, it has been successfully shown that shifting the microglia phenotype toward an M2 phenotype, using TH, is neuroprotective in an adult traumatic brain injury animal model (Truettner et al., 2016). In our neonatal model of inflammation-sensitized HI the time dependent microglial phenotype expression pattern has yet not been investigated. As TH is not neuroprotective in our experimental setup, understanding microglia phenotype polarization might help to develop new additional treatment options. Therefore, we examined early M1/M2 marker gene expression in different brain regions (hippocampus and cortex) and in ex vivo isolated microglia cells in our newborn animal model of inflammation-sensitized HI brain injury.



MATERIALS AND METHODS

Animals and Experimental Procedure

All animal experiments were performed in accordance to the Animal Research: Reporting of in vivo Experiments (ARRIVE) guidelines with government approval by the State Agency for Nature, Environment and Consumer Protection North Rhine-Westphalia, Germany. We used 7-day old (P7) Wistar rat pups of both genders in all our experiments. All pups were kept at the central animal laboratory of the University Hospital Essen, Germany with a 12:12 h dark:light cycle at an environmental temperature of 21°C with food and water ad libitum. As previously described, all animals were randomized across litter, sex, and weight before the experiments commenced and all following experiments and analysis were performed by observers blinded to the different treatments (Osredkar et al., 2013, 2015).

A total of 223 P7 rat pups (n = 108 female; n = 115 male) from 21 litters were used in this study. Temperature during handling and experimental procedures was monitored in “sentinel” rat pups (n = 10) not further allocated to the different treatment groups. All rat pups were kept on a servo-controlled mat (CritiCool, MTRE, Yavne, Israel) during separation from their dams, controlled by the sentinel pup via a rectal temperature probe (IT-21, Physitemp Instruments, Clifton, NJ, United States), continuously maintaining nesting temperature of P7 rat pups (Wood et al., 2016) or treatment temperatures during experiments (see below). Forty-one rats underwent sham surgery (Sham group) and 37 rats received a single i.p. injection of lipopolysaccharide (LPS) solution (Escherichia coli O55:B5, Sigma; 0.1 mg/kg) followed by sham surgery (LPS group). The remaining animals (n = 135) were exposed to our inflammation-sensitized model of hypoxic-ischemic brain injury as previously described (Osredkar et al., 2013, 2015). In brief, at the start of every experiment, animals were injected according to randomization with either a single intraperitoneal (i.p.) injection of vehicle solution (0.9% NaCl; Veh/HI group, n = 56) or LPS solution (Escherichia coli O55:B5, Sigma; 0.1 mg/kg; LPS/HI group, n = 79). After a 4 h delay, whilst animals were kept with their dams, animals were exposed to HI as described. Under general isoflurane anesthesia, the left common carotid artery was ligated and cut. Within 3 h the pups were subjected to 8% O2 for 50 min at a rectal temperature (Trectal) of 36°C, resulting in mild HI injury (Osredkar et al., 2013, 2015). Immediately after the HI insult, pups were kept at Trectal of 37.0°C for 5 h, representing the normothermia treatment group in our previous experiments (Sabir et al., 2012; Osredkar et al., 2013, 2015). After the treatment period, pups were immediately returned to their dam.

For histological analysis and determination of brain area loss pups were sacrificed at P14. Rats were transcardially perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (Sigma-Aldrich). Brains were post-fixed in 4% paraformaldehyde overnight at 4°C and embedded in paraffin. For mRNA and microglia analyses pups were transcardially perfused with PBS. For mRNA analysis, different brain regions (hippocampus and cortex) were prepared, using a standard matrix for uniformity (ASI instruments Inc., Warren, MI, United States) and immediately snap-frozen in liquid nitrogen.

Area Measurement

In total 52 rat pups were used for area loss analysis [n = 13 in group (1), n = 10 in group (2), n = 17 in group (3), n = 12 in group (4)]. The embedded brains were cut in 10 μm coronal sections. Sections were stained with cresyl-violet. Brain area loss was determined by measurement of intact areas in ipsilateral and contralateral hemispheres of two sections, from two neighboring blocks (-3.72 ± 0.7 mm from Bregma) at a distance of 50 μm using ImageJ software (ImageJ, version 1.46r, National Institutes of Health, Bethesda, MD, United States). Tissue loss was determined by comparison with contralateral areas according to the following equation: 1- (area ratio (left vs. right)) × 100 (Sabir et al., 2012) and mean values of the two analyzed sections were calculated.

Immunohistochemistry

Immunohistochemistry was performed as previously described (Serdar et al., 2016). After deparaffinization, 10 μm coronal sections (-3.72 ± 0.7 mm from Bregma) were rehydrated. Antigen retrieval was performed in a pre-heated 10 mM sodium-citrate buffer (pH 6.0) for 30 min. After blocking with 1% bovine serum albumin and 0.3% cold fish skin gelatine in 0.1% Tween-20 TBS (all Sigma–Aldrich, Germany), slides were incubated with primary antibodies overnight at 4°C followed by appropriate secondary antibody incubation for 1h at room temperature. Sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI) (1 μg/ml, Invitrogen, Germany). Microglia activation was detected by Iba1 (1:1000, rabbit polyclonal anti-Iba1, Wako, Germany) staining on sections of P14 rat pups. At the same time point neurons were evaluated using the marker NeuN (1:200, polyclonal rabbit anti-NeuN, Millipore, Germany). Two regions of interest (ROI, each 45,500 μm2) in the hippocampus (CA1 and CA2 region) and cortex of contra- and ipsilateral brain hemispheres were visualized by fluorescence microscopy (Axioplan; Zeiss, Germany) connected to a CCD camera (Axioplan, Zeiss, Germany). The area of positive staining of the ipsilateral side was determined by using Image J software and was normalized to the contralateral side (Reinboth et al., 2016). There were no differences in staining of the contralateral side.

Magnetic Activated Cell Sorting (MACS) of CD11 b/c Positive Microglia

To analyze the different alterations in phenotype polarization of microglia, we specifically isolated CD11 b/c positive microglia ex vivo from rat brains 24 h after hypoxia. In total 32 rat pups were used [n = 8 in group (1), n = 8 in group (2), n = 8 in group (3), n = 8 in group (4)]. At first, pups were perfused with PBS. In groups (1) and (2) full brains (ipsi-/contralateral hemispheres) were used for analysis, while in group (3) and (4) ipsilateral hemispheres were pooled to get a workable concentration of microglia. A Neural tissue dissociation kit (Miltenyi Biotech) was used for mechanical and enzymatic dissociation of brain tissues. Myelin-removal was performed following distributors instructions before MACS. For MACS the obtained cell mixtures were washed with MACS buffer (PBS containing 0.5% BSA) and incubated with anti-CD11b/c coupled microbeads (Miltenyi Biotech) followed by magnetic separation on MS columns of the MiniMACS magnetic separation kit (Miltenyi Biotech, Germany). The cell mixture was then passed through the column placed in MiniMACS magnets followed by a series of three washes (500 μl each). The total effluent was collected as the negative fraction. After removal of the column CD11 b/c positive microglia were eluted in a volume of 1 ml MACS buffer. To investigate the purity of the magnetically separated cells, the positive eluate was analyzed via immunocytochemistry through Iba1 staining (data not shown).

Real-Time PCR

RNA was generated from ipsilateral regions through the classic phase extraction method, using TRIzol and Chloroform. First strand complementary DNA was synthesized using 1 or 4 μg of total RNA and TaqMan reverse transcription reagents (Applied Biosystems/Thermo Fisher Scientific, United States). PCR amplification was performed in 96 well optical reaction plates for 40 cycles with each cycle at 94°C for 15 s and 60°C for 1 min using the StepOnePlus Real Time PCR system (Applied Biosystems/Thermo Fisher Scientific, United States). Analysis was performed 24 h post HI using the hippocampus and cortex of the ipsilateral hemispheres in our 4 pre-defined groups [n = 7 in group (1), n = 7 in group (2), n = 12 in group (3), n = 12 in group (4)]. The PCR products of pro- and anti-inflammatory cytokines, associated with classical or alternative microglial activation, were quantified by fluorogenic reporter oligonucleotide probes. Pro-inflammatory markers used in this study are: Interleukin IL-1beta (Rn00580432_m1; life technologies, Germany), IL-6 (Rn01410330_m1; Life Technologies, Germany), inducible nitric oxide synthase (iNOS) (Rn00561646_m1; Life Technologies, Germany) and IL12 (Rn00584538_m1; Life Technologies, Germany). Anti-inflammatory markers used in this study are transforming growth factor (TGF)-beta (Rn00572010_m1; Life Technologies, Germany), Arginase-1 (Rn00691090_m1; Life Technologies, Germany) and cluster of differentiation (CD)-206 (Rn01487342_m1; Life Technologies, Germany). Additionally, we analyzed gene expression of the inflammasome cryopyrin (Nlrp3) (Rn04244620_m1; Life Technologies, Germany). Beta-2-microtubulin (B2M) was used as housekeeping gene (Rn00560865_m1; Life Technologies, Germany). Results were normalized to the ipsilateral hemispheres of the sham group.

To further analyze microglia polarization in this model, the same pro- and anti-inflammatory marker gene expression was analyzed in the previous described CD11 b/c positive microglia cells.

Generally, RealTime PCR and detection were performed in duplicates; measurements were repeated two times for each sample. Target gene expression was quantified according to the 2ΔΔCT method (Livak and Schmittgen, 2001).

Statistical Analysis

Graphical data are presented as median values with 95% confidence intervals or boxplots including the 25% and the 75% percentile. Data were analyzed using GraphPad Prism 6 (GraphPad Software, United States). Non-parametric statistics were applied. The Kruskal–Wallis test was used for comparisons across multiple treatment groups, and the Bonferroni post hoc test was used for 2-group comparisons. p-values less than 0.05 were considered as statistically significant.



RESULTS

In total 10 experiments were performed using a 4-group design: (1) Sham group, (2) LPS group, (3) Veh/HI group and (4) LPS/HI group. Out of the 213 animals used in our 4-group design, mortality was highest in the LPS/HI group. In total 40 animals died during HI [three animals from group (2), two animals from group (3), 35 animals from group (4)], leaving 173 rat pups for further analysis. The high mortality in the LPS/HI group has been expected and reported by us before (Osredkar et al., 2013, 2015) and we accounted this during group randomization.

LPS Pre-sensitization Increases Brain Area Loss and Induces Microglia Activation and Neuronal Injury After Mild Hypoxia-Ischemia

As shown in Figure 1, pre-sensitization with LPS 4 h prior to a mild HI insult, increases brain area loss compared to a mild HI insult alone at P14. Median area loss was 1.1% (0.5 – 2.3) in group (1), 0.5% (0 – 2.2) in group (2), 5.9% (1.4 – 10.5) in group (3) and 19.3% (7.5 – 31.2) in group (4), respectively. The low area loss in group (3) indicates the mild nature of our hypoxic-ischemic insult, following 50 min of hypoxia at Trectal of 36°C. This mild insult was intended, as LPS pre-sensitization combined with a moderate to severe insult would result in almost 100% mortality in the LPS/HI group, as previously shown by ourselves and others before (Eklind et al., 2001; Osredkar et al., 2013, 2015).
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FIGURE 1. Brain area loss 1 week after inflammation-sensitized hypoxic-ischemic brain injury. We found increased brain area loss of ipsilateral brain hemispheres in the LPS/HI group compared to the other treatment groups. In the Veh/HI group injury was mild, representing the mild character of our hypoxic-ischemic insult. Group sizes: Sham n = 13, LPS n = 10, Veh/HI n = 17, LPS/HI n = 12; ∗∗p < 0.01, ∗∗∗p < 0.001.



Immunohistochemistry showed that Iba1 staining was significantly increased in the hippocampus and cortex of animals from the LPS/HI group compared to the sham (hippocampus: p = 0.0012; cortex: p = 0.0390) and LPS group (hippocampus: p = 0.0103) (Figures 2A,B). In addition, we found that neuronal density was significantly decreased in the hippocampus and cortex of animals from the LPS/HI group compared to the sham (hippocampus: p = 0.0086; cortex: p = 0.0068) and LPS group (cortex: p = 0.0373) (Figures 2C,D). These findings demonstrate that pre-sensitization with a non-injurious dose of LPS significantly increases brain damage in a mild HI brain injury model and underlie the important role of microglia in our established inflammation-sensitized hypoxic-ischemic brain injury model, leading to further analyses.
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FIGURE 2. Microglia and neuronal density 1 week after inflammation-sensitized hypoxic-ischemic brain injury. (A) Representative Iba1 staining images from the hippocampus and cortex. (B) There was a significantly increased Iba 1 staining in the hippocampus and cortex of rat pups of the LPS/HI group compared to the sham (hippocampus and cortex) and LPS group (cortex). (C) Representative NeuN staining images of the hippocampus and cortex. (D) Neuronal staining was significantly reduced in the hippocampus and cortex of the LPS/HI group compared to sham-operated rats (hippocampus and cortex) and LPS-treated animals (cortex). Group sizes: Sham n = 13, LPS n = 9, Veh/HI n = 17, LPS/HI n = 12; ∗p < 0.05, ∗∗p < 0.01.
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FIGURE 3. Pro-inflammatory cytokine expression 24 h after inflammation-sensitized hypoxic-ischemic brain injury. (A) In the hippocampus pro-inflammatory genes of iNOS, IL-1beta and IL-6 were significantly upregulated in animals pre-sensitized with LPS undergoing a mild HI injury. (B) In the cortex, IL-6 was significantly upregulated, whilst IL-12 was downregulated after inflammation-sensitized hypoxic-ischemic brain injury. Group sizes: Sham n = 7, LPS n = 7, Veh/HI n = 12, LPS/HI n = 12; ∗p < 0.05, ∗∗p < 0.01.



Early Pro-inflammatory Gene Expression Following Inflammation-Sensitized Hypoxic-Ischemic Brain Injury

To further determine early inflammatory responses in our model, we assessed gene expression profiles associated with M1/M2 microglial polarization in total brain lysates of the hippocampus and the cortex. We determined a significantly upregulated gene expression of pro-inflammatory molecules, e.g., iNOS (p = 0.0483), IL-1beta (p = 0.049), and IL-6 (p = 0.0492) in the hippocampus of the LPS/HI group compared to sham controls (Figure 3A). Animals from the Veh/HI group only presented with mild upregulation of pro-inflammatory genes [IL-6 in hippocampus (p = 0.0024, Figure 3A)], mainly due to the aimed mild injury in this group. Additionally, IL-6 was significantly upregulated (p = 0.0191), while IL-12 was significantly downregulated (p = 0.0490) (Figure 3B) in the cortex of animals from the LPS/HI group.

Besides a significant increase in TGF-beta expression in the cortex of the VEH/HI and LPS/HI group compared to the Sham and LPS group (p < 0.05, Figure 4B), M2 associated anti-inflammatory gene expression was not significantly modulated by the different treatments at the analyzed time point (Figure 4).

Overall, these results show an early significant M1 associated pro-inflammatory gene expression in the hippocampus and cortex predominately in rats of the LPS/HI group compared to the Sham- and LPS/Veh group.

Microglia Reveal Early Pro-inflammatory Gene Expression Following Inflammation-Sensitized Hypoxic-Ischemic Brain Injury

After we found that pro-inflammatory gene expression was upregulated in total brain lysates of the LPS/HI group, we specifically wanted to analyze the role of CD11b/c microglia, as microglia are supposed to be a major source of pro-inflammatory gene expression (Hellstrom Erkenstam et al., 2016). Therefore, we sorted CD11b/c positive microglia via magnetic activated cell sorting 24 h post HI. Similarly, as in total brain lysates, we observed a significant increase in M1 associated pro-inflammatory gene expression for iNOS (p < 0.0001) and IL-1beta (p = 0.0029) in microglia of the LPS/HI group compared to the LPS and Sham group (Figure 5). iNOS was also significantly upregulated in the Veh/HI group, compared to the sham group (p = 0.0015). In addition, a significant upregulation of CD206 (p = 0.031) was detected in microglia of the LPS/HI group, compared to the LPS group (Figure 5).

These results underlie the role of pro-inflammatory M1 microglia polarization in animals pre-sensitized with LPS prior to hypoxia-ischemia, compared to animals from the Veh/HI and other groups in this specific combined animal model.

NLRP3 Inflammasome Activation After Inflammation-Sensitized Hypoxic-Ischemic Brain Injury

As NLRP3 is responsible for the cleavage of interleukin IL-18 and IL-1beta from its preforms, leading to microglia activation, we last analyzed NLRP3 gene expression in our model. We found that 24 h post HI, NLRP3 gene expression is significantly upregulated in the hippocampus (p = 0.0060) and cortex (p = 0.0081) of rats from the LPS/HI group compared to the Sham group (Figure 6).
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FIGURE 4. Anti-inflammatory cytokine expression 24 h after inflammation-sensitized hypoxic-ischemic brain injury. (A) There was no significant difference for the further analyzed cytokines in the hippocampus 24 h after our experiments. (B) There was a significant upregulation of TGF-beta in the cortex of animals from the Veh/HI and LPS/HI groups compared to the Sham and LPS groups. Group sizes: Sham n = 7, LPS n = 7, Veh/HI n = 12, LPS/HI n = 12; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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FIGURE 5. Gene-expression of CD11b/c microglia 24 h after inflammation-sensitized hypoxic-ischemic brain injury. Gene expression of pro-inflammatory genes for iNOS and IL-1beta was significantly upregulated in microglia from the LPS/HI group compared to Sham. Additionally, gene expression of the anti-inflammatory gene for CD206 was significantly upregulated in microglia from the LPS/HI group. Group sizes: Sham n = 8, LPS n = 8, Veh/HI n = 8, LPS/HI n = 8; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0001.





DISCUSSION

The present study confirms that pre-exposure with a non-injurious dose of LPS followed by mild hypoxic-ischemic brain injury exacerbates brain injury in 7 days old rats. The mechanism is not fully understood. We now show that microglia gene expression is polarized into a M1, pro-inflammatory phenotype 24 h following inflammation-sensitized hypoxic-ischemic brain injury. Additionally, we highlight the involvement of the NLRP3 inflammasome in the inflammatory process, probably activating IL-1beta in rats pre-exposed with LPS and undergoing our HI brain injury model. These results demonstrate that microglia are early key mediators of the inflammatory response following inflammation-sensitized HI brain injury, polarizing into a predominant pro-inflammatory (M1) phenotype 24 h post HI.

We have previously described the combined animal model of inflammation and HI brain injury by modification of the classical Rice-Vannucci rat model of HI brain injury followed by post-insult normothermia or hypothermia (Osredkar et al., 2013, 2015; Falck et al., 2018). The Rice-Vannucci HI rat model has been used for over three decades to describe and assess newborn brain injury, leading to translational clinical trials and the establishment of therapeutic hypothermia (TH) to reduce mortality and morbidities following perinatal asphyxia (Rice et al., 1981). However, clinically ∼50% of all cooled newborns from these large randomized controlled trials did not benefit from cooling therapy (Jacobs et al., 2013). Early identification of these non-responders is yet not possible.

Recently, it has been shown that neonatal infection rates in asphyxiated newborns are much higher, compared to the general population and that perinatal infection contributes to perinatal asphyxia (Tann et al., 2016, 2017). Whether TH is neuroprotective in these newborns remains unknown. A single-center study reported that TH was not neuroprotective in asphyxiated newborns with proven bacterial chorioamnionitis, despite antibiotic treatment (Wintermark et al., 2010). Recently, a retrospective analysis from the Netherlands and Belgium reported that outcome in newborns with perinatal asphyxia and proven culture-positive sepsis did not significantly differ from outcome of infants with perinatal asphyxia without sepsis (Hakobyan et al., 2018). However, the number of infants with culture-positive sepsis involved in both studies was very low.

We have previously shown that TH is not beneficial in our animal model of inflammation-sensitized HI brain injury and that microglia cells are activated in our injury model (positive Iba1 staining) (Osredkar et al., 2013, 2015). Before new treatment interventions can be explored and tested, we need to understand the underlying pathophysiology, leading to the failure of the established neuroprotective treatment (therapeutic hypothermia). In the current study, we aimed to specifically investigate the underlying early pathophysiological processes in our model of LPS-sensitized HI brain injury, focusing on the early polarization of microglia and to describe their role in sensitizing the brain to a higher degree of injury.

M1 microglia produce a large number of pro-inflammatory cytokines (e.g., IL-6, IL-1beta, IL-12), chemokines, reactive oxygen species and iNOS (Cunha et al., 2016; Hellstrom Erkenstam et al., 2016). These could potentially be used as early reliable biomarkers after HI or LPS exposition, discriminating between HI or infection-sensitized HI. Activated microglia have been found in the gray and white matter following HI. However, this has so far not been analyzed in a combined neonatal model of inflammation and hypoxia-ischemia. We show here that rats sensitized with LPS prior to HI brain injury reveal most pronounced changes/increases in the amount of activated microglia, assessed by total Iba-1 expression in the hippocampus and cortex following LPS/HI. This was accompanied by a significantly increased expression of pro-inflammatory cytokines and iNOS.
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FIGURE 6. Gene expression of NLRP3 24 h after inflammation-sensitized hypoxic-ischemic brain injury. Gene expression of NLRP3 was highest in the LPS/HI group in both analyzed brain regions and significantly increased compared to the Sham group in the hippocampus and cortex. Group sizes: Sham n = 7, LPS n = 7, Veh/HI n = 12, LPS/HI n = 12; ∗p < 0.05.



As the determined increased pro-inflammatory gene expression might also be due to reactive astrogliosis, we specifically sorted microglia cells, proving their specific role in our model. We confirmed that microglia associated genes are significantly upregulated in rats following LPS pre-exposure before HI brain injury compared to the other treatment groups and that microglia early polarize into a pro-inflammatory phenotype, leading to brain injury and neuronal loss at P14. As previously described, the interaction of M1/M2 microglia is a time dependent process (Hellstrom Erkenstam et al., 2016), which may be altered due to its actual needs, potentially leading to novel treatment options. This has successfully been shown in an experimental adult traumatic brain injury model, where M1/M2 phenotype polarization could be externally altered by cooling therapy, stimulating the polarization into the anti-inflammatory M2 phenotype resulting in neuroprotection (Truettner et al., 2016). As we have only analyzed one specific time point yet, further analyzing different time points is crucial. This will help us to describe the time-dependent shift of the M1 microglia, into the anti-inflammatory M2 microglia in our specific injury model. Most importantly, we have to identify the regulators of the presumed M1/M2 activation in our model. Despite hypoxia-ischemia, LPS exposure to the neonatal brain directly activates microglia (Mallard et al., 2018). Toll-like receptors (TLRs) are tightly linked to the innate immune response in microglia (Nair-Gupta et al., 2014). Microglia express a large repertoire of TLRs, allowing them to react to different pathogens. LPS primarily binds to TLR-4 (Feezor et al., 2003). Stimulation of TLR-4 triggers the translocation of nuclear factor kappa B (NF-kappaB) into the nucleus, expressing proinflammatory genes in microglia, involving the activation of the inflammasome (O’Callaghan et al., 2014; Cunha et al., 2016). The inflammasome is a caspase-1 activating multiprotein that results from oligomerization of inactive monomeric proteins from the NLRP family. The most intensively studied inflammasome is NLRP3. NLRP3 has been shown to be involved in many neurological diseases in adults, such as multiple sclerosis, Alzheimer’s and Parkinson’s disease (Strowig et al., 2012). After being activated by NLRP3, IL-18 and IL-1beta are activated from their preforms. As shown here, the vulnerability of the neonatal brain to LPS and HI is also attributed to IL-1beta. We also show that NLRP3 gene expression is highest and significantly upregulated in rats being exposed to LPS before undergoing our mild HI insult. This might be one involved regulatory pathway, explaining how LPS pre-exposure significantly increases the vulnerability of the newborn brain to a mild hypoxic-ischemic event.

In our study, we observed an upregulation of the anti-inflammatory cytokine TGF-beta in animals from the LPS/HI group. At first sight, these results seem controversial. However, it has been shown that TGF-beta is a pleiotropic cytokine, with potent regulatory and inflammatory activity (Sanjabi et al., 2009). In the presence of IL-6, TGF-beta induces the differentiation of specific T-cells (TH17), promoting an inflammatory response (Qin et al., 2009). Transferred to our findings, it might be possible that the observed upregulation of IL-6 in the hippocampus induces an overexpression of the cytokine TGF-beta triggering the inflammatory process through the differentiation of TH17 cells, which migrated into the brain after the acute brain injury in our model. To verify this hypothesis, there is an urgent need to analyze the activation, migration and differentiation of leukocytes in our model. On the other hand, it has been shown that peripheral T-cell depletion exacerbates brain injury in a neonatal rodent model of HI brain injury (Herz et al., 2018). These findings underlie the importance of further investigating the role of different T cells subsets in newborn brain injury models, as there is a clear gap in knowledge about T-cell differentiation and -function in newborn brain injury models.

Furthermore, we observed a significant upregulation of CD206 gene expression in microglia of the LPS/HI group. Conversely, CD206 is thought to be associated with the M2, anti-inflammatory microglia phenotype. As described in detail by Hellstrom Erkenstam et al. (2016) this may underlie the complexity of the inflammatory responses and cascades using in vivo injury models and stresses the question whether using a simple M1/M2 phenotype theory is inadequate to describe the complex concept of distinct inflammatory cell phenotypes in the brain.

There are limitations to our study. First, we have analyzed gene-expression patterns and not protein levels. As gene-expression levels do not always fully represent the protein expression, this will need to be confirmed in further studies. However, we have previously shown in our model that pro-apoptotic proteins (cleaved caspase-3) are upregulated, leading to brain area loss at P14 (Osredkar et al., 2015). As we find a comparable level of brain area loss in our current study, we believe that pro-inflammatory and pro-apoptotic proteins will be involved, potentially activated by our pro-inflammatory gene-expression profiles. Second, we have only investigated early pro-inflammatory responses after 24 h yet. As M1/M2 phenotype expressions will change over time, we will need to analyze later time points. From a clinical perspective, new treatment interventions may only be applicable after understanding the complex time-dependent changes of inflammatory responses, as they might lead to early treatment interventions. This will be tested by us in the future and may lead to translational treatment options in newborns presenting with NE. Third, compared to our previous publications of this model (Osredkar et al., 2013, 2015), we did not find a significant increase of brain injury between the LPS/HI and Veh/HI groups. Pre-sensitization with LPS increased brain injury, compared to Veh/HI, without reaching the 5% significance level, most likely due to the mild HI injury in the current study compared to our previous publications. However, the pre-sensitization effect of LPS is clearly demonstrated by our results.

In summary, our results highlight that microglia are early key mediators of the inflammatory response following inflammation-sensitized HI brain injury, polarizing into a predominant pro-inflammatory phenotype 24 h post HI. Additionally, we demonstrate the involvement of the NLRP3 inflammasome, possibly highlighting one potential regulatory pathway in our model. These findings will help us to better understand the complex pathophysiological changes in our model and in the future, this may give us the possibility to early intervene and offer new treatment options, helping to further improve outcome in asphyxiated newborns, especially in countries with high perinatal infection and perinatal asphyxia rates.
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Structural alterations and breakdown of the blood brain barrier (BBB) is often a primary or secondary consequence of disease, resulting in brain oedema and the transport of unwanted substances into the brain. It is critical that effective in vitro models are developed to model the in vivo environment to aid in clinically relevant research, especially regarding drug screening and permeability studies. Our novel model uses only primary human cells and includes four of the key cells of the BBB: astrocytes, pericytes, brain microvascular endothelial cells (HBMEC) and neurons. We show that using a larger membrane pore size (3.0 μM) there is an improved connection between the endothelial cells, astrocytes and pericytes. Compared to a two and three cell model, we show that when neurons are added to HBMECs, astrocytes and pericytes, BBB integrity was more sensitive to oxygen-glucose deprivation evidenced by increased permeability and markers of cell damage. Our data also show that a four cell model responds faster to the barrier tightening effects of glucocorticoid dexamethasone, when compared to a two cell and three cell model. These data highlight the important role that neurons play in response to ischaemia, particularly how they contribute to BBB maintenance and breakdown. We consider that this model is more representative of the interactions at the neurovascular unit than other transwell models and is a useful method to study BBB physiology.
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INTRODUCTION

The blood brain barrier (BBB) is a unique interface that separates the peripheral blood supply and neuronal tissue. Structurally, the BBB is comprised of specialized brain microvascular endothelial cells (HBMECs), perivascular cells (pericytes) and astrocytes (Abbott et al., 2006, 2010). Neurons and microglia also contribute to the maintenance of the BBB and form what is known as the neurovascular unit (NVU) (Abbott et al., 2006). Pericytes contribute 22–32% of the cerebral vasculature and together with vascular smooth muscle cells and endothelial cells they maintain vascular function (Martini and Bartholomew, 2017). In the CNS, pericytes are present at a higher ratio to HBMECs in the brain compared to the periphery and recent studies have shown the extensive role of pericytes in BBB development and maintenance (Kacem et al., 1998; Armulik et al., 2011; Sweeney et al., 2016). As well as offering mechanical support, they also regulate vessel contractility, endothelial proliferation, blood flow and angiogenesis (Bergers and Song, 2005; Dore-Duffy, 2008). Pericytes have also been shown to secrete angiogenic factors such as vascular endothelial growth factor (VEGF), that support endothelial cell survival and proliferation (Darland et al., 2003). In pathologies such as ischaemic stroke, large gaps can develop between adjacent pericytes, increasing barrier permeability and vessel leakage. These alterations in pericyte morphology, coupled with an upregulation in the expression of adhesion molecules and leukocyte integrin ligands, contribute to the extravasation of peripheral leukocytes into the brain following ischaemic insult (Pieper et al., 2013). Thus, pericytes play a large role in cerebral vascular function under normal physiological conditions as well as vascular dysfunction in hypoxia.

Several studies have also highlighted the roles of neurons and glia in BBB development and maintenance. Neural progenitor cells present in the ventricular neuroepithelium have been shown to aid endothelial cell recruitment during early BBB development, which is largely governed by the Wnt signaling pathway (Risau et al., 1986). Specifically, Wnt signaling in early CNS development is responsible for vascular stabilization and angiogenesis (Liebner et al., 2008). Further to this, early neuronal signaling has been shown to be essential for the maturation of the BBB, specifically, tight junction (TJ) organization. A study carried out using rat microvascular endothelial cells and neuronal progenitor cells, showed that in the presence of neural progenitor cells, endothelial cells established regular TJ formation including: claudin 5, zonula occludens (ZO-1) and occludin (Weidenfeller et al., 2007). After maturation, maintenance of the BBB and preservation of brain homeostasis is largely dependent on adequate perfusion to neuronal tissue and neuronal signaling to cerebral vessels, a process known as hyperaemia (Attwell et al., 2010). Studies have shown that neuronal-astrocyte crosstalk is important for appropriate vessel contractility and blood flow, depending on metabolic demand (Zonta et al., 2003; Attwell et al., 2010; Macvicar and Newman, 2015). In cerebral ischaemia, astrocytes sense elevations in Ca2+ ions and increases in extracellular glutamate released by neurons and respond accordingly, secreting a range of vasoactive substances to help mitigate the effects of the blood vessel occlusion (Macvicar and Newman, 2015). Altogether, interactions between both neural and vascular cells within the NVU is considered to be paramount in BBB functionality because together they induce and strengthen barrier properties; helping to maintain its key features including low paracellular permeability and functional tightness (Abbott et al., 2010). Breakdown of the BBB in conditions such as ischaemic stroke can lead to severe consequences to brain homeostasis, therefore, modeling these interactions is necessary to understand the complex signaling networks between these cell types and how they are influenced in disease states.

To date, a number of BBB models have been developed ranging from HBMEC monolayers to more sophisticated spheroid and chip style models, see Table 1. After the successful isolation of brain endothelial cells, the first, most simplistic BBB models were developed utilizing HBMECs as a single monolayer in the abluminal side of transwell inserts, see Table 1 (Borges et al., 1994; Hartz et al., 2010). Later addition of other BBB cell types (namely astrocytes and pericytes), led to the development of co-culture transwell systems which exhibited greater barrier strength, exhibited by higher transepithelial resistance (TEER) and lower permeability than single HBMEC models, see Figure 1. More recent transwell systems typically use three cell types originating from either bovine, porcine or rodent origin, see Table 1 (Gaillard et al., 2000; Nakagawa et al., 2009; Thomsen et al., 2015).
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FIGURE 1. Schematic representation of the BBB model development. (A) A co-culture cell model containing HBMECs and astrocytes. (B) HBMECs seeded on the apical side, astrocytes seeded on the underside of the insert and pericytes seeded on the plate bottom. (C) HBMECs seeded on the apical side of the insert, pericytes seeded on the underside of the insert and astrocytes seeded on the plate bottom. (D) HBMECs seeded on the apical side of the insert with mixed culture of astrocytes and pericytes on the underside of the insert. (E) HBMECs seeded on the apical side of the insert with mixed culture of astrocytes and pericytes on the underside of the insert and neurons seeded on a poly-L-lysine coated coverslip on the plate bottom.



TABLE 1. Different models of the blood brain barrier; their features, advantages, and disadvantages.
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Whilst modeling using non-human cells is cheaper and easier to obtain, they are not comparable to human cells, with many studies showing key differences in morphology and function, particularly their sensitivity to glutamate and expression of efflux transporter proteins (Oberheim et al., 2009; Warren et al., 2009; Zhang et al., 2016). More complex BBB models are also available, such as spheroid or microfluidic models and offer a closer representation of the in vivo environment. However, these set ups are difficult and expensive to assemble (Ruck et al., 2015). Therefore, there is a need to develop a multicellular transwell model that incorporates multiple NVU cell types to study their interactions, particularly the role of neurons and their influence on barrier strength in both physiological and disease states. Transwell systems still offer a distinct advantage in that they are relatively easy to setup and control, as well as offering a range of endpoints to study. Measuring TEER in these types of models is commonplace as it provides a reliable, non-invasive quantitative measure of barrier integrity, enabling repeated measurements to be taken over the desired time period with minimal damage to cells (Srinivasan et al., 2015). Further to this, transwell models enable access to both the apical and basolateral (basal) compartments for drug application and medium sampling as well as being able to visualize cells over the course of the experiment.

Our aim was therefore to create a novel four cell human BBB model to study changes in permeability post oxygen-glucose deprivation (OGD) and for use in in vitro pharmacology. We initially focused on model development, refining a protocol first outlined by Hind (2014) by optimizing the inserts themselves, insert coating, cell seeding densities and cell culture timelines. Finally, we incorporated a method of seeding neurons on plastic coverslips which were placed on the bottom of 12 well cell culture plates. Thus, our model maintains the ease of the transwell setup but utilizes four primary human cells, making it a closer representation of the human in vivo environment.



MATERIALS AND METHODS

Primary cells (astrocytes, pericytes, HBMECs, and neurons) and specialized cell culture medium (astrocyte medium, pericyte medium, endothelial cell medium, and neuronal medium) were obtained from ScienCell, United States supplied by Caltag Medsystems, United Kingdom. Poly-L-lysine and porcine fibronectin were also obtained from ScienCell, United States supplied by Caltag Medsystems, United Kingdom. Collagen coated inserts, 3.0 μm, 12 mm were obtained from Corning, United Kingdom. Plastic coverslips (Thermanox® 13 mm diameter), Accutase dissociation reagent and glucose free RPMI medium were obtained from Thermo Fisher Scientific, United Kingdom.

Cells were maintained in a humidified incubator (37°C, 5% CO2). Astrocytes and pericytes were cultured and used between passages 4 and 6. Human brain microvascular endothelial cells (HBMECs) were used between passages 3 and 5 and neurons were used at passage 1. During subculture, flasks containing HBMECs were coated with 2 μg⋅cm2 of fibronectin before reviving or splitting cells as per manufacturers recommendations. Cells were passaged at 80–90% confluency. Inserts contained 1.2 mL of medium in the basolateral compartment and 800 μL in the apical compartment.

STX-3 probes and Ohms meter were obtained from World Precision Instruments, United Kingdom. Dexamethasone was obtained from Sigma, United Kingdom and dissolved in DMSO at a stock concentration of 10 mM and subsequently diluted in cell culture medium. GasPakTM EZ anaerobe container systems were obtained from BD, United Kingdom.

Model Validation

Our model was based on an initial co-culture set up established by Hind (2014) and previous models by Allen and Bayraktutan (2009). Our model was modified and developed in a number of preliminary experiments including comparison of insert pore sizes, insert coating, cell organization and addition of multiple cell types.

Pore Size, Insert Size and Coating

Initially, pore sizes of Corning, United Kingdom inserts were compared (0.4 μm vs. 3.0 μm) as well as cell culture plates (12 well vs. 24 well). This was to determine the best initial setup that provided the highest and most stable barrier resistance, as well as giving the best cell contact. During protocol development, we found addition of pericytes in the smaller 24 well plates yielded poor results and insufficient TEER, suggesting inadequate barrier formation. Possibly as a result of inadequate cellular growth in such a small surface area and environment. Therefore, 24 well plates were switched back to 12 well plates, which resulted in substantially higher TEER readings. Following work carried out by Niego and Medcalf (2013), we also found that inserts with a 3.0 μm pore size had higher TEER values than 0.4 μm inserts, suggesting that increased contact between the cells in the apical and basolateral sides of the insert resulted in greater barrier strength, see Figure 2A.
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FIGURE 2. Model protocol development (A) measured transepithelial resistance (TEER) as a marker of barrier tightness comparing a 12 well plate transwell set up vs. a 24 well plate transwell set up and insert pore size 3.0 μm vs. 0.4 μm. HBMECs seeded on the apical side of the insert, astrocytes underneath and pericytes on the plate bottom. (B) The organization of cells was optimized by comparing the TEER generated by a mixed culture of astrocytes and pericytes, pericytes or astrocytes alone on the underside of transwell inserts and astrocytes or pericytes on the cell culture plate bottom. HBMECs were seeded on the apical side of the insert. Data given as mean ± SEM, n = 4–6 from two experimental repeats. Statistical analysis conducted using 2-way ANOVA with Turkey’s multiple comparisons test, ∗∗P < 0.01 and ∗∗∗P < 0.001 mixed culture astrocytes and pericytes vs. pericytes underside the insert and astrocytes on plate bottom. #P < 0.05 mixed culture astrocytes and pericytes vs. astrocytes underside the insert and pericytes on plate bottom.



Addition of Multiple Cell Types and Cell Positioning

Despite these improvements on the co-culture model, the need for additional cell types was critical to create a closer representation of the in vivo BBB. We established three different set ups as shown in Figure 1. In one, astrocytes were seeded on the basolateral side of the inserts and pericytes on the bottom of the culture dish (Figure 1B), in another pericytes were seeded on the basolateral of the inserts whilst astrocytes were seeded on the bottom of the culture dish (Figure 1C) and finally the last set up involved a mixed culture of astrocytes and pericytes seeded on the basolateral side of the insert (Figure 1D). In all models tested, HBMECs were seeded in the apical side of the transwell insert.

The final set up offered a closer replication of the organization held at the in vivo BBB, as cells would be in direct contact allowing them to exchange vital growth factors required for cellular growth and development. We found that mixed culture of pericytes and astrocytes exhibited significantly higher TEER values when compared to the set-up with pericytes seeded on the plate bottom and astrocytes underneath the insert or astrocytes on the plate bottom and pericytes underneath the insert on days 3 and 4, P < 0.05 and P < 0.01, respectively (Figure 2B). Furthermore, this set up was also considered the most stable, as shown by steadier TEER readings and was altogether more physiologically relevant. This set up was therefore taken forward in subsequent four cell protocol development.

To test the viability of adding neurons to the model, we originally seeded neurons on the bottom of the 12 well plate in which the inserts were hung. This, however, was not feasible as the TEER probes touched the bottom of the plate causing unwanted damage to the cells. Therefore, we decided to utilize coverslips that could be positioned on the plate bottom, but not take up the entirety of the well, allowing the probe to sit where the cells were not present. After testing both poly-L-lysine coated glass and plastic coverslips, we found that plastic coverslips coated were the most effective in neuronal adhesion and this method was used in the final model.

Four Cell Method Overview

After optimization, our four cell BBB model consisted of four major NVU cell types arranged in a transwell permeability set-up (see Figure 1E). The assembly of this involves seeding different cell types at different times on the apical and basolateral sides of the transwell insert. During this time, neurons are seeded on plastic coverslips placed on the bottom of a separate 12 well plate to develop neurite before putting both parts of the model together on the final day of model establishment. Cell culture medium in both compartments was replaced every other day and the final set up was left to equilibrate for 2 days before commencing experiments. Greater than 85% of inserts are feasible for use in experiments and the model remained viable for up to 5 days.

Insert Coating and Astrocyte Seeding

On day one, the basolateral side of transwell inserts were coated with poly-L-Lysine and astrocytes were seeded on the basolateral side of the inserts, see Figure 3. Briefly, 3.0 μm, 12 mm collagen coated inserts (Corning, United Kingdom) were carefully removed from outer packaging and placed into 12 well cell culture plates using sterile forceps. A solution of poly-L-Lysine (2 μg/cm2) was prepared in sterile water, homogenously mixed and carefully pipetted using a Pasteur pipette to just cover the basolateral of the insert, see Figures 4A,i. Plates containing inserts were then returned to the incubator, 37°C, 5% CO2 for 1 h as per supplier recommendations. After 1 h, plates were removed from the incubator and washed twice with sterile water to remove any residual poly-L-lysine. All remaining liquid was removed by careful aspiration. Transwell inserts were then flipped inside the plate and the lid removed (Figure 4B). On the newly coated inserts, 100 μL of astrocyte cell suspension in astrocyte medium (3.13 × 105 cells) was pipetted quickly onto the basolateral side of the transwell and the lid carefully replaced (see Figures 4C,ii). Plates were returned to the cell culture incubator for 2–3 h for the cells to adhere. After this time, transwell inserts were reverted and any excess medium was removed by aspiration. Medium was topped up in the apical and basolateral compartments, see Figure 4iii. Again, plates were returned to the incubator.


[image: image]

FIGURE 3. Timeline showing stages of model establishment. On day 1, inserts were coated and astrocyte seeded on the basolateral side of transwell inserts and on day 3 pericytes were seeded on the basolateral side of inserts to form a mixed culture. On day 6 HBMECs were seeded on the apical side of inserts and neurons were seeded on coated plastic coverslips in a separate 12 well plate. On day 10/11, inserts are carefully lifted out of their current plate and placed into the second 12 well plate containing the neurons seeded on coverslips. After 2 days, TEER measurements are taken to ensure adequate barrier formation. ∗In our lab OGD experiments were commenced at this point and were viable for 4–5 days.
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FIGURE 4. Model setup (A–D) and (i–v). (A/i) Inserts are placed into 12 well plate, coated with poly-L-lysine and washed, ensuring all of the liquid is removed. (B/ii) Inserts are carefully flipped inside the plate and the plate removed. 100 μL of relevant cell suspension is carefully placed on the underside of the insert. (C/ii) The bottom of the cell culture plate acts as a “lid” and is replaced as quickly as possible, plates are then returned to the incubator for the cells to adhere for 3–4 h. (iv) In a separate 12 well plate, coverslips are placed in the bottom of the culture dish, coated with poly-L-lysine and seeded with neuronal cell suspension. (v) Once all cells have been seeded on transwells, inserts are carefully transferred to plates containing neurons on coverslips.



Pericyte Seeding

On day 2, plates were removed from the incubator and the astrocyte medium was removed with care so as to not disturb the layer of cells on the basolateral side of the insert. Inserts were then inverted again and 100 μL of 6.25 × 104 pericyte cell suspension was added to the astrocyte cell layer on the basolateral side of the transwell inserts, giving an approximate ratio of 5:1 astrocytes to pericytes (Pardridge, 1999). Plate lids were quickly replaced and returned to the incubator for 2–3 h. After this time, transwell inserts were reverted and any excess medium was removed by aspiration and a mixture of astrocyte and pericyte medium (1:1) was added to the apical and basolateral compartments.

HBMEC Seeding

Once astrocytes and pericytes reached 90% confluency (approximately day 4 from model initiation, see Figure 3), the astrocyte:pericyte (1:1) medium in the apical compartment was removed and 100 μL of HBMEC cell suspension (7.5 × 104) in HBMEC medium was added to the apical compartment of transwell inserts and cells were left to adhere for a minimum of 5 h, then medium was topped up to 700 μL with endothelial cell medium and plates returned to the incubator.

Neuronal Seeding

On the same day as HBMEC seeding, plastic coverslips (13 mm diameter) were coated with poly-L-lysine and placed in the cell culture incubator for a minimum of 1 h, as per supplier recommendations. Plates containing coverslips were carefully removed from the incubator and coverslips were washed twice with sterile water and left to air dry in the cell culture hood. Following this, cryopreserved neurons were revived into 3 mL of neuronal medium (to give a total cell suspension of 4 mL) and 100 μL of cell suspension was added to each coverslip (thus seeded at a density of approximately 2.5 × 104 cells per cm2 within the optimum range according to the manufacturer’s recommendations) (Figure 4D,iv). Medium was topped up after 2 h and half of the medium replaced every 2–3 days. After light microscope observation, neurons began showing extensive neurite growth at approximately day 5. At this point HBMECs will have almost formed a confluent monolayer above the astrocytes and pericytes. Transwells were then carefully lifted out of their current 12 well plate using sterile forceps and placed into the 12 well plate containing the neuronal coverslips. Fresh HBMEC medium was applied to the apical compartment and a mix of pericyte, astrocyte and neuronal medium (1:1:2, respectively) was added to the basolateral compartment. This was to maintain a low concentration of fetal bovine serum optimum for neuronal maintenance, whilst also preserving growth of astrocytes and pericytes. As all cells were confluent and the barrier was adequately formed, conditions were able to be maintained in the different compartments.

Oxygen-Glucose Deprivation (OGD) Protocol

An oxygen-glucose deprivation (OGD) protocol was used to increase barrier permeability, simulating the effects of ischaemic stroke in vitro (Hind et al., 2015, 2016). Normal cell culture medium was removed from transwell inserts and replaced with glucose free RPMI medium (Thermo Fisher Scientific, United Kingdom) and placed in a 0% O2 environment (GasPakTM anaerobe pouch Beckton Dickinson, Oxford, United Kingdom) for 20 min to ensure anaerobic conditions for a further 4 h. There was no initial pre-conditioning period. Reperfusion was initiated by removing plates from the anaerobe pouch and returning cells to their normal medium (HBMEC medium in the apical compartment and in the basolateral compartment a mix of pericyte, astrocyte and neuronal medium, 1:1:2, respectively). TEER was measured at baseline (0 h), immediately post OGD (4 h), 24, 48, and 72 h.

Evaluation of Barrier Integrity

Transepithelial resistance (TEER) was measured prior to commencing OGD experiments to ensure model barrier integrity; inserts should exhibit a TEER value of ≥45 Ω/cm2 (Figure 4v). Light microscope observation was also carried out to ensure cell confluency and successful neurite formation. To ensure consistency, TEER measures should always be read at least 24 h after a medium change. Briefly, STX3 electrodes were sterilized by placing the tips of the probe in 70% ethanol, and then equilibrated for 15 min in endothelial cell culture medium at room temperature. The STX probe was then connected to an EVOM2 meter (Both World Precision Instruments, United Kingdom) and inserted into the transwell insert. The electrode has two parts that are uneven in length, the longer part of the electrode was placed so it gently touched the bottom of the cell culture plate, whilst the shorter electrode rested slightly above the insert dish, not quite making contact the HBMEC cell layer. Care should be taken to avoid disrupting the neurons on the bottom of the cell plate, see technical comments and limitations. As TEER values are very susceptible to change, it is important to keep the electrode upright and avoid tilting as this can cause fluctuation in the TEER values. A background reading for an insert with just cell culture medium was taken and subtracted from each reading (readings were repeated twice to ensure reproducibility), this was then multiplied by 1.12 to address the cell culture insert area (cm2) (Hind, 2014).

Dexamethasone Protocol

Dexamethasone is a synthetic glucocorticoid and several groups have shown that is able to artificially improve barrier strength (Shi and Zheng, 2005; Pyrgos et al., 2010; Hind, 2014). Therefore, we used dexamethasone as a positive control to investigate any potential difference in the response of the three versus four cell model to a drug application. Baseline TEER readings were recorded and medium replaced, then dexamethasone was added to the apical compartment of the transwell insert, giving a final concentration of 1 μM. TEER was measured at 2, 4, and 24 h.

Data Analysis

Data analysis was carried out using GraphPad prism software (La Jolla, CA, United States). Data are presented as mean ± SEM and analyzed using two-way ANOVA, followed by Sidak’s or Turkey’s multiple comparisons test. ∗P < 0.05 was considered significant.

Technical Comments and Limitations

A critical step for setting up the four cellular model is timing and the revival and seeding of human neurons. Addition of the cells at incorrect timings will result in the model not working as effectively and TEER values will be lower than anticipated. We have therefore outlined a timeline for setting the model up (Figure 2), steps 4 and 5 can vary depending on the time taken for barrier formation to take place and for neurons to form neurite. Improper technique when seeding neurons on the coverslips will result in a lack of uniformity and inadequate neurite formation. Ensure coverslips are adequately air dried and neuronal cell suspension is carefully but adequately mixed during the revival and seeding process. Avoid removing neurons from the incubator for long periods.

When taking TEER values, ensure that the larger part of the STX probe does not touch the neurons cultured on the coverslip. This is especially important if multiple readings are being made (recommended). Utilization of neurons after primary experiments have been completed is also possible. Staining can be done on the coverslips using a variety of techniques including propidium iodide (PI) and DAPI staining, neurons can be lysed and intracellular assays can be performed.



RESULTS

Protocol Development

During BBB model development various set ups were compared including; insert pore size, plate size, and cell organization. Figure 2 highlights stages in protocol development and their respective TEER values, prior to the addition of neurons into the model. Figure 2A shows that a larger pore size (3.0 μm) exhibited greater barrier integrity (as shown by greater TEER readings) than the smaller pore size (0.4 μm). Furthermore, the 12 well inserts displayed considerably greater TEER readings than the 24 well inserts. Continuing model development using 12 3.0 μm inserts, Figure 2B compares three different cell culture set-ups days after model establishment. On days three and four, the inserts containing a mixed culture of astrocytes and pericytes displayed significantly higher TEER readings than set-ups containing astrocytes or pericytes seeded on the underside of the inserts or the cell culture plate bottom, P < 0.05 and P < 0.01, respectively.

OGD Model Simulation

To assess the effect of having different cells present, changes in TEER from models D and E shown in Figure 1, were compared following an OGD protocol. Figure 5A highlights the different responses of a three cell and four cell model in response to a 4 h OGD protocol, followed by a reperfusion period. The three-cell mode exhibited approximately a 30% drop in TEER from baseline after 4 h OGD. This contrasts to the four-cell model which exhibited a 50% drop in TEER post OGD and was significantly different to the three-cell model P < 0.05. After OGD, when reperfusion was initiated, TEER was able to return to baseline in the three-cell model, however, BBB permeability only marginally recovered by 20% in the four-cell model. This was significantly different at 24 h (P < 0.01) but not 48 or 72 h. Images 5B and C show light microscope images of neurons in the four-cell model before and immediately after the OGD protocol, respectively. In Figure 5C neuronal clumping is clearly visible along with apparent neurite fragmentation compared to Figure 5B showing healthy neurons prior to OGD.
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FIGURE 5. (A) Effect of a 4 h oxygen-glucose deprivation (OGD) protocol on transepithelial resistance (TEER) as a marker of barrier tightness in a three cell model (HBMECs, astrocytes, and pericytes) and a four cell model (HBMECs, astrocytes, pericytes, and neurons). Neuronal images taken from the four cell model (B) before OGD 40× and (C) neuronal images immediately post OGD 40×. Data given as mean ± SEM, n = 3–6 from two experimental repeats, calculated as a % change from baseline TEER readings. Statistical analysis was conducted using 2-way ANOVA with Sidak’s multiple comparisons test, ∗P < 0.05 and ∗∗P < 0.01 was considered significant.



Dexamethasone Application

Dexamethasone increased barrier tightness in all three models, as shown by increases in TEER and exhibiting overall significance as a result of drug interaction in the three cell and four cell model, P < 0.05. The two-cell model was the most unstable out of the three models, as shown by greater fluctuations and variability in TEER measurements (Figure 6A). The three-cell model was considerably more stable but differences in TEER between dexamethasone treated and control were only observed after 2 h (Figure 6B). The four-cell model was the fastest to exhibit an increase in barrier tightness (i.e., increased TEER) as a result of dexamethasone application (Figure 6C) and this reached significance compared to the vehicle control at 2 and 24 h (P < 0.05).
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FIGURE 6. The effect of dexamethasone on transepithelial resistance (TEER) as a measure of barrier tightness in (A) a two cell (astrocytes and HBMECs), (B) three cell (astrocytes, HBMECs, and pericytes), and (C) four cell model (astrocytes, HBMECs, pericytes, and neurons). Dexamethasone (1 μM) was added to the luminal side and used as positive control that is known to decrease permeability, thus increase TEER. Data represented as mean ± SEM, n = 4 from two experimental repeats. Statistical analysis was conducted using 2-way ANOVA with Sidak’s multiple comparisons test, ∗P < 0.05 was considered significant.





DISCUSSION

The BBB can be compromised in a range of different conditions, including but not limited to ischaemic stroke, Alzheimer’s disease, cancer, and multiple sclerosis (MS). Research into these disorders that affect the BBB is plagued by translational difficulty, resulting in many potential compounds and/or therapies failing to surpass phase I/II clinical trials. This is at least partly due to a lack of suitable in vitro models that can predict drug effectiveness pre-clinically. Most, if not all, current BBB models exhibit “pitfalls” whether that be cost, time or resources. Models that offer the closest representation of the BBB are often complex and expensive to replicate, adding to the cost of the drug screening process. To help improve the translatability of in vitro data, we developed a transwell style model that incorporates four primary human cell types, representing the NVU more than other BBB models currently available. We found that our novel four-cell model was superior in modeling ischaemic stroke and drug application in vitro compared to a three-cell and a two-cell model as shown through changes in TEER as a measure of barrier integrity and dexamethasone application.

Implications for Drug Testing

The effect of dexamethasone was assessed in three transwell models; a two cell, three cell and four cell model. Greater instability in barrier strength and a slower response was exhibited by the two-cell model after dexamethasone application. This could also suggest that models containing just two cell types, in this case astrocytes and HBMECs, would also react differently to other drug applications and are therefore are not sufficient to truly model drug interactions at the BBB. Whilst the three-cell model shared the same trend in increasing barrier strength, it exhibited more stable TEER values compared to the two-cell model and dexamethasone treated wells were overall significantly different to the vehicle control. Also, by introducing pericytes (generating a three cell model) there was a large increase in baseline TEER from 30 to 40 Ω, again highlighting the role of pericytes in strengthening vascular stability at the BBB and the need for their presence in BBB models (Bergers and Song, 2005; Dohgu et al., 2005; Nakagawa et al., 2007; Ferland-McCollough et al., 2017) Interestingly, the four-cell model exhibited a significant increase in barrier tightness (as shown by an increase in TEER) compared to the vehicle control at just 2 h after dexamethasone application. Although neurons in this model do not directly interact with the BBB, neurons have been shown to secrete a number of vasoactive substances, including VEGF, which influence barrier forming properties and early angiogenesis (Engelhardt, 2003; Eichmann and Thomas, 2013). These comparison data highlight the variations in data obtained from models containing different cell types and the impact this can have on drug screening. This stresses the importance of having a more representative BBB model containing additional cells present at the NVU.

Implications for Protocol Testing

Currently there are a wide range of in vitro BBB models available, but despite promising developments in modeling the BBB, there are still gaps in model design, primarily the inability to include all cell types present in the NVU. Whilst most transwell systems incorporate astrocytes and HBMECs, only more recent studies have introduced pericytes or neurons into these model designs. To gain a better understanding of how these cells contribute to the breakdown of the BBB in ischaemic conditions, we subjected our three cell and four cell models to an OGD protocol and measured TEER overtime to assess changes in barrier integrity. Interestingly, we found that with the presence of neurons our model exhibited a larger decrease in TEER compared to the three-cell model, which only contained astrocytes, pericytes and HBMECs. Similarly, whilst the three-cell model was able to recover 24 h post OGD the four-cell model only marginally recovered by approximately 20%, highlighting the role of and sensitivity of neurons in the level of damage ensued by the OGD protocol. Altogether, we have shown that with the addition of neurons our model became more vulnerable to damage; exhibiting a greater loss of barrier strength shown by a decrease in TEER, supporting previous work which showed that ischaemic neurons disrupt the endothelial barrier through increasing VEGF secretion (Li et al., 2014). Thus, omitting neurons from a BBB modeling stroke would underestimate the damage caused and contribution of neurons to the breakdown of the BBB post ischaemia.

Limitations and Future Development

Although our model now includes four cell present in the NVU, our model does not incorporate flow which is an important feature to maintain the BBB phenotype in vitro. Studies have shown that sheer stress is critical to increase cell longevity and influence cell phenotype, regulate BBB transport, preventing de-differentiation (Desai et al., 2002; Chiu et al., 2005; Partyka et al., 2017). Culturing HBMECs under physiological shear stress, is particularly important in a ischaemic stroke setting because there is an interruption in blood flow. Microfluidic systems that mimic physiological flow have the advantage in that they can simulate continuous flow improving translation to the environment (Partyka et al., 2017; Wang et al., 2017).

Equally, there is increasing evidence of the role of microglial cells in BBB breakdown. These resident brain immune cells have been shown to release pro-inflammatory mediators that increase barrier permeability and reduce levels of certain TJs, thus playing a key role in BBB breakdown in pathological states (da Fonseca et al., 2014; Shigemoto-Mogami et al., 2018) Therefore, future work should assess whether additional cells and shear stress can be incorporated into transwell style models.



CONCLUSION

The overall function of the NVU is the perfusion of brain tissue to supply neurons with essential nutrients and the ability of neurons to regulate this blood flow. Glia, namely astrocytes, act as mediators between the vascular and neural compartments (Lo et al., 2015). Pericytes provide an extra level of communication between the endothelia and astrocytes as well as serving a prominent immune function (Darland et al., 2003; Armulik et al., 2011; Kovac et al., 2011). During cerebral ischaemia, these complex interactions are disrupted, and homeostasis is lost as a consequence of functional, morphological and metabolic changes within the NVU (Lo et al., 2015). It is important to model how these cells interact in both normoxic and ischaemic conditions to study the pathophysiology of ischaemic stroke. Finally, transwell systems offer noticeable advantages over the more complex models as they maintain the ease simpler cell culture set up and often use minimal resources. We believe our model offers a closer representation of the BBB, whilst maintaining the ease of a transwell setup.
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Mast cells and their mediators play a role in the control of homeostasis and in the pathogenesis of several disorders. The concept of rodent mast cell heterogeneity, initially established in the mid-1960s has been extended in humans. Human mast cells isolated and purified from different anatomic sites can be activated via aggregation of cell surface high affinity IgE receptors (FcεRI) by antigens, superantigens, anti-IgE, and anti-FcεRI. MAS-related G protein-coupled receptor-X2 (MRGPRX2) is expressed at high level in human skin mast cells (MCs) (HSMCs), synovial MCs (HSyMCs), but not in lung MCs (HLMCs). MRGPX2 can be activated by neuropeptide substance P, several opioids, cationic drugs, and 48/80. Substance P (5 × 10−7 M – 5 × 10−6 M) induced histamine and tryptase release from HSMCs and to a lesser extent from HSyMCs, but not from HLMCs and human cardiac MCs (HHMCs). Morphine (10−5 M – 3 × 10−4 M) selectively induced histamine and tryptase release from HSMCs, but not from HLMCs and HHMCs. SP and morphine were incomplete secretagogues because they did not induce the de novo synthesis of arachidonic acid metabolites from human mast cells. In the same experiments anti-IgE (3 μg/ml) induced the release of histamine and tryptase and the de novo synthesis of prostaglandin D2 (PGD2) from HLMCs, HHMCs, HSyMCs, and HSMCs. By contrast, anti-IgE induced the production of leukotriene C4 (LTC4) from HLMCs, HHMCs, HSyMCs, but not from HSMCs. These results are compatible with the heterogeneous expression and function of MRGPRX2 receptor on primary human mast cells isolated from different anatomic sites.

Keywords: heart, histamine, leukotriene C4, mast cells, MRGPRX2, prostaglandin D2, substance P and tryptase


INTRODUCTION

Mast cells arise from stem cell-derived human mast cell progenitors in the bone marrow, circulate and complete their maturation in all vascularized tissues (Galli, 2016; Olivera et al., 2018). Mast cell differentiation, phenotypes and functions in tissues are largely determined by the microenvironment (e.g., cytokines, activating and inhibitory stimuli, chemokines) (Mukai et al., 2018). Mast cells are canonically implicated in allergic disorders (Liccardi et al., 2003; Fujisawa et al., 2014; Bradding and Arthur, 2016; Canonica et al., 2016; Subramanian et al., 2016; Mukai et al., 2018), but also in several non allergic conditions including autoimmune disorders (de Paulis et al., 1996; Brown and Weinberg, 2018; Rivellese et al., 2018; Yu et al., 2018), cardiovascular diseases (Patella et al., 1996, 1998; Theoharides et al., 2011; Shi et al., 2015; Ngkelo et al., 2016), bacterial (Piliponsky and Romani, 2018) and viral diseases (Haidl and Marshall, 2015), neurological disorders (Skaper et al., 2014; Theoharides et al., 2016; Skaper et al., 2017; Conti et al., 2018), and cancer (Galdiero et al., 2016; Varricchi et al., 2017). Increasing evidence supports the role of mast cells and their mediators in neurogenic inflammation leading to pain and itch (Gupta and Harvima, 2018; Steinhoff et al., 2018; Yosipovitch et al., 2018).

Enerbäck first established the concept of mast cell heterogeneity through detailed morphological and histochemical studies (Enerback, 1966a,b,c). Two distinct subpopulations of rodent mast cells, connective tissue mast cells and mucosal mast cells, differ in their location, staining features, mediator content and responsiveness to activating stimuli (Enerback, 1966a,b,c; Tainsh and Pearce, 1992; Varricchi et al., 2016). Mast cells isolated and purified from several human tissues have led to the recognition of histochemical, functional, and immunological differences among these cells in humans (Church et al., 1982; Schwartz et al., 1987; Casolaro et al., 1989; Stellato et al., 1991; Bischoff and Dahinden, 1992). For example, activation of mast cells isolated from human lung (HLMCs) by antigens, anti-IgE and superantigens leads to arachidonic acid metabolism through both the cyclooxygenase (prostaglandin D2, PGD2) and the 5-lipoxygenase pathway (peptide leukotriene C4, LTC4) (Schulman et al., 1982; de Paulis et al., 1991; Stellato et al., 1992a), whereas HSMCs only synthesize PGD2 (Benyon et al., 1987; Stellato et al., 1992b). Based on their protease composition, two types of human mast cells have been proposed: tryptase+ chymase+ cells (MTC), and tryptase+ chymase− (MT), being the prototypes (Schwartz et al., 1987). However, this traditional classification is rather simplistic and mast cells show significant plasticity (Galli et al., 2011; Borriello et al., 2014). Indeed, analysis of human mast cell transcriptome demonstrated considerable greater heterogeneity across tissues than previously appreciated (Motakis et al., 2014; Dwyer et al., 2016). Moreover, recent evidence indicates that each of the two mast cell subsets originates from different precursors through several waves of mast cell differentiation, and that they display distinct surface receptors and mediators (Gentek et al., 2018; Li et al., 2018).

Human mast cells can be activated by the engagement of a plethora of receptors (Varricchi et al., 2018). Aggregation of cell surface FcεRI by antigens, anti-IgE or superantigens leads to the degranulation and the generation of newly synthesized lipid mediators, cytokines, angiogenic, and lymphangiogenic factors (Marone et al., 2006; Detoraki et al., 2009; Theoharides et al., 2010; Taracanova et al., 2018). The identification of MRGPRX2 receptor and its mouse orthologue Mrgprb2 has opened a new research avenue in mast cell biology (Tatemoto et al., 2006; Fujisawa et al., 2014; McNeil et al., 2015). MRGPRX2 can be activated by several ligands such as neuropeptides (e.g., substance P, VIP, etc.), opioids (i.e., morphine), cationic drugs (e.g., atracurium, icatibant), and 48/80 (Tatemoto et al., 2006; McNeil et al., 2015; Ali, 2017). A clinical relevance is emerging for MRGPRX2 because this receptor is implicated in drug reactions (McNeil et al., 2015) and is overexpressed in HSMCs of patients with chronic urticaria (Fujisawa et al., 2014). Gaudenzio et al. have elegantly demonstrated that substance P (SP) and IgE cross-linking (i.e., anti-IgE) induce distinct mast cell degranulation strategies in human primary MC cultures and mouse MCs (Gaudenzio et al., 2016). In this study we compared the patterns of responsiveness to anti-IgE and to MRGPRX2 agonists (SP and morphine) and the mediators synthesized by primary human lung (HLMCs), cardiac (HHMCs), skin (HSMCs), and synovial MCs (HSyMCs).



MATERIALS AND METHODS

Reagents

HClO4 (Baker Chemical Co., Deventer, Netherlands), BSA, piperazine-N, N′-bis (2-ethanesulfonic acid), hyaluronidase, chymopapain, elastase type I, morphine, substance P, LTC4, and PGD2 (Sigma Chemical Co., St. Louis, MO), collagenase (Worthington Biochemical Co., Freehold, NJ), Hanks’ balanced salt solution and fetal calf serum (FCS; GIBCO, Grand Island, NY), deoxyribonuclease I and pronase (Calbiochem, La Jolla, CA), RPMI 1640 with 25 mM HEPES buffer, Eagle’s minimum essential medium (Flow Laboratories, Irvine, United Kingdom), Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden), (3H)-LCT4 and (3H)-PGD2 (New England Nuclear, Boston, MA) were commercially purchased. CD117 MicroBead kit was purchased from Miltenyi Biotec (Bologna, Italy). Rabbit anti-IgE antibody was kindly donated by Dr. Kimishige Ishizaka (La Jolla Institute for Allergy and Immunology, La Jolla, CA). Rabbit anti-LTC4 antibody was a gift of Dr. Lawrence M. Lichtenstein (The Johns Hopkins University, Baltimore, MD). Tryptase fluoro-enzyme immune assay (FEIA; Phadia Diagnostic AB, Uppsala, Sweden) was kindly donated by Kabi Pharmacia (Milan, Italy).

Buffers

The Pipes buffer used in these experiments was made by 25 mM Pipes, 110 mM NaCl, 5 mM KCl, pH 7.37 and referred to as P buffer. P2CG contains, in addition to P buffer, 2 mM CaCl2 and 1 g/l dextrose (Patella et al., 1996); pH was titrated to 7.4 with sodium bicarbonate. PGMD contains 1 mM MgCl2, 10 mg/l DNase, and 1 g/l gelatin in addition to P buffer, pH 7.37. The Tyrode’s buffer was made by 12 mM NaHCO3, 127 mM NaCl, 5 mM KCl, 0.5 mM NaH2PO4, 1 mM MgCl2, 5 mM glucose, and 10 mM HEPES.

Isolation of HLMCs

The study was approved by the Ethics Committee of the University of Naples Federico II (N. 7/9). Macroscopically normal lung tissue obtained from patients undergoing lung resection for lung cancer was dissected free from pleura, bronchi, and blood vessels, minced into 5- to 10-mm fragments and dispersed into a single cell suspension as previously described (de Paulis et al., 1991; Staiano et al., 2016). Yields with this technique ranged between 0.4 × 105 and 1.5 × 106 mast cells per g of wet tissue and purity between 1 and 8%. Mast cells of enhanced purity (10–65%) were obtained by flotation over discontinuous Percoll gradient. Mast cells were further purified using a CD117 MicroBead kit sorting system according to the manufacturer’s instructions. Mast cell purities using this technique ranged from 85 to 98%.

Isolation of HSMCs

Skin obtained from patients undergoing either mastectomy for breast cancer or elective cosmetic surgery was separated from the subcutaneous fat by blunt dissection. The tissue was cut into 1- to 2-mm fragments dispersed into single cell suspension as previously described (de Paulis et al., 1992). Yields with this technique ranged between 0.1 and 0.9 × 106 mast cells/g of wet tissue and purities were between 4 and 8%. Mast cells were further purified using a CD117 MicroBead kit cell sorting system (Miltenyi Biotec, Bologna, Italy) according to the manufacturer’s instructions. Mast cell purities using this technique ranged from 84 to 96%.

Isolation of HHMCs

The heart tissue used in this study was obtained from patients undergoing heart transplantation at the Deutsches Herzzentrum, Berlin, mostly for cardiomyopathy (Patella et al., 1998). The explanted heart, immediately immersed in cold (4°C) cardioplegic solution, was processed within 5–18 h of removal. Fat tissue, large vessels, and pericardium were removed. The tissue was finely minced into 2- to 5-mm fragments, suspended in P buffer (10 ml/g of wet tissue), and washed by centrifugation 3 times. After each centrifugation, the heart fragments were filtered through a 150-μm pore Nytex cloth (Tetko, Elmsford, NY). Fragments were incubated (15 min, 37°C) under constant stirring in P buffer containing 10 mg collagenase/g of wet tissue. At the end of the incubation the cell suspension was filtered through a 150-μm pore Nytex cloth and three additional cycles of enzymatic digestion were performed. After the last procedure, the cells were centrifuged (150 g, 22°C, 8 min) and filtered through a 60-μm pore Nytex cloth to remove large particles and large cells (mostly myocytes). Lastly, cells were washed twice in PGMD by centrifugation (150 g, 22°C, 8 min). Cell pellets were resuspended in P buffer containing 2% BSA and centrifuged (25 g, 22°C, 2 min) to remove sedimented myocytes. Myocytes (>100 μm long) were pelleted and discarded; supernatants containing endothelial cells, fibroblasts and mast cells were then collected and centrifuged (150 g, 22°C, 8 min). HHMCs were partially purified by flotation through a discontinuous Percoll gradient (Patella et al., 1998). The purity of these populations ranged from 0.1 to 18%. The enzymatic dispersion tissue yielded ≈ 5 × 104 mast cells per gram of heart tissue. HHMCs were further purified using a CD117 MicroBead kit sorting system. Mast cell purities using these techniques ranged from 26 to 58%.

Isolation of HSyMCs

The synovial tissue used in this study was obtained from patients with osteorthrites or rheumatoid arthritis undergoing synoviectomy. Resected joint tissue was immersed in P buffer (4°C) and was processed within 2 h of removal (de Paulis et al., 1996). Fat and fibrous tissue were removed and the tissue was finely minced into 2-5-mm fragments, suspended in P buffer (10 ml/g of wet tissue), and washed twice by centrifugation (150 g, 22°C, 8 min). The minced synovium was incubated (45 min at 37°C) with chymopapain (1 mg/ml) and pronase (0.5 mg/ml) in 1 ml Tyrode’s buffer/g synovial tissue. Remaining tissue was digested for another 45 min at 37°C with collagenase (1 mg/ml). Cell suspensions were filtered twice through 200 μ pore Nytex cloth, centrifuged (200 g, 22°C, 8 min), and washed twice with P buffer. Yields with this technique ranged from 0.2 × 106 to 1.0 × 106 mast cells/g of wet tissue. HSyMCs were purified by discontinuous Percoll gradient (de Paulis et al., 1996). The purity of these populations ranged from 16 to 35%. Mast cells were further purified using a CD117 MicroBead kit sorting system. HSyMCs purities using these techniques ranged from 71 to 94%.

Histamine Release Assay

Cells (≈ 3 × 104 mast cells per tube) were resuspended in P2CG, and 0.3 ml of the cell suspension were placed in 12 × 75 mm polyethylene tubes and warmed to 37°C; 0.2 ml of each prewarmed releasing stimulus (anti-IgE, substance P or morphine) was added, and incubation was continued at 37°C for 45 min (Patella et al., 1990). Cell were centrifuged (1000 g, 22°C, 2 min), and the supernatants were stored at −70°C for subsequent assay of histamine, tryptase, LTC4 and PGD2 content. Experiments with HSMCs were performed at 30°C as previously described (Stellato et al., 1992a). The cell-free supernatants were assayed for histamine with an automated fluorometric technique (Siraganian, 1974). The percent histamine release from mast cells was calculated as previously described (de Paulis et al., 1991; Varricchi et al., 2019). All values are based on means of duplicate determinations which differed by less than 10%.

Immunoassay of Tryptase, PGD2, and LTC4

Tryptase was analyzed by FEIA (Phadia Diagnostic AB, Uppsala, Sweden) (Stellato et al., 1992a). PGD2 and LTC4 were analyzed by radioimmunoassay (Patella et al., 1990; de Paulis et al., 1991). The anti-PGD2 and anti-LTC4 antibodies had less than 1% cross-reactivity to other eicosanoids (Patella et al., 1990; de Paulis et al., 1991). Data were normalized on total cell number.

Statistical Analysis

Values are expressed as means ± SEM. Statistical significance was assessed by using 1-way ANOVA (for data sets with Gaussian distribution) or Kruskal-Wallis test (for data sets without Gaussian distribution), followed by the Dunn multiple correction test. Results were analyzed with GraphPad Prism software (version 7.05: GraphPad Software, La Jolla, CA), and p-values of less than 0.05 were considered significant.



RESULTS

Heterogeneous Effects of Anti-IgE on the Activation of HLMCs, HSMCs, HHMCs, and HSyMCs

As previously reported (Peachell et al., 1988; de Paulis et al., 1996; Genovese et al., 2000; Varricchi et al., 2019), exposure of mast cells isolated from different anatomic sites (lung: HLMCs; skin: HSMCs; heart: HHMCs; synovial tissue: HSyMCs) to anti-IgE (10−1 to 3 μg/ml) resulted in a dose dependent release of histamine (data not shown). The ability of mast cells isolated from different human tissues to secrete histamine when challenged with anti-IgE indicates that they have IgE bound to FcεRI. Figure 1 summarizes the release of preformed (histamine and tryptase) and de novo synthesized mediators (LTC4 and PGD2) from HLMCs, HLSMCs, HHMCs, and HSyMCs when challenged anti-IgE (3 μg/ml). All types of human mast cells examined released the same percent of histamine and tryptase (Figures 1A,B). By contrast, striking differences were found among different types of mast cells when we compared the de novo synthesis of lipid mediators. HSMCs did not produce LTC4 compared to HLMCs (p < 0.01) and to HHMCs and HSyMCs (p < 0.01). Moreover, maximal stimulation of HHMCs and HSyMCs with anti-IgE led to the LTC4 production of 20.2 ± 3.5 and 22.5 ± 4.4 ng/106 mast cells, respectively, which was significantly lower than HLMCs (51.5 ± 8.40 ng/106 cells; p < 0.05). Interestingly, the anti-IgE-mediated production of PGD2 from HLMCs (52.3 ± 6.9 ng/106 mast cells) and HSMCs (39.0 ± 10.0 ng/106 mast cells) did not differ between the two groups. However, only the production of PGD2 from HLMCs, but not HSMCs, was significantly higher than that produced by HHMCs (19.3 ± 4.5 ng/106 mast cells) and HSyMCs (21.3 ± 4.6 ng/106 mast cells) (p < 0.01). Collectively these results identify striking differences with respect to the release of different types of mediators in response to IgE-mediated stimuli among human mast cells isolated from different anatomic sites.
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FIGURE 1. Effects of maximal stimulation of anti-IgE (3 μg/ml) on the release of histamine (A), tryptase (B) and the de novo synthesis of LTC4 (C), and PGD2 (D) from HLMCs (black bars), HSMCs (open bars), HHMCs (dashed bars), and HSyMCs (dot bars). Each point represents the mean ± SEM of six experiments in duplicate. Statistical significance was determined by ∗p < 0.05; ∗∗p < 0.01.



Heterogeneous Effects of Substance P on the Activation of HLMCs, HSMCs, HHMCs, and HSyMCs

Substance P (SP) has long been established as an inflammatory neuropeptide (O’Connor et al., 2004; Mashaghi et al., 2016) and potent endogenous pruritogen in mice and humans (Azimi et al., 2017; Gupta and Harvima, 2018; Yosipovitch et al., 2018). Although the classical receptor for SP is the neurokinin-1 receptor (NK-1R) (Douglas and Leeman, 2011), recent studies have demonstrated that SP activates MRGPRX2 receptor in addition to NK-1R to induce itch (Azimi et al., 2017). There is also evidence that SP can activate adventitial mast cells (Bot et al., 2010). Moreover, SP can be released into joint tissues from sensory nerve fibers (Pereira da Silva and Carmo-Fonseca, 1990; Gronblad et al., 1991) and its concentrations are increased in synovial fluid from patients with rheumatoid arthritis (Devillier et al., 1986). We therefore compared the effects of increasing concentrations (5 × 10−7 to 5 × 10−6 M) of SP on the activation of HLMCs, HSMCs, HHMCs, and HSyMCs. Figure 2 shows that SP caused concentration-dependent histamine and tryptase release from HSMCs whereas it had no effect on both HLMCs and HHMCs. SP caused histamine and tryptase release from HSyMCs only at the higher concentrations (10−6 M and 5 × 10−6 M) examined. The percent histamine release from HSyMCs caused by the latter concentrations of SP was significantly lower (p < 0.001) than that induced from HSMCs. Interestingly, in these experiments SP did not induce the metabolism of arachidonic acid through the 5-lipoxygenase pathway (LTC4) (Figure 2C) and the cyclooxygenase (PGD2) (Figure 2D) in all types of mast cell examined.
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FIGURE 2. Effects of increasing concentrations of substance P (5 × 10−7 M to 5 × 10−6 M) on the release of histamine (A), tryptase (B), and the de novo synthesis of LTC4 (C), and PGD2 (D) from HLMCs, HSMCs, HHMCs, and HSyMCs. Each point represents the mean ± SEM of six experiments in duplicate. Statistical significance was determined by ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.



Heterogeneous Effects of Morphine on the Activation of HLMCs, HSMCs, HHMCs, and HSyMCs

Opioid compounds bind to multiple receptors also present on several cells of innate and adaptive immunity where they exert immunomodulatory effects (Boland and Pockley, 2018; Plein and Rittner, 2018). Recent evidence indicates that several opioid compounds including morphine can activate the human LAD2 mast cell line through MRGPRX2 (Lansu et al., 2017). Figure 3 shows the results of several experiments comparing the effects of increasing concentrations (10−5 to 3 × 10−4 M) of morphine on mediator release from primary HLMCs, HSMCs, and HHMCs. Morphine selectively induced histamine and tryptase release from HSMCs but not from HLMCs and HHMCs. Interestingly, morphine was an incomplete secretagogue because it did not induce the production of both LTC4 and PGD2 from all types of human mast cells.
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FIGURE 3. Effects of increasing concentrations of morphine (10−5 M to 3 × 10−4 M) on the release of histamine (A), tryptase (B) and the de novo synthesis of LTC4 (C), and PGD2 (D) from HLMCs, HSMCs and HHMCs. Each point represents the mean ± SEM of six experiments in duplicate. Statistical significance was determined by ∗∗p < 0.01; ∗∗∗∗p < 0.0001.





DISCUSSION

The results of this study extends previous findings demonstrating the functional heterogeneity of human primary mast cells isolated from different anatomic sites with respect to FcεRI-mediated activation (Schwartz et al., 1987; Casolaro et al., 1989; Stellato et al., 1992a; Patella et al., 1998; Galli et al., 2011; Motakis et al., 2014). No differences were found with respect to anti-IgE-mediated release of preformed mediators (histamine and tryptase) from human primary mast cells purified from different anatomic sites. By contrast, striking differences were demonstrated among different types of mast cells with respect to the anti-IgE-induced de novo synthesis of LTC4 and PGD2. Interestingly, LTC4 is not produced by anti-IgE-activated HSMCs whereas these cells synthesize PGD2. Moreover, the IgE-mediated production of both LTC4 and PGD2 from HLMCs was higher than that of HHMCs and HSyMCs. Collectively, these results suggest the existence of profound differences between the biochemical mechanisms that regulate the secretion of preformed mediators and the de novo production of lipid molecules among different types of human primary mast cells.

Tatemoto and coworkers first demonstrated the presence of MRGPRX2 mRNA in human skin and in human cord blood mast cells (CBMCs) (Tatemoto et al., 2006). They also found that several basic secretagogues, including SP, induced mast cell degranulation. They suggested that MRGPRX2 receptor is highly expressed in MCTC compared to MT. Since this initial observation several groups have demonstrated that various neuropeptides (e.g., VIP), endogenous and exogenous opioids (e.g., morphine), cationic drugs (e.g., icatibant, atracurium, ciprofloxacin), and 48/80 can activate human mast cells via the MRGPRX2 receptor (McNeil et al., 2015; Gaudenzio et al., 2016; Lansu et al., 2017; Okamura et al., 2017; Alkanfari et al., 2018). Interestingly the group of Theoharides has demonstrated that SP can synergistically potentiate the production of several cytokines (e.g., TNF-α, VEGF, IL-1β) by LAD2 mast cells (Theoharides et al., 2010; Taracanova et al., 2017, 2018).

The activating property of MRGPRX2 agonists has been evaluated in human LAD2 cell line (Guhl et al., 2005; Kulka et al., 2008; Theoharides et al., 2010; McNeil et al., 2015), human peripheral blood-derived cultured mast cells (PBCMCs) (Gaudenzio et al., 2016), and human CBMCs (Tatemoto et al., 2006). In the present study performed using primary mast cell isolated and purified from different human tissues, we found that two MRGPRX2 agonists, SP and morphine, selectively induce the release of preformed mediators (histamine and tryptase) from HSMCs, but not from HLMCs and HHMCs. These findings are consistent with the observation that the MRGPRX2 receptor is expressed in HSMCs but not in lung mast cells (Fujisawa et al., 2014; Babina et al., 2018). We also found that high concentrations of SP caused small but significant release of histamine and tryptase from HSyMCs. This observation could be of some interest because Okamura et al. have demonstrated that SP activates HSyMCs to release histamine and to produce PGD2 (Lee et al., 2013) through the activation of MRGPRX2 (Okamura et al., 2017). In our study SP caused some release of preformed mediators (i.e., histamine and tryptase) from HSyMCs, but not the de novo synthesis of both PGD2 and LTC4. Several studies have suggested the involvement of SP in experimental arthritis (Levine et al., 1984; Ahmed et al., 1995; Seegers et al., 2003) and in rheumatoid arthritis (Hernanz et al., 1993; Menkes et al., 1993; Miller et al., 2000; Grimsholm et al., 2005; Dirmeier et al., 2008). Further studies are needed to clarify the SP-mediated production of proinflammatory and immunomodulatory mediators from HSyMCs.

There is increasing evidence that cardiac mast cells play a role in several myocardial disorders (Patella et al., 1990, 1996, 1998; Theoharides et al., 2011; Shi et al., 2015; Ngkelo et al., 2016; Marino et al., 2017). It has been reported that SP induces adverse myocardial remodeling (Melendez et al., 2011) and intraplaque hemorrhage in atherosclerosis (Bot et al., 2010) via the activation of mast cells. Azimi and collaborators have implicated mast cell MRGPRX2 in human and experimental cardiometabolic disorders (Azimi et al., 2017). However, the mechanism(s) of SP-mediated vascular and cardiac mast cell activation remains controversial (Shi et al., 2017). In our study SP and morphine failed to induce the release of preformed and de novo synthesized mediators from partially purified HHMCs. Interestingly, we have previously demonstrated by immunoelectron microscopy the presence of both tryptase and chymase in human cardiac mast cells (Patella et al., 1995). Thus, although HHMCs contain both serine proteases, similarly to HSMCs, they differ from the latter in response to MRGPRX2 activators. Several explanations can justify this intriguing observation: first, the possibility of the existence of MRGPRX2 variants expressed in different types of human mast cells (Alkanfari et al., 2018) cannot be excluded; second, the complex enzymatic and mechanical procedure to purify HHMCs might alter the expression and function of MRGPRX2 both at the plasma membrane and intracellular sites (Fujisawa et al., 2014). We are presently investigating the surface and intracellular localization of MRGPRX2 in HHMCs to explain the apparent lack of functional effects of SP and morphine on these cells.

Increasing evidence supports the role of mast cells in neurogenic inflammation (Skaper et al., 2014; Skaper et al., 2017) leading to itch and pain (Vincent et al., 2013; Gupta and Harvima, 2018; Yosipovitch et al., 2018). Nerve fibers release proinflammatory and vasoactive neuropeptides such as SP (Rosa and Fantozzi, 2013; Skaper et al., 2017), which can activate mast cells. These cells release algogenic and pruritogenic mediators such as tryptase and histamine (Yosipovitch et al., 2018), which activate specific nociceptors on sensory nerve fibers (Vergnolle et al., 2001; Rosa and Fantozzi, 2013). There is increasing evidence that SP is linked to itch and pain through activation of MRGPRX2 on mast cells and sensory neurons (Azimi et al., 2016, 2017). We found that SP is a potent activator of the release of both histamine and tryptase from HSMCs that highly express MRGPRX2 (Fujisawa et al., 2014). The role of tryptase is particularly relevant because this protease activates the PAR2 receptor on nerve endings (Vergnolle et al., 2001; Zhang et al., 2012) stimulating the release of SP and other neuropeptides (Steinhoff et al., 2000) that activate nociceptors on nerve terminals as well as mast cells in a paracrine manner. Moreover, in vivo administration of morphine can induce histamine release (Baldo and Pham, 2012; Kumar and Singh, 2013) and itching in humans presumably via MRGPRX2-mediated HSMC activation.

Our study has some limitations which have to be pointed out. It was performed using primary mast cells isolated from several tissues (i.e., lung, heart, synovial, skin) obtained from different patients. Moreover, these mast cells might have different characteristics from cells obtained from healthy donors. Finally, the mechanical and enzymatic procedures to isolate mast cells from different anatomic sites are quite different. We cannot exclude the possibility that the techniques used to isolate and purify mast cells from different tissues might explain, at least in part, their different response to MRGPRX2 activation.

In conclusion, the results of this study demonstrate that there is greater functional heterogeneity of primary human mast cells across tissues than previously appreciated. First, we extend previous findings demonstrating heterogeneity when different types of human mast cells are activated via aggregation of FcεRI by anti-IgE. Second, there is heterogeneity of de novo synthesized mediators produced by different human mast cells activated by IgE-cross-linking. Third, there is heterogeneity of human mast cells with respect to MRGPRX2 activation. Additional studies are needed to examine the intracellular and membrane expression of MRGPRX2 in different types of primary human mast cells.
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Microglia are the resident macrophages in the brain. Traditionally, two forms of microglia have been described: one considered as a resting/surveillant state in which cells have a highly branched morphology, and another considered as an activated state in which they acquire a de-ramified or amoeboid form. However, many studies describe intermediate microglial morphologies which emerge during pathological processes. Since microglial form and function are closely related, it is of interest to correlate microglial morphology with the extent of its activation. To address this issue, we used a rat model of neuroinflammation consisting in a single injection of the enzyme neuraminidase (NA) within the lateral ventricle. Sections from NA-injected animals were co-immunolabeled with the microglial marker IBA1 and the cytokine IL-1β, which highlight features of the cell’s shape and inflammatory activation, respectively. Activated (IL-1β positive) microglial cells were sampled from the dorsal hypothalamus nearby the third ventricle. Images of single microglial cells were processed in two different ways to obtain (1) an accurate measure of the level of expression of IL-1β (indicating the degree of activation), and (2) a set of 15 morphological parameters to quantitatively and objectively describe the cell’s shape. A simple regression analysis revealed a dependence of most of the morphometric parameters on IL-1β expression, demonstrating that the morphology of microglial cells changes progressively with the degree of activation. Moreover, a hierarchical cluster analysis pointed out four different morphotypes of activated microglia, which are characterized not only by morphological parameters values, but also by specific IL-1β expression levels. Thus, these results demonstrate in an objective manner that the activation of microglial cells is a gradual process, and correlates with their morphological change. Even so, it is still possible to categorize activated cells according to their morphometric parameters, each category presenting a different activation degree. The physiological relevance of those activated morphotypes is an issue worth to be assessed in the future.
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INTRODUCTION

Microglial cells are the resident macrophages in the central nervous system. Initially they were considered to be “resting” or “quiescent” in normal or healthy conditions, eventually acquiring an activated phenotype in pathological situations (Davis et al., 1994). However, more recent studies have suggested that microglia play several roles both in the healthy and the pathological brain (Biber and Block, 2014). Thus, the main role of microglia in the healthy brain is to survey the nervous tissue environment, so the previously presumed resting state is actually very active, continuously monitoring the surroundings, and acting as main sensors of brain alterations (Nimmerjahn et al., 2005; Nimmerjahn, 2012). Besides, microglial cells carry out diverse maintenance tasks to provide a propitious physiological environment (Gomez-Nicola and Perry, 2015). In addition, under various stimulus (e.g., infection, trauma or stroke) microglia may acquire different activated phenotypes to engage immunological or repair functions (Ransohoff and Perry, 2009). Those activated phenotypes have been defined as classical activation (M1), alternative activation (M2a), type II alternative activation (M2b), and acquired deactivation (M2c). Among them, M1 is considered a pro-inflammatory phenotype, while M2 subtypes are considered anti-inflammatory states. However, this classification is highly controversial, and many authors do not agree with it. In fact, this scenario is more intricate, since microglial cells exhibit a great plasticity within each specialized niche. Microglia phenotype is usually not absolute, but may display features of different states, or even a continuum of various activated states (Olah et al., 2011; Ransohoff, 2016). In addition, microglial cells can play a confusing toxic or protective role in particular neurological pathologies (Biber and Block, 2014), which represents a crucial issue to unravel.

It is widely accepted that the function of microglial cells and their form are closely coupled (Davis et al., 1994). Therefore, the morphological analysis by quantitative and objective methods is considered as a valuable tool to better understand form and function relationships. In addition, because microglial cells are highly dynamic, quantitative analysis could detect subtle changes in cell morphology. Numerous studies have addressed the morphological analysis of microglia, although many of them used qualitative and subjective approaches to classify them. During the last decade the use of quantitative objective methods to study morphology has gained interest. In this way, microglial cells have been analyzed in healthy brains of both humans and rats (Kongsui et al., 2014; Torres-Platas et al., 2014) as well as in different pathological situations such as brain injuries (Soltys et al., 2001; Zanier et al., 2015), under physiological (salt load) or psychological stress (Ayoub and Salm, 2003; Hinwood et al., 2013), and in mouse models of Alzheimer’s disease (Baron et al., 2014). Some studies tried to establish different microglial morphotypes based on morphological parameters. Statistical procedures such as principal component analysis revealed the morphological parameters with greater discriminant capacity (Soltys et al., 2005). Hierarchical cluster analysis, which allows grouping objects based on their similarity, was used to suggest new microglia classifications in different experimental models, such as visual learning in monkeys (Santos-Filho et al., 2014), hypoglossal axotomy (Yamada and Jinno, 2013), experimental neuroinflammation (de Sousa et al., 2015), and a mouse model of amyotrophic lateral sclerosis (Ohgomori et al., 2016). These works objectively proposed different morphotypes, which have been associated to a particular physiological/pathological spatiotemporal condition.

The current study has focused on the morphology of hypothalamic microglia undergoing inflammatory activation. To induce the activation of these cells, an acute neuroinflammation was generated by the intracerebroventricular administration of microbial neuraminidase (Grondona et al., 1996; Del Carmen Gómez-Roldán et al., 2008; Granados-Durán et al., 2015). Neuraminidase (NA) is a sialidase enzyme that removes terminal sialic acid from the carbohydrate chains of glycoproteins and glycolipids. When NA is injected into the lateral ventricle of rodents, it is distributed by the flow of cerebrospinal fluid, affecting the ventricular system and periventricular regions, including the hypothalamus. The diffusion of the enzyme from the ventricular cavity toward the hypothalamic parenchyma provokes the inflammatory activation of resident microglia (Granados-Durán et al., 2015; Fernández-Arjona et al., 2017). On the basis of immunostaining for the pro-inflammatory cytokine IL-1β, the level of activation of these hypothalamic microglial cells appears to be heterogeneous, as well as their morphology. Hence, we tried to correlate the level of activation (assessed by IL-1β immunostaining) with different morphometric parameters measured in single microglial cells. Also, we aimed to defining different subgroups of activated microglia based on the objective quantification of morphological parameters. Our results point that most of the morphometric parameters measured show a dependence on the level of expression of IL-1β, and they progressively change as the cell becomes more activated. Even though the morphological change that accompanies activation is gradual, with the aid of statistical methods it is possible to categorize activated microglial cells using specific morphological parameters. The morphology-based classification obtained is in accordance with different IL-1β expression levels, indicating the value of morphological analysis to examine the degree of inflammatory activation of microglial cells.



MATERIALS AND METHODS


Animals

Six male Wistar rats (350 g, about 10 weeks old) were provided by Charles River Laboratories (Barcelona, Spain). Animals were maintained in the animal house at Universidad de Málaga, under a 12 h light/dark cycle, at 23°C and 60% humidity, with food and water available ad libitum. Animal care and handling were performed according to the guidelines established by the Spanish legislation (RD 53/2013) and the European Union regulation (2010/63/EU). All procedures performed were approved by the ethics committee of Universidad de Málaga (Comité Ético de Experimentación de la Universidad de Málaga; reference 2012-0013). All efforts were made to minimize the number of animals used and their suffering.



Intracerebroventricular Injection

An acute and sterile neuroinflammatory process was generated in rats by a single injection of the enzyme NA within the right lateral ventricle of the brain (Grondona et al., 1996; Del Carmen Gómez-Roldán et al., 2008; Granados-Durán et al., 2015). Intracerebroventricular (ICV) injection procedure was performed as previously described (Granados-Durán et al., 2015). Briefly, the animals were anesthetized with ketamine/xylazine solution (80 and 12 mg/kg, respectively; Sigma-Aldrich) and positioned in a stereotaxic frame. A scalp incision along the sagittal midline was performed to access the skull and the bone was perforated with a drill in the following coordinates: 0.5 mm posterior, and 1.4 mm lateral from Bregma (Paxinos and Watson, 2007). Neuraminidase from Clostridium perfringens (Sigma-Aldrich, N3001) dissolved in 0.9% sterile saline was administered by a single injection 3.5 mm below the dura mater, with the aid of a pump; a dose of 500 mU (in 20 μL) of NA was perfused during 10 min at a rate of 2 μL/min. The animals were sacrificed at 12 h post-injection. Sham (saline-injected) animals were not included, because: (1) from previous studies (Fernández-Arjona et al., 2017) we knew that IL-1β expression in hypothalamic microglial cells was absent, (2) the aim of this study was focused on activated microglial cells, and (3) in case we wanted to sample IL-1β negative cells, it would be possible to find them in regions of the brain parenchyma farther from the ventricular surface.



Brain Sections and Immunohistochemistry

Prior to sacrifice, the animals were anesthetized (as described above) and systemically perfused with 0.9% saline, followed by 4% parafolmaldehyde. Brains were removed and post-fixed overnight in the same fixative solution. Free floating coronal sections of brain tissue were later obtained with a vibratome (40 μm thickness), and the sections were cryoprotected with a sucrose and ethylene glycol solution (30% w/v and 30% v/v respectively, in 0.1 M phosphate buffer). Brain sections including the third ventricle (distance from Bregma about −3.30 mm) were selected for immunohistochemistry.

With the purpose of measuring morphological parameters of microglial cells along with their IL-1β expression level, double immunofluorescence with IBA1 and IL-1β antibodies was performed. Free floating vibratome sections were washed with PBS, and non-specific binding sites were saturated with PBT solution (0.3% bovine serum albumin, 0.3% Triton X-100 in PBS pH 7.3). Primary antibodies (anti-IBA1, host: rabbit, WAKO, 19-19741 and anti-IL-1β, host: goat, R&D Systems, AF501NA) were co-incubated overnight at 4°C. Sections were washed with PBS and then incubated for 1.5 h with the secondary antibodies (anti-rabbit Alexa 488, host: donkey, Molecular Probes, A-21206; and anti-goat Alexa 594, host: donkey, Invitrogen, A-11058). Sections were washed with PBS, mounted onto gelatine-coated slides, cover slipped with the anti-fading agent Mowiol 4-88 (Calbiochem/EMD Chemicals) and stored at 4°C. Negative controls for the immunohistochemistry consisted in omitting the primary antibodies.



Image Acquisition and Processing

Images of activated microglia from immunolabeled sections including the third ventricle were acquired using the inverted microscope LEICA SP5 II equipped with a confocal scan unit. Images were captured with a 63x oil immersion objective, using the following acquisition parameters: for the fluorochrome Alexa 488 (Iba1-green): Argon laser intensity 55%; Gain 641; Offset 0; and Detector PMT aperture: 500–550 nm. For the fluorochrome Alexa 594 (IL1β-red): Helium-Neon laser intensity 67%; Gain 1009; Offset 0; and Detector PMT aperture: PMT 605–656 nm.

Images were taken using the z-stack tool. The distance between planes was established after prior trials, aimed to get cellular profiles of sufficient resolution for the subsequent morphological analysis; such distance was set in 1 μm. For each microscopic field selected, a z-stack was obtained from 20 to 30 planes (1 μm apart) taken along the z axis.

From these images, individual microglial cells were selected and cropped according to the following criteria: (i) random selection from the dorsal wall of the third ventricle, starting in the subependyma and moving toward the brain parenchyma up to a depth of about 100 μm; (ii) different intensities in the IL-1β label (as the study was focused on activated microglia, cells with no IL-1β label at all were excluded); (iii) no overlapping with neighboring cells; and (iv) complete nucleus and branches. The images of selected single microglial cells were processed in two different ways. On one hand, the intensity of the IL-1β label was quantified (see Section Quantification of IL-1β Label in Single Microglial Cells; Figure 1), and on the other hand an extensive morphological analysis of the same cell was performed (see Section Quantification of Morphological Parameters in Single Microglial Cells; Figure 2). For each type of analysis, a series of steps were performed using FIJI free software (freely downloadable from http://fiji.sc/Fiji).
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FIGURE 1. Procedure for the quantification of IL-1β staining in microglial cells. Brain sections containing the hypothalamus were immunostained with IBA1 (green channel) and IL-1β (red channel) antibodies. Activated microglial cells were evidenced by co-staining with both antibodies (A). Activated microglia were randomly picked for image analysis (B). Confocal z-stack images were captured, each containing 20–30 confocal planes (C,D). After splitting the red and green channels, IL-1β intensity for an individual microglial cell was estimated on the red channel images (C). Briefly, the intensity of all red-positive pixels in every plane was measured, and then the counted values of all planes were added up to obtain the total intensity staining per cell. Secondly, the counterpart green channel images (D) were used to calculate the cellular volume: the green-positive area was measured for each confocal plane (μm2), and then the cell volume was calculated knowing the distance between planes (≈ 1 μm). Finally, the ratio red staining intensity to cellular volume yielded the IL-1β expression level of a particular microglial cell, relative to its volume (intensity/μm3).
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FIGURE 2. Image processing for an accurate morphometric analysis of individual microglial cells. This procedure was carried out on the same images used for quantifying IL-1β expression level (A). For each single microglial cell, the z-stack planes were projected and grouped, and the resulting image (B) was color-splitted to get the cellular profile displayed by IBA1 staining (green channel; D) out of IL-1β label (red channel; C). The green-channel image (D) was transformed to a binary image (E) and then edited (F) to obtain a single field or area of pixels representing the filled (G) and the outlined (H) shapes of the cell. These filled and outlined figures were used to measure the morphometric parameters.




Quantification of IL-1β Label in Single Microglial Cells

To obtain an accurate measure of the IL-1β label in individual cells, the z-stack images (20–30 planes) from a selected cell (Figure 1B) were split into the red (Figure 1C, corresponding to IL-1 β) and the green (Figure 1D, corresponding to IBA1) channels. First, the intensity of IL-1β label was calculated by an arbitrary method. The Raw Integrated Density was measured (the sum of the values of intensity of the pixels in all the planes making up the whole cell). Secondly, the counterpart green channel images (Figure 1D) were used to estimate the volume of the cell as follows: to obtain the total positive area in μm2, the number of green-positive pixels of all planes in the z-stack was counted. Knowing that the distance between the z-planes was 1 μm, the volume of the cell was then calculated (in μm3). Finally, the IL-1β relative intensity of each cell was calculated by dividing its Raw Integrated Density between its volume. This approach intended to avoid bias due to changes of cell size occurring during the activation process.



Quantification of Morphological Parameters in Single Microglial Cells

Each studied microglial cell was also processed for an accurate morphometric analysis. In this case, two-dimensional projection images were obtained from confocal z-stacks (Figure 2A). First, the double-color image (Figure 2B) was split to obtain the IBA1 label in the green channel, which quite accurately mirrors the cell profile (Figure 2D). This green-channel image was transformed into a binary image (Figure 2E), which was then manually edited (Figure 2F) to obtain a filled profile (Figure 2G) and an outlined shape (Figure 2H) of the cell (for more details see Fernández-Arjona et al., 2017). These filled and outlined figures were used to measure the morphologic parameters. For this purpose, the free software plugin FracLac for ImageJ was used (Karperien A., FracLac for ImageJ1. 1999–2013; available at the ImageJ website, National Institutes of Health; Karperien et al., 2013). The 15 parameters measured were: fractal dimension, lacunarity, cell area, cell perimeter, cell circularity, convex hull area, density, convex hull perimeter, roughness, convex hull span ratio, convex hull circularity, bounding circle diameter, maximum span across the convex hull, the ratio convex hull radii and the mean radius. All of them are explained in Supplementary Material, as well as a step guide for their measurement (Supplementary Figure S1 and Supplementary Material Methods. Fractal analysis; Fernández-Arjona et al., 2017).



Statistical Analysis


Simple Linear Regression Analysis

To evaluate the correlation between each morphometric parameter and IL-1β label intensity in activated microglial cells, a simple linear regression analysis was performed. Morphological parameters were considered the dependent variables and the relative intensity of IL-1β was the independent one. The relationship between the independent variable and each dependent variable (15 different morphological parameters) was analyzed by pair-wise datasets of each cell, conducting an independent simple linear regression for each parameter. Regression coefficients [F0.05(2),150,150] of each function pointed out the dependence of the dependent variable (morphometric parameters) on the independent variable (IL-1β intensity). Dependence was considered significant when P < 0.05. Correlation coefficients [r0.05(2),151] measure the strength of the linear relationship between the two variables.



Hierarchical Cluster Analysis

With the aim of identifying likeness among NA-activated microglial cells and thus obtaining microglial subtypes, a hierarchical cluster analysis (HCA) was performed using the morphometric parameters previously measured. For this purpose, SPSS Statistics software, version 21.0 (Armonk, NY, United States; IBM Corp.) was used. Similarity appraises were generated by measuring the Euclidean distance (the square root of the sum of the squared differences between values for the items) following the Ward’s method (Ward, 1963) for interval data. All data were normalized in order to obtain values in a similar scale. A dendrogram plot based on the Euclidean distance was used to display the number of clusters proposed. To find out the more suitable parameters for separating our population of cells into different groups, the multimodality index (MMI) of each parameter was calculated (Scheweitzer and Renehan, 1997) using the following formula:
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where n is the sample size (in this case 250 cells), M3 is asymmetry (or skewness; A) and M4 is kurtosis (K), obtained from dispersion data analysis. The number of appropriate clusters was estimated by the Thorndike procedure (Thorndike, 1953). Briefly, the average within-cluster distance is plotted for different numbers of clusters, resulting in a curve that shows a decrease in the distance as the number of clusters increases. The number of clusters finally selected is revealed by a sudden flattening of the curve in the plot.



Linear Discriminant Analysis

Linear discriminant analysis (LDA) is a statistical method used for pattern recognition, to characterize or separate two or more groups, and also to create a function able to distinguish, as accurately as possible, the pertaining to each group. The evaluation by LDA of 250 NA-activated microglial cells was carried out by SPSS Statistics software. The following equation shows the linear discriminant functions:
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where An is a coefficient of each individual morphometric parameter, Xn is each variable (the morphometric parameter value) and C is a constant. The discriminant functions were considered satisfactory when the predictive ability to discriminate exceeded 80%. Wilk’s lambda was used to test for significant differences between the groups for each individual predictor variable. The values of standardized coefficients show the net contribution of each variable to the discriminant function. The centroid of each group and the boundaries in the territorial map describes the predicted groups (Fisher, 1936; Yamada and Jinno, 2013; Ohgomori et al., 2016).



Analysis of Variance

Comparisons of data means were carried out using SPSS Statistics software. The Kolmogorov–Smirnov normality test, along with the Levene homoscedasticity test, was used to verify that data could be analyzed by parametric methods. One-way analysis of variance (ANOVA) was used to compare the morphometric parameters means of the different clusters. Pair-wise multiple comparisons were performed by Bonferroni test. Differences were considered statistically significant when the P obtained was <0.05.



RESULTS


Diverse Expression Levels of the Pro-inflammatory Cytokine IL-1β Are Observed in Hypothalamic Activated Microglial Cells

The ICV administration of NA results in the activation of microglial cells located nearby the ventricular walls, activation that is evidenced by IL-1β expression. Double immunofluorescence showed a broad co-localization of IL-1β in IBA1 positive cells (which mostly correspond to microglia) located in periventricular areas, particularly of the hypothalamus (Figure 3). Control animals injected with saline did not show any IL-1β staining (results not shown). Since NA was injected within the right lateral ventricle and then distributed to other brain areas by the rostro-caudal cerebrospinal fluid flow, the IL-1β positive microglia could be observed in the hypothalamus parenchyma close to the third ventricle. Cytokine positive microglial cells were found up to about 100 μm under the ventricular surface, but not further deep, confirming that non-activated cells were also present in this model. The IL-1β and IBA1 positive cells most probably correspond to microglial cells, rather than infiltrated cells, because (1) 12 h after ICV injection infiltration occurs at the lateral ventricle, but not in the hypothalamus, (2) these cells are extensively ramified, and it is unlikely that a peripheral cell might infiltrate in the lateral ventricle, flow to the hypothalamus, migrate through the ependymal layer, and ramify in just 12 h. On the other hand, IL-1β/IBA1 positive cells remarkably presented variable degrees of IL-1β expression, ranging from quite high (Figures 3B,C) and medium (Figures 3D,E) to almost none (Figures 3F,G). With a naked eye, microglial cells with lower IL-1β expression bore more and longer ramifications (Figures 3F,G). Cells with higher IL-1β expression were usually located closer to the ventricle. However, an objective method to assess the activation of microglial cells would be more appropriate. Therefore, we aimed to correlate quantitative morphometric parameters with IL-1β expression level. To do so, microglial cells double-labeled with IBA1 (Figure 3, green) and IL-1β (Figure 3, red) were randomly picked from the periventricular region of the hypothalamus of rats injected with NA 12 h before.
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FIGURE 3. Varied expression level of the inflammatory cytokine IL-1β by hypothalamic microglial cells. Double immunofluorescence staining on brain sections obtained from rats ICV-injected with NA. Twelve hours after NA-injection, a broad co-localization of IL-1β (red) in IBA-1 positive (green) hypothalamic cells can be observed (A). In sub-ependymal and periventricular areas, microglial cells similarly stained with IBA1 displayed diverse IL-1β staining intensities, which ranged from high (B,C), or medium (D,E) to low (F,G). Hypot, hypothalamus; 3rd V, third ventricle.




Morphological Parameters Correlate With the Level of Expression of IL-1β in Hypothalamic Microglia From NA-Injected Rats

We have previously verified significant differences in morphological parameters upon transition of microglial cells to an NA-induced activation state (Fernández-Arjona et al., 2017). Here we pursued to investigate if the broad range of values of the different morphological parameters might correlate to different degrees of IL-1β expression. That is, if the gradual morphological change could be associated to a progressive increase of microglial activation, evidenced by the expression of IL-1β. To demonstrate this, fifteen morphological parameters were analyzed in individual microglial cells sampled from the hypothalamus. In those same cells, the level of expression of IL-1β was also measured (IL-1β label, measured as Raw Integrated Density, relative to the total cell volume, the later calculated by means of IBA1 labeling). The regression analysis illustrates how the value of a dependent variable varies when the value of an independent variable changes. In this study, the independent variable was the level of IL-1β expression, and the morphological parameters were the dependent variables. Thus, for each morphological parameter, the values of the parameter over the IL-1β relative intensity were analyzed by a simple linear regression of the paired microglial dataset.

Hence, the functional dependence of each variable on IL-1β expression was tested by analysis of variance computing the sum of squares by a linear regression, for a population of 150 microglial cells (Figure 4 and Table 1). The parameters fractal dimension (Figure 4A), lacunarity (Figure 4B), cell area (Figure 4C), cell perimeter (Figure 4D), convex hull area (CHA, Figure 4F), convex hull perimeter (CHP, Figure 4H), roughness (Figure 4I), bounding circle diameter (BCD, Figure 4L), max span across the convex hull (MSACH, Figure 4N) and the mean radius (Figure 4O) showed a negative dependence on IL-1β relative intensity, while the parameter cell circularity (Figure 4E) and density (Figure 4G) had a positive dependence on the same independent variable; regression analyses were significant for all these parameters (Table 1). However, there was no dependency for the convex hull span ratio (CHSR, Figure 4J), the convex hull circularity (CHC, Figure 4K) and the ratio convex hull radii (RCHR, Figure 4M) versus IL-1β relative intensity. Regression coefficients (F) of those functions pointed out a significant dependence of 12 morphometric parameters on IL-1β expression (Table 1); three parameters (the ratio convex hull radii, convex hull circularity and convex hull span ratio) did not show any dependence. Correlation coefficients (r) were used to calculate the coefficients of determination (r2) which indicate the strength of the linear relationship between the two variables, and therefore the reliability of the prediction of the dependent variable based on the independent variable. The results showed significant correlations for each linear regression (Table 1) except for the three parameters above mentioned (the ratio convex hull radii, convex hull circularity and convex hull span ratio). Regression analysis is widely used to make predictions. Given that most of the morphological parameters used here present a statistically significant dependence on IL-1β relative intensity, it could be inferred that microglial morphological changes are closely related to the extent of the inflammatory activation of the cell. Also, for a population of microglial cells, these parameters might be considered as good predictors of the expression level of this cytokine. However, such prediction would not be reliable in the case of single microglia because, as can be observed in the plots (Figure 4), a relatively high dispersion of data exists.
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FIGURE 4. Linear regression analysis between different microglial morphological parameters and IL-1β staining intensity. Fifteen morphological parameters as well as IL-1β relative staining intensity were measured in a total of 150 activated hypothalamic microglial cells. These cells were plotted in scatter graphs, where each morphological parameter was the dependent variable and IL-1β staining intensity (measured as the Raw Integrated Density relative to cellular volume) was the independent variable. The parameters fractal dimension (A), lacunarity (B), cell area (C), cell perimeter (D), convex hull area (CHA; F), convex hull perimeter (CHP; H), roughness (I), bounding circle diameter (BCD; L), maximum span across the convex hull (MSACH; N), and the mean radius (O), showed a negative dependence on IL-1β expression, while the parameters cell circularity (E) and density (G) had a positive dependence on the same independent variable. Regression analyses were significant for all these parameters, and correlation coefficients were significantly strong for the straight-line relationship between each paired variables. On the contrary, there was no dependence for the ratio convex hull radii (RCHR; M), the convex hull circularity (CHC, K), and the convex hull span ratio (CHSR; J).



TABLE 1. Statistics of simple linear regression analyses performed between different morphological parameters and IL-1β relative intensity of a population of activated microglial cells.

[image: Table 1]Fractal dimension (D) was determined by the box counting method. Previous studies revealed that small changes in D values are related to subtle changes in the complexity of branches (Karperien et al., 2013). In our study D data ranged from 1.15 to 1.40. High values of D corresponded with low cytokine expression. The correlation analysis showed a tendency of D to decrease as IL-1β expression increases. This suggests that microglial cells with low NA-activated state (low IL-1β) present phenotypes associated to high values of D, like de-ramified, hypertrophied or bushy. When activation escalates (lower values of D), microglia profile gradually modifies toward un-ramified. In addition, in our sample the higher value of D obtained was 1.45, indicating that highly branched profiles, with small soma and quite fine and long processes, are rare amongst NA-activated hypothalamic microglial cells.

Lacunarity (Λ) assess the heterogeneity of the cell profile. Low Λ values reflect homogeneity and high Λ measures mean heterogeneity (Karperien et al., 2011). In our sample, microglial cells with lower expression of IL-1β presented higher Λ values. Also, the regression analysis pointed out a decrease in Λ in parallel to IL-1β intensity increases. Therefore, microglia with mild NA-activation state present a heterogeneous cellular profile (high Λ values), and as the level of activation increases their shape tends to be more homogeneous (low Λ values).

Cell area and cell perimeter, as well as the area and the perimeter of the convex hull, mainly describe the cell size. In the case of NA-activated microglial cells high values of those parameters have been found in cells with low IL-1β expression. The regression analysis showed a decrease in cells size in parallel with increases in the expression of the pro-inflammatory cytokine. These results indicate a progressive reduction of microglial size as the activation state of the cells enhances.

These cell-size changes were complemented with the morphological measures of density and roughness. On one side, low values of density were accompanied with low cytokine expression; both variables presented a positive correlation. Therefore, the more compact the profile of the cell, the more activated it is. On the other hand, the parameter roughness showed the opposite behavior: high roughness values relate to low IL-1β intensity, and thus the regression analysis pointed out a negative correlation between both variables. This denotes that microglial cell surface irregularities tend to decrease in parallel with the progressive enhancement of its activation.

These results confirm that, in microglial cells, a correlation exists between different morphological parameters and the degree of inflammatory activation. We next sought to explore the possibility that there are different microglial morphotypes related to various degrees of activation.



Hierarchical Cluster Analysis Allows Identifying Four Types of Activated Microglial Cells Based on Morphological Parameters

The choice of suitable variables is critical for the outcome of HCA. For this reason we initially considered the fifteen parameters above mentioned, and examined their frequency distribution in a histogram (Supplementary Figure S2). Each probability distribution was compared with a normal distribution, and asymmetry (or skewness) together with kurtosis were calculated, both of which allowed to estimate the multimodality index (MMI) of each parameter (see section Materials and Methods). The MMI gives an idea of the distribution of the data around one or multiple values. Thus, parameters with MMI > 0.55 are multimodal and therefore suitable to perform cluster analysis (Scheweitzer and Renehan, 1997). Based on their MMIs, only the following three morphometric parameters were appropriate for the cluster analysis: lacunarity, cell circularity and convex hull span ratio (Table 2).


TABLE 2. Multimodality indexes of morphological parameters.

[image: Table 2]The HCA performed on z-transformed data sets of the three selected parameters yielded a dendrogram based on the Euclidean distance between groups, using the Ward’s method (Figure 5A). The Thorndike’s procedure (Thorndike, 1953) was applied to establish the appropriate number of clusters (Figure 5B). This method uses the representation of linkage distance versus linkage steps (or number of clusters); a sudden decrease in linkage distance occurs at a certain number of clusters, which is evidenced by a marked flattening of the curve. In our case, this happens when the number of linkage steps is four (dashed line in Figure 5B). Microglial cells were thus classified into four clusters.
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FIGURE 5. Activated microglia can be classified according to morphological parameters. A hierarchical cluster analysis (HCA) was performed on 250 NA-activated microglial cells sampled from the rat dorsal hypothalamus. This dissimilarity measure was based on three suitable morphological parameters selected according to their multimodality index (MMI) value. The clustering results are presented in a dendrogram (A), where the abscissa represents individual microglial cells and the ordinate corresponds to the linkage distance measured as Euclidean distance. The horizontal dashed line denotes the cut off for four clusters, numbered 1 through 4, which are color coded as orange, green, dark red and blue, respectively. The percentage indicates the frequency distribution of microglial cells in these clusters. (B) A plot of linkage distance vs. linkage steps (or number of clusters) was performed following Thorndike’s procedure. The vertical dashed line points out a marked decline in the slope, which indicates that four is an appropriate number of clusters. (C) Territorial mapping of microglial cells on the plane explained by the first two linear discriminant functions (LD1 and LD2); the proportion of trace for each LD is shown in parenthesis. The cells are color coded based on their cluster allocation; the centroids represent the mean value of each cluster.


Next, we searched for linear discriminant functions which could explain the variance, and that could also suggest the variables that are more relevant for discrimination, i.e., that have the highest predictive capacity. This search resulted in two functions (Table 3). The linear discriminant function 1 (LD1), with a correlation of 0.869, which explained 57.4% of variance, and the linear discriminant function 2 (LD2), with a correlation of 0.767, described 26.6% of variance. Thus, both functions together accumulated 84% of variance, remaining unexplained only 16% of it. Moreover, Wilks’s lambda and chi-squared pointed out significant differences between the means of the compared groups (Wilks’s lambda = 0.054; χ2 = 718.9; df = 9; P < 0.001). The discriminant functions include coefficients for each variable, which are listed in Table 3. The value of those coefficients indicates the partial contribution of each variable to the function, that is, the importance of each variable as predictor of cell sorting into the four clusters, with a higher absolute value indicating a better predictive variable. LDA revealed that lacunarity and cell circularity are the critical parameters when sorting microglial cells. The discriminant scores of 252 microglial cells were determined for LD1 and LD2, and plotted in a territorial map using a color code to identify each cluster (Figure 5C). This type of graph illustrates how cells within each cluster are grouped around a centroid (the cluster mean).


TABLE 3. Linear discriminant functions.

[image: Table 3]Once HCA and LDA had yielded four groups of hypothalamic activated microglial cells, we tested if they were actually different morphotypes, comparing their parameters means using one-way ANOVA. The comparison of the four clusters regarding IL-1β relative intensity (Figure 6A) showed in an objective manner that they were different in terms of their activation status. Therefore, each cluster or morphotype could be assigned to a particular level of inflammatory activation. Although clusters 1 and 3 were not different regarding IL-1β expression, they were different from clusters 2 and 4, and were also different regarding morphological parameters (convex hull span ratio and cell circularity; Figures 6B,D). Consequently, each morphotype could be assigned a particular level of activation as follows: cluster 2 represents a low activation state, clusters 1 and 3, although morphologically different, fit with intermediate activation states, and cluster 4 appertain to the highest activation level.
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FIGURE 6. The microglial cells clusters defined by morphological parameters are also different regarding IL-1β expression. The IL-1β relative intensity previously calculated for each microglial cell was represented in a boxes and whiskers plot, showing the mean value (±SD) in each of the morphologically established clusters (A); the average IL-1β relative intensity was lowest in microglia belonging to cluster 2, and highest in those of cluster 4. Mean values of the morphological parameters used for clustering were also different (B–D). Letters on top of each box indicate pair comparisons results: means of boxes with different letters are statistically different (P < 0.05). (E) Data points of a total of 250 activated microglial cells were plotted as a function of the three multimodal variables: cell circularity (Cc), the convex hull span ratio (CHSR), and lacunarity (L), on the y, x and z axes, respectively. A fourth dimension was set by a color code as a function of microglia cluster allocation. This three-dimensional Cartesian coordinate reveals a specific territorial distribution of the cells belonging to each cluster. Exemplary color-coded microglia profiles from each cluster are presented; the arrows point the location of those particular cells in the graph, and the distance to each axis is highlighted with colored lines; next to them, the cluster mean values ± standard deviation of each parameter are also shown.


Comparisons of each cluster means were also done for all the morphological parameters measured (Supplementary Figure S3). One-way ANOVA showed significant differences between clusters in most parameters, what supports that each cluster represents a particular morphotype. To simplify, only the discriminating parameters used to perform HCA and LDA were presented (Figures 6B–D). The cells in cluster 1 do not present any trait that allows distinguishing them from the rest of the cells groups, since their morphometric values are intermediate in comparison to the remaining groups; this is in accordance with their intermediate level of activation, as previously exposed. Cells in cluster 3, although also described as mild activated cells (similarly to cluster 1), showed however an increased convex hull span ratio that distinguished them from the remaining groups (Figure 6B). The main characteristic of cells in cluster 2 was the high lacunarity (Figure 6C), while cluster 4 cells exhibited the highest values of cell circularity (Figure 6D).

Therefore, different morphotypes were associated to each cluster, each of them described by different values of the most discriminant morphometric parameters (Figure 6E). According to those parameters, (a) microglial cells in cluster 3 are quite elongated or even rod shaped (red cells in Figure 6E); (b) microglial cells in cluster 2 present a heterogeneous or polarized morphology (green cells on Figure 6E); (c) cells belonging to cluster 4 are mostly rounded or amoeboid (blue cells on Figure 6E); (d) while those included in cluster 1 do not present a characteristic trait appearing quite similar to those in cluster 2 except that they are not elongated (yellow cells on Figure 6E). Since each cluster has been previously assigned a certain level of inflammatory activation, a particular microglial cell morphotype (defined by morphometric values) could be assigned to each level of inflammatory activation.



DISCUSSION

In microglial cells, the expression of the cytokine IL-1β reveals its polarization toward a pro-inflammatory phenotype that appears within few hours of exposure to a specific stimulus (Olah et al., 2011; Walker et al., 2014; Orihuela et al., 2016). In our experimental model, the injection of NA into the lateral ventricle generates an acute inflammatory process that involves the activation of microglia, which is evidenced by IL-1β expression (Granados-Durán et al., 2015; Fernández-Arjona et al., 2017). In this study, fluorescence immunohistochemistry showed that microglial cells located nearby the ventricular surfaces specifically express this inflammatory cytokine 12 h after the administration of NA, while in deeper parenchymal areas the IL-1β label was practically absent. In the region selected for this study, the dorsal hypothalamus, activated microglia was found in the nervous parenchyma up to 100–200 μm from the ventricular surface. This fact suggests that the NA spreading from the ventricular cavities toward the nervous parenchyma is responsible for the activation of microglia.

With the aim of identifying features of activated microglial cells, some studies showed that activated cells exhibit morphological changes compared to the typical surveillant morphotype of resting microglia (Boche et al., 2013; Walker et al., 2014). Those studies were accomplished by either subjective (Kloss et al., 2001; Cho et al., 2006; Diz-Chaves et al., 2012; Rodríguez-Arias et al., 2018) or objective (Karperien et al., 2013; York et al., 2018) approaches, the latter employing quantitative morphological analysis. However, the existence of different cellular morphotypes within the population of activated microglial cells has not been previously addressed. In our NA-induced inflammation model it was evident that the IL-1β positive microglial population was heterogeneous both morphologically and regarding cytokine expression. Therefore, we aimed to analyze whether different morphotypes could be defined within the activated microglial population and, moreover, if they could be assigned to different levels of activation. With a naked eye, most of the IL-1β-positive microglial cells selected for this study showed a hypertrophied soma with variety of branching patterns and, apart from rare exceptions, all were far from round or amoeboid. These observations suggested that all microglial cells selected for this analysis were in an inflammatory state of activation, but exhibiting different degrees of activation and a wide range of morphologies.

Traditionally, two forms of microglia have been described: one considered as a resting state in which cells have a highly branched morphology, and another considered as an activated state in which they acquire an amoeboid form (Davis et al., 1994; Sierra et al., 2016). Other studies have described activated microglia as cells with hypertrophied (Ayoub and Salm, 2003) or even cylindrical shape (Wierzba-Bobrowicz et al., 2002; Taylor et al., 2014). Under normal conditions, microglia may display various functional states (Ransohoff and Perry, 2009; Gomez-Nicola and Perry, 2015). Currently, it is widely accepted that highly branched microglia are not in a resting state as initially thought, but are greatly dynamic in their role of monitoring the environment (Nimmerjahn et al., 2005; Nimmerjahn, 2012). This scenario is even more intricate, since it has been observed that in some pathological situations microglial cells show an overall reduction of their processes length (Madore et al., 2013), although in others they preserve the ramifications (Stence et al., 2001; Petersen and Dailey, 2004). On the other hand, it has been observed that, after a traumatic brain injury, microglial prolongations converge toward the site of the lesion without occurring a displacement of the cell body, thus establishing a potential barrier between the healthy and the injured tissues (Davalos et al., 2005). Therefore, microglial cells with intermediate morphotypes, such as those with abundant ramifications in situations of brain damage, have been consistently described. These intermediate forms of activated microglia seem to be also the predominant morphotypes in our acute inflammation model. At first sight, the population of hypothalamic microglia activated by NA seems to be branched morphs of the hypertrophied and shrub type. Conversely, there are no surveillant ramified nor hyper-ramified (a morphology found in chronic stress; Hinwood et al., 2013) microglial cells. Likewise, hypothalamic amoeboid microglia are virtually absent in our model.


Morphological Parameters Correlate With the Level of Expression of IL-1β in NA-Activated Hypothalamic Microglia

Fifteen morphometric parameters were measured in single cells sampled from the dorsal hypothalamus, along with the quantification of the level of expression of IL-1β by an image processing method designed to account for minor differences in the immunostaining intensity. To investigate if there was a gradual morphological change that paralleled the activation level in microglial cells, a simple linear regression analysis was performed to search for a correlation between each individual morphometric parameter and the level of expression of IL-1β (as an indicator of pro-inflammatory activation). The regression analysis results showed that, for most morphometric parameters (dependent variable), there is a dependence on the relative intensity of IL-1β (independent variable). That is, upon activation, the increase in the level of expression of IL-1β may predict how the morphology of a population of microglial cells progressively changes. Thus, it seems more accurate to think of a continuum of gradual morphological changes coming about with a gradual increase in activation, more than simply referring to an activated state. The results from this analysis demonstrate, in an objective manner, a long assumed statement: that microglial cells change their shape when they become activated. However, our results support such correlation for a population of microglial cells. Therefore, while morphological parameters could predict the level of activation of a population of cells, such prediction would not be reliable in the case of individual microglial cells, because of the relatively high dispersion of data (paramerters’ values) amongst microglia.

The meaning of the gradual changes of individual morphological parameters or, even more, several parameters simultaneously changing, is not easy to unravel. However, in an attempt to visualize and understand the morphological changes, the parameters may be related to the different features of cell’s shape. Thus, the variables that significantly change with the level of microglial activation are related to the regularity of the cell’s surface (cell perimeter and roughness), the complexity of ramifications (fractal dimension), the heterogeneity of the shape (lacunarity), the soma thickness (cell circularity and density) and the cell’s size (mean radius, convex hull perimeter, bounding circle diameter, max span convex hull, convex hull area, and cell area). No correlation was observed in the parameters related to the cylindrical shape of the cells (convex hull span ratio and the ratio of convex hull radii), hence this feature is independent of the inflammatory activation degree of microglial cells. Our correlation results indicate, in an objective way, that when microglial cells become increasingly activated the complexity of their ramifications and their heterogeneity decrease, and they become more compact. However, it should be emphasized that the correlation analysis does not allow identifying different morphotypes, nor allows considering several morphological parameters simultaneously. These objectives, which are not the aim of correlation analysis, were therefore approached by HCA.



Hierarchical Cluster Analysis Allows the Identification of Four Types of Activated Microglial Cells Based on Morphological Parameters

After showing microglial morphology dependence on the inflammatory activation level, we proceeded to seek for subgroups of microglial cells sharing similar traits within the population of activated microglia. Among all the morphological variables used in the previous correlation analysis, only lacunarity, cell circularity and convex hull span ratio were suitable to discriminate cellular subtypes. Hence, by using these parameters through HCA and LDA, four different clusters of NA-activated microglia were objectively revealed (Figure 5). Each cluster was further identified by particular average values of those three morphological parameters, as well as by a specific value of IL-1β relative intensity (that is, level of activation). Therefore, each cluster may be considered as a particular microglia morphotype within the activated hypothalamic population (Figure 6). The classification of activated microglia is relevant because each subgroup could be related to a particular physiological role.

Among the morphological parameters measured here, several of them can be used to discriminate between the arisen clusters (Supplementary Figure S3). However, in order to define each group and make these results more comprehensible, we preferred to take into account the most discriminating parameters (lacunarity, cell circularity and convex hull span ratio; Figure 6). Consequently, a slightly activated microglial group (cluster 2) is characterized by the greatest heterogeneity (lacunarity), and a highly activated microglial group (cluster 4) can be distinguished by the highest cell circularity. A third group includes cells with intermediate activation level (cluster 1 and 3), which can be subdivided in two other groups according to morphology (particularly the convex hull span ratio): cluster 3 includes rod-shaped cells, and cluster 1 less elongated cells.

Therefore, four groups of microglial cells were defined by their inflammatory activation level and by specific morphological parameters, namely lacunarity, cell circularity and convex hull span ratio. Lacunarity indicates the homogeneity (low values) or heterogeneity (high values) of an object (Karperien et al., 2011). If that object happens to be a cell, lacunarity defines the polarization of the cell, that is, when their prolongations are oriented toward a specific point. In our sample of hypothalamic activated microglia the morphotype with the highest lacunarity shows the lowest activation (cluster 2). This morphotype was also distinguished by the highest values of fractal dimension (Supplementary Figure S3A) which denotes a high level of complexity in ramifications (Karperien et al., 2013). The analysis of branch complexity has been used to discriminate whether microglial cells are resting or activated. Some researches employed this useful tool in particular situations, such as aged brains (van Olst et al., 2018), ischemic processes (Morrison and Filosa, 2013; Heindl et al., 2018), Alzheimer’s models (Baron et al., 2014) or acute pro-inflammatory processes (Verdonk et al., 2016). In those studies ramifications complexity (fractal dimension) decrease when microglial cells are activated. In the present study the higher branches intricacy and cell polarization coincides with slightly activated microglia (cluster 2) and, conversely, the morphotypes with intermediate and high activation (clusters 1, 3, and 4) match with decreased processes arborization. Hence, the assessment of branches complexity by lacunarity and fractal dimension contributes to describe the different morphotypes of activated microglia.

Cell circularity or roundness assesses whether microglial cells resemble an amoeboid form, where values closer to 1 indicate a more circular morphology. It is known that microglial dynamic conversion from resting to activated is accompanied by a retraction of the cellular processes into the cell body (Kettenmann et al., 2011). The subjective (Davis et al., 1994; Kloss et al., 2001; Norden et al., 2016) and objective (Kozlowski and Weimer, 2012; Davis et al., 2017; Fang et al., 2018) evaluation of the circularity have shown that roundness is directly related to microglial activation. Similarly, in the present study the greater the circularity, the higher the degree of inflammatory activation, a fact that is clearly evidenced in cluster 4.

The convex hull span ratio (CHSR) is the ratio between the longest and the shortest diameters of the convex hull containing the microglial cell. Therefore, it reflects the degree of elongation (and conversely, circularity) of the cell. This parameter was useful to discriminate a subgroup of microglia known as bipolar or rod microglia, which has a sausage-shaped soma with long thin processes (Taylor et al., 2014). Here, a morphotype of rod-microglial cells (cluster 3) was defined by the highest CHSR compared to the other clusters. However, it was indistinguishable from cluster 1 in terms of activation (i.e., both showed intermediate activation based on IL-1β expression). Hence, according to this result, acquiring a more or less pronounced cylindrical profile is not related to the activation level of microglial cells. The physiological function of rod microglia seems to be enigmatic. Plenty rod microglia have been observed in human brains affected by neurological diseases (Wierzba-Bobrowicz et al., 2002), and their abundance has been associated with aging (Bachstetter et al., 2017). Moreover, rod microglial cells arise after brain injury (Morrison et al., 2017), and are distributed in lines, coupled and adjacent to the cytoarchitecture of dendrites and axons (Ziebell et al., 2012). Interestingly, bipolar/rod-shaped microglia happen to be highly proliferative and, in the presence of LPS, quickly convert into amoeboid forms (within 30 min), suggesting that are crucial for repairing the damage (Tam and Ma, 2014). In our work, the elongated shape of cluster 3 microglia could be related to a sub-ependymal location rather than to the degree of activation, since they were always underneath the ependyma monolayer of the ventricular wall. Moreover, a conspicuous layer of sub-ependymal microglia, with relevant roles in periventricular insults, has been described (Carbonell et al., 2005), as well as the movement of IBA1 positive cells across the ependymal layer toward/from the ventricular cavities (Granados-Durán et al., 2015).



CONCLUSION

This work demonstrates in a quantitative and objective way that the inflammatory activation of microglial cells is gradual, and that correlates with a morphological change. Even so, it is still possible to categorize activated cells according to their morphometric parameters, each category presenting a different activation degree. Whether the different activated microglial morphotypes undertake different physiological roles is a matter for future studies.
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Alteration of glutamatergic synaptic plasticity in the Nucleus Accumbens (NAc) has been implicated in cocaine-seeking behaviors. Astroglial mechanisms for maintaining extracellular glutamate homeostasis through cysteine/glutamate exchanger (xCT) and glutamate transporter GLT1 are dysregulated following cocaine exposure and contribute to altered glutamatergic synaptic plasticity. However, how these astroglial proteins become dysregulated in cocaine addiction remains unknown. We recently showed that neuron to astroglial exosome signaling is essential to maintain GLT1 protein expression by transferring neuronal miR-124-3p into astrocytes to suppress GLT1-inhibiting microRNAs (miRs) in astrocytes. In the current study, by selectively labeling neuronal exosomes using CD63-GFPf/+ exosome reporter mice, we examined how the self-administration and extinction stages of the mouse cocaine self-administration model alter neuronal exosome signaling to astrocytes and microglia in the NAc. We found that cocaine (but not food) self-administration strongly reduces the internalization of neuronal exosomes, particularly in astrocytes in the NAc (but not in motor cortex), which can be effectively reversed by extinction training. In parallel, cocaine self-administration alone specifically and differentially affects activation of glial cells by decreasing GFAP expression in astrocytes but increasing Iba1 expression in microglia. However, extinction training fully reverses the increased Iba1 expression in microglia but only partially reverses the reduction of GFAP in astrocytes. Taken together, our study reveals altered in vivo dynamics of NAc neuronal exosomes in the cocaine addiction model, providing new insights about how altered neuron to glial exosome signaling may contribute to astroglial dysfunction in cocaine addiction.
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INTRODUCTION

Cocaine addiction is a chronic neurological disorder primarily manifested with compulsive drug-seeking behaviors, which are coordinately influenced by multiple neural circuitries in different brain regions, including at least prefrontal cortex, amygdala, nucleus accumbens (NAc), and ventral tegmental area (VTA; Kelley, 2004; Kalivas, 2009). In particular, NAc receives and integrates inputs from both cortical and limbic regions and is considered a central brain structure in developing reward-driven (including drug-seeking) behaviors (Scofield et al., 2016a). Early observations have shown altered dopaminergic neurotransmission as an underlying mechanism for drug-seeking behavior (Berridge and Robinson, 1998). Cocaine-mediated inhibition of dopamine transporter (DAT) leads to elevation of extracellular dopamine levels that enhance dopaminergic synaptic transmission in NAc, resulting in a strengthened rewarding effect of drug-seeking behavior (Nestler, 2005).

Recently, altered glutamate homeostasis and glutamatergic synaptic plasticity in NAc has also been implicated in cocaine addiction behavior (Kalivas, 2009). Cocaine addiction affects both neuronal and astroglial mechanisms for maintaining proper glutamate homeostasis. Cocaine decreases activity and protein expression of the cysteine/glutamate exchanger xCT that is enriched in NAc astrocytes for extracellular transport of glutamate (Baker et al., 2002; Madayag et al., 2007; Knackstedt et al., 2010), leading to reduced activation of pre-synaptic mGluR2/3 receptors and enhanced presynaptic glutamate release (Moussawi and Kalivas, 2010). Cocaine also decreases functional uptake of extracellular glutamate-mediated by the predominant glutamate transporter GLT1 (Knackstedt et al., 2010; Trantham-Davidson et al., 2012), further contributing to increased extracellular glutamate levels. Restoration of xCT or GLT1 expression by N-acetylcysteine (NAC) or the β-lactam antibiotic ceftriaxone, respectively, is sufficient to inhibit cocaine- and cue-induced reinstatement of drug-seeking behavior (Baker et al., 2003; Knackstedt et al., 2010; Reichel et al., 2011). However, how xCT and GLT1 become dysregulated in cocaine addiction remains unknown.

Although GLT1 (human analog EAAT2) is predominantly and abundantly expressed in adult astrocytes across the CNS, the physiological induction of GLT1 in astrocytes is strongly dependent upon neuronal signals (Yang et al., 2009). By employing a VGluT1 KO and generating mGluR5 conditional knock-out mice, we previously showed that glutamatergic neuronal signaling, presumably glutamate itself, plays a role in the developmental induction of GLT1 (Morel et al., 2014). Recently, we also showed that cultured neurons secrete exosomes, a major class of extracellular vesicles (EVs) with a size range of 40–100 nm that originate from endosomes, that contain abundant miR-124 that can be internalized into astrocytes to increase miR-124 levels in astrocytes (Men et al., 2019). MicroRNAs (miRs) are a class of non-coding RNAs with a length of 20–15 nucleotides that actively and significantly modulate development and disease progress in many tissues including the CNS. MiR-124 is one of the most abundant neuronal miRs in the CNS, which is essential for neuronal differentiation during early embryogenesis by antagonizing the anti-neural REST/SCP1 pathway (Conaco et al., 2006). MiR-124 is also an active modulator of synaptic connectivity and plasticity (McNeill and Van Vactor, 2012). Neuronal exosomes and miR-124 are also able to significantly up-regulate GLT1 protein levels by suppressing endogenous GLT1-inhibiting miRs in astrocytes (Men et al., 2019). EVs and exosomes secreted from various CNS cell types have emerged as a novel and important intercellular communication pathway in the CNS that has also been implicated in pathological conditions of the CNS, including neurological injury (Xiong et al., 2017), neurodegenerative diseases (Quek and Hill, 2017), and glioma (Gourlay et al., 2017). Whether exosome signaling between neurons and glia is altered in cocaine addiction has not been explored. In the current study, we examined the in vivo dynamics of neuronal exosomes using our recently developed exosome reporter (CD63-GFPf/f) mice in the cocaine self-administration model.



MATERIALS AND METHODS


Animals

The CD63-GFPf/f mice have been previously published (Men et al., 2019), and were generated in house with help by Biocytogen (Worcester, MA, USA). CamKIIα-CreERT transgenic mice (strain #012362) were obtained from the Jackson Laboratory. CD63-GFPf/f and CaMKIIα-CreERT mice were bred to generate the experimental CamKIIα-CreERT+CD63-GFPf/+ mice. Bac aldh1l1-eGFP mice were obtained from the GENSAT project through the Jackson Laboratory. Both male and female mice were used for all experiments. All mice were housed on a 12 h light/dark cycle (lights on at 07:00) with food and water provided ad libitum. Care and treatment of the mice during all procedures strictly adhered to the NIH Guide for the Care and Use of Laboratory Animals, the Guidelines for the Use of Animals in Neuroscience Research, and the Tufts University IACUC policies.



Drugs and Tamoxifen Injection

Cocaine HCl (20 mg/ml) was generously provided by the NIDA Drug Supply Program and diluted to working concentration in sterile saline. Tamoxifen (4-OHT, Sigma) was resuspended in 100% ethanol at 20 mg/ml, and then diluted to 2 mg/ml in sunflower oil for injection. CamKIIα-CreERT+CD63-GFPf/+ mice were given a single 10 mg/kg dose of tamoxifen by intraperitoneal (i.p.) injection at postnatal day 42 (P42).



Catheter Implantation Surgery

Mice were anesthetized with isoflurane (induction 3–5%, maintenance 1–3%) for surgical implantation of an indwelling jugular vein catheter connected to a head-mounted entry port, as previously described (Griffin et al., 2007). Briefly, the right jugular vein was exposed, and the catheter tubing was inserted and secured to the vein. The catheter was passed under the skin to an incision on the head, and the port was secured to the skull with dental cement anchored by screws. Mice were given buprenorphine (0.1 mg/kg) for analgesia and allowed to recover for 3–7 days before beginning self-administration. Catheter patency was maintained by daily infusion of 100 μl heparinized saline (100 U/μl) through the catheter. Catheter patency was confirmed by infusion of 20–30 μl Brevital (methohexital, 10 mg/ml) through the catheter the day before self-administration training began, after the last self-administration session, and as needed during self-administration training if mice did not acquire self-administration behavior or if their behavior changed unexpectedly. Mice that did not show signs of sedation within 2–3 s of Brevital infusion were excluded from the study as having non-patent catheters.



Behavior Training

All behavior testing was done in extra wide mouse operant chambers with a modified top (Med Associates, VT, USA). The chambers were fitted with a touchscreen on one side, which was covered with an aperture plate to frame the two presented images. The opposite side of the chamber contained a food pellet receptacle connected to a pellet dispenser, with a stimulus light above the pellet receptacle. The chambers also contained a house light and a tone generator. Cocaine was delivered by a syringe pump located outside the chamber, and the drug delivery tubing was connected to the mice through a swivel and swivel arm (Instech, Plymouth Meeting, PA, USA) mounted on top of the chamber to allow free movement of the animals during self-administration. All aspects of the sessions were controlled and recorded by K-Limbic software (Conclusive Marketing, Limited, UK).



Cocaine Self-administration

Mice were not pre-trained with food to press the touchscreen and were not food-restricted during the study. Self-administration sessions took place once daily during the light cycle for 12 consecutive days. Two images, a circle and an X were presented on the touchscreen (white images on black background, 2 cm × 2 cm). The X was considered the active image and the circle of the inactive image for all mice. The side the active image was presented on was counterbalanced within groups. The availability of cocaine reward was indicated by illumination of the house light and displaying the images on the touchscreen. Touching the active image resulted in a 2 s infusion of cocaine (1 mg/kg in a volume of 12–30 μl, based on weight). Each infusion was paired with a cue (1 s tone and illumination of the stimulus light) followed by a 30 s time-out signaled by turning off the house light and removing the images from the touchscreen. Pressing the inactive image was recorded but had no consequences. Sessions lasted 2 h, or until mice received 30 infusions (30 mg/kg) of cocaine (to prevent overdose). For the first 3 days of self-administration training, a non-contingent dose of cocaine was given through the jugular catheter using the software controls at the start of the session, as well as at intervals throughout the session, to facilitate acquisition of self-administration behavior (no more than eight non-contingent infusions per session, <4 non-contingent infusions/session on average). Sham mice were implanted with a catheter and placed in the operant chambers with identical images and cues, but were not connected to the syringe pump and received no reward for pressing the active image. Sham mice experienced 2–4 non-contingent activations of the paired light and sound cues (as if the active image had been pressed) using the software controls, for the first 3 days of self-administration training. Mice met criteria for acquisition of self-administration when they: (1) self-administered at least 20 infusions in a session; (2) >70% of responses were on the active image; and (3) had no more than 20% variation in number of infusions between sessions.



Cocaine Extinction

Two days following the last self-administration session, extinction training began. Extinction sessions took place 6 days per week. The same active and inactive images (on the same side as during self-administration) were presented on the touchscreen, and the house light was kept turned off. Pressing the touchscreen on either the active or inactive image had no consequences, but all touches were recorded. Mice met criteria for extinction when they: (1) made fewer than eight responses on the active image; and (2) did not distinguish between the active and inactive image (<70% of responses on active image). All mice met extinction criteria within the 18–20 total days of extinction training.



Food Self-administration

Mice in the food self-administration group were not implanted with a jugular catheter and were not food-restricted prior to or during behavior training. Food self-administration took place 5 days per week and was carried out as close to cocaine self-administration procedures as possible. The same active and inactive images were used, but pressing the active image resulted in the delivery of a food pellet (14 mg dustless precision pellets, Bio-Serv) along with the paired light and sound cues. The time-out period was a minimum of 30 s (as in cocaine self-administration), but mice additionally had to retrieve the food pellet (detected by a head entry sensor in the pellet receptacle) before the next trial could start. To facilitate acquisition of food self-administration during the first 1–4 sessions, non-contingent food reward was delivered (once at the start of the session and at intervals during the session, no more than eight non-contingent rewards/session) and trials were manually advanced if the mouse did not retrieve pellet within ~10 min. Food self-administration sessions ended after 2 h, or when mice received 50 food pellets. Mice in the sham group were placed in the operant chambers under the same conditions, except that no food reward was delivered for pressing the active image. Mice met food self-administration criteria when they: (1) self-administered at least 30 food pellets in a session; (2) >70% of responses were on the active image; and (3) had no more than 20% variation in number of infusions between sessions.



Tissue Processing, Immunohistochemistry, and Imaging

Two hours after the last behavior session, animals were deeply anesthetized with ketamine (100 mg/kg) + xylazine (10 mg/kg) in saline by intraperitoneal (i.p.) injection. Mice were perfused intracardially with ice-cold 4% paraformaldehyde (PFA) in PBS. Brains were dissected out and post-fixed overnight in 4% PFA at 4°C, then cryoprotected in 30% sucrose for 48 h at 4°C. The brains were embedded and frozen in OCT Compound Tissue-Tek® (Sakura, Tokyo Japan). Twenty micrometer coronal sections were prepared using a Leica HM525 cryostat and mounted on glass SuperFrost+ slides (Thermo Fisher Scientific). For immunohistochemistry, slides were rinsed in PBS then treated with blocking buffer (1% BSA, 5% goat serum, 0.2% Triton in 1× PBS) for 1 h at room temperature. Primary antibodies against GFAP (1:1,000, Dako) and Iba1 (1:500, Wako) were incubated overnight at 4°C in blocking buffer. After washing slides three times in PBS, the secondary antibody (1:2,000, goat anti-rabbit AlexaFluor 633) was added for 2 h at room temperature. The slides were rinsed three times in PBS before mounting with ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific). Representative whole-brain image was taken at 10× magnification using the Keyence BZ-X710 Slide Scanner. Confocal images were taken using the Nikon A1R confocal laser scanning microscope. Representative high magnification images were taken with the 40× (numerical aperture 1.3) objective (15–20 μm z-stack with 0.5 μm step). Images for quantification were taken with a 20× (numerical aperture 0.75) objective (13–20 μm z-stack with 1.5 μm step). Confocal imaging settings and thresholding parameters were kept consistent within each behavioral group (self-administration, self-administration followed by extinction, and food self-administration).

To quantify the number of CD63-GFP puncta overlapped with astrocytes or microglia, a maximum intensity projection (MIP) image of the GFAP or Iba1 image was first generated. The GFAP or Iba1 labeled glia were then outlined using the freehand tool in ImageJ to create a region of interest (ROI). Next, a MIP image of the CD63-GFP puncta (green channel) was generated, and the image was converted to 8-bit grayscale and then thresholded to remove the background. The glia ROI was then overlaid on the thresholded CD63-GFP image, and the particle analysis function in ImageJ was used to analyze the number of CD63-GFP puncta inside the glia ROI. The area of the ROI was measured, and the number of CD63-GFP puncta was divided by the ROI area to find the number of puncta per μm2 of glia ROI. GFAP and Iba1 intensity were measured by first generating a MIP image, then converting the image to 8-bit grayscale, and finally using the Measure function in ImageJ to determine the average intensity. Microglia were counted from the MIP of the Iba1 channel. Images from BAC aldh1l1-eGFP mice were used to count astrocytes in the NAc, based on the MIP of the GFP channel. DAPI signal was overlaid whenever counting cells to ensure that only bona fide cells were counted.

For immunohistochemistry analyses (puncta count per glia ROI, GFAP/Iba1 intensity, microglia counts), four mice per group were used for cocaine and sham self-administration and cocaine and sham extinction; for food self-administration, three mice were used, and for sham food self-administration, two mice were used. For analysis of CD63-GFP puncta inside of glia, 20 astrocytes or microglia were counted per animal. For counting the number of astrocytes in NAc after cocaine or sham self-administration, three mice per group were used.



Experimental Design and Statistical Analysis

Sample sizes and the statistical approach used for each experiment are described in the figure legends. Previous results were used to estimate reasonable sample sizes. All analyses were performed using GraphPad Prism 7. All values were plotted as column graphs with individual values shown or as a cumulative probability curve. For graphs with error bars, error bars are presented as SEM. No custom code was used in the analysis. For two-group comparison, an unpaired two-tailed student’s t-test was used. For cumulative probability curves comparison, the Kolmogorov–Smirnov test was used. Behavior data were analyzed using a two-way repeated-measures ANOVA. Statistical significance was tested at a 95% (P < 0.05) confidence level, P-values are shown in each graph, and F-scores (F), t-scores (t), and degrees of freedom (df) are reported in the text and figure legends. Outlier analysis was done in Prism using the ROUT method (Q = 1%), and individual data points identified as outliers were removed.




RESULTS

We recently generated exosome reporter CD63-GFPf/f mice in which GFP-fused CD63 (membrane marker of exosomes) can be induced following Cre-dependent recombination (Men et al., 2019). To selectively label neuronal exosomes in vivo, we bred CD63-GFPf/f mice with CaMKIIα-CreER+ mice that specifically express Cre recombinase in neurons under the CaMKIIα promoter, to generate CaMKIIα-CreER+CD63-GFPf/+ mice (Figure 1A). Following a single injection of 4-OHT (i.p., 10 mg/kg) at P42, clear and robust expression of the CD63-GFP reporter throughout the cortex, hippocampus, and striatum were observed (Figure 1B). Adult (P120–140) CaMKIIα-CreER+CD63-GFPf/+ mice were implanted with an indwelling jugular catheter, as described previously (Griffin et al., 2007) and split into different groups for the behavior training (Figure 1C). One group of mice was used for cocaine self-administration training only (“Self-administration”), while another group went through both cocaine self-administration and extinction training before tissue collection (“Extinction”). Sham mice were also implanted with a catheter and placed in the operant chambers with identical images and cues as the cocaine groups, but were not connected to the syringe pump and received no reward for pressing the active image during either the self-administration or the extinction phase. During the cocaine self-administration training, CaMKIIα-CreER+CD63-GFPf/+ mice with access to cocaine clearly favored the active image over the inactive image on the touchscreen [Figure 1D; 2-way repeated measures ANOVA showed significant main effect of image (F(1,26) = 94.44, p < 0.0001) and time (F(11,286) = 3.064, p = 0.007), as well as significant interaction time × image (F(11,286) = 14.56, p < 0.0001)], while the sham group (no cocaine access) did not distinguish between the active and inactive images (data not shown). As a result, the CamKIIα-CreER+CD63-GFPf/+ mice that underwent cocaine self-administration pressed the active image on the touchscreen significantly more than the sham CamKIIα-CreER+CD63-GFPf/+ mice (Figure 1E; 2-way repeated measures ANOVA showed significant main effect of group (F(1,27) = 16.62, p = 0.0004) and time [F(11,297) = 12.41, p < 0.0001, as well as a significant interaction time × group (F(11,297) = 6.605, p < 0.0001)]. The mice in the cocaine group self-administered, on average, 24–28 mg/kg of cocaine daily during days 5–12 of self-administration training. During extinction training, the mice that had undergone cocaine self-administration exhibited an initial burst of a high number of presses on the active image but quickly decreased to a low level of touches on the active image, while the sham group remained at a baseline low level of active image touches (Figure 1F). We observed that the use of a touchscreen for this operant behavior paradigm sometimes resulted in false-positive pressing of the touchscreen in the sham group (25% of mice) but not in the cocaine group, due to mice either laying down or perching next to the touchscreen with their flank or tail in contact with the screen, which can lead to unusually high numbers of screen presses (>100). To minimize the interference of these false-positive presses of the touchscreen, we performed outlier analysis (see “Materials and Methods” section for details) and removed identified outliers (Figure 1F, <1% of data points in cocaine group, 7% of data points in sham group).
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FIGURE 1. Cocaine self-administration and extinction in CamKIIα-CreER+ CD63-GFPf/+ mice. (A) Schematic diagram of the breeding strategy to generate neuron-specific exosome/intraluminal vesicle (ILV) reporter mice. (B) Representative image showing distribution of CD63-GFP puncta in the brain of CamKIIα-CreER+CD63-GFPf/+ mice. Scale bar: 2 mm. (C) Schematic showing the experimental strategy and behavior testing used in this study. (D) Active and inactive image screen presses for cocaine self-administration group; n = 14 mice, significant main effect of image (F(1,26) = 94.44, p < 0.0001) and time (F(11,286) = 3.064, p = 0.007), as well as significant interaction time × image (F(11,286) = 14.56, p < 0.0001). (E) Cocaine and sham self-administration of mice used in this study; total number of active screen presses are shown; n = 14 mice (cocaine group), n = 16 mice (sham group), significant main effect of group (F(1,27) = 16.62, p = 0.0004) and time (F(11,297) = 12.41, p < 0.0001, as well as a significant interaction time × group (F(11,297) = 6.605, p < 0.0001). (F) Extinction of cocaine and sham mice following self-administration; n = 6 (cocaine group), n = 8 sham group. Statistics calculated using two-way repeated measures ANOVA.



We have previously shown that neuron-derived CD63-GFP+ exosomes can be taken up by astrocytes in vitro and in vivo (Morel et al., 2013; Men et al., 2019). We have also shown that neuron-derived exosomes carry miRNA cargo that can up-regulate important astrocyte protein expression and functions, such as the glutamate transporter GLT1 and glutamate uptake function (Men et al., 2019). Cocaine self-administration and extinction is known to significantly down-regulate GLT1 expression (Knackstedt et al., 2010; Fischer et al., 2013), which contributes to dysregulation of glutamate homeostasis in the NAc and drug-seeking synaptic plasticity. To determine whether there are alterations in neuron to astrocyte exosomal signaling, we examined whether neuron-derived CD63-GFP+ exosomes were differentially taken up by astrocytes following cocaine self-administration training. We focused on NAc, one of the central regions involved in cocaine addiction, and motor cortex, a control region that has not been closely associated with cocaine addiction (Cooper et al., 2017). GFAP immunostaining was performed to identify individual astrocytes in cocaine and sham self-administration CaMKIIα-CreER+CD63-GFPf/+ mice. Although GFAP clearly labels individual astrocytes in the NAc and co-localization of neuronal exosomes (indicated by CD63-GFP) with GFAP immunoreactivity was observed (Figures 2A,D), as GFAP immunoreactivity only labels major branches but not fine processes of astrocyte morphology (Morel et al., 2014), we then used the GFAP immunoreactivity as a guide to determine individual astrocyte domains (as shown in the white outline in Figure 2Aa) to include the portion of astrocyte morphology that is not labeled by GFAP staining. We subsequently quantified the number of CD63-GFP puncta inside selected astrocyte domains using the ImageJ region of interest (ROI) approach and divided the number of puncta by the area of the astrocyte ROIs. After self-administration training, 90% of astrocytes in NAc of the cocaine group have 0.01 or fewer CD63-GFP puncta per μm2 inside GFAP-based astrocyte ROIs (a representative image in Figure 2Ab), while at least 60% of astrocytes in NAc of the sham group have more than 0.01 CD63-GFP puncta per μm2 inside the GFAP based ROIs and 20% have more than 0.03 CD63-GFP puncta per μm2 (Figure 2B). In the cortex, however, there is a slightly higher number of puncta per μm2 of astrocytes after cocaine self-administration compared to the sham group (Figure 2C), suggesting a NAc-specific reduction of astroglial internalization of neuronal CD63-GFP+ exosomes. This reduction also appears to be specifically induced by cocaine self-administration, as extinction training completely reversed the reduction of astroglial internalization of neuronal CD63-GFP+ exosomes in the NAc (Figure 2E). The distribution of the average number of CD63-GFP puncta per μm2 inside GFAP-based astrocyte ROIs is very comparable between the sham (NAc: 0.0359 ± 0.0016 puncta/μm2; ctx: 0.0351 ± 0.0017 puncta/μm2) and the cocaine extinction (NAc: 0.0347 ± 0.0021 puncta/μm2; ctx: 0.0348 ± 0.0012 puncta/μm2) groups in both NAc and cortex (Figures 2E,F).
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FIGURE 2. Cocaine self-administration reduces the overlap of CD63-GFP puncta with astrocytes. (A) Representative images showing an overlap of CD63-GFP puncta with astrocyte GFAP staining in sham (a) and cocaine (b) self-administration mice. Each image shows a single slice from a z-stack along with the orthogonal view. White outline in the image (a) is representative of the ROIs used to measure total CD63-GFP puncta within individual astrocytes. Scale bar: 20 μm. Cumulative frequency curves showing number of GFP puncta per μm2 of astrocyte ROI after sham or cocaine self-administration in the nucleus accumbens (NAc; B, p < 0.0001), or the cortex (C, p = 0.0348); n = 20 cells/mouse, four mice/group. (D) Representative images showing an overlap of CD63-GFP puncta with astrocyte GFAP staining in sham and cocaine extinction mice. Each image shows a single slice from a z-stack along with the orthogonal view. Scale bar: 20 μm. Cumulative frequency curves showing number of GFP puncta per μm2 of astrocyte ROI after sham or cocaine extinction in the NAc (E, p = 0.241) or the cortex (F, p = 0.560); n = 20 cells/mouse, four mice/group. Cumulative frequency curves showing number of GFP puncta per μm2 of astrocyte ROI after sham or food self-administration in the NAc (G, p = 0.006) or cortex (H, p = 0.454); n = 20 cells/mouse, two mice in the sham group, three mice in food self-administration group. P-values determined by the Kolmogorov–Smirnov test.



Cocaine self-administration procedures involve both the drug cocaine itself and the learning paradigm. To determine whether the cocaine itself or the learning paradigm contributes to the altered neuronal exosome dynamics in astrocytes, we additionally quantified CD63-GFP puncta inside GFAP-based astrocyte ROIs in food self-administration or sham training groups. This also allowed us to determine whether a natural reward would have the same effect on astroglial internalization of neuronal CD63-GFP+ exosomes as the drug reward, cocaine. We found no difference in the number of CD63-GFP puncta per μm2 of astrocyte ROIs between the sham and food self-administration groups in the cortex (Figure 2H; sham: 0.0138 ± 0.0009 puncta/μm2; cocaine: 0.0132 ± 0.0010 puncta/μm2), and in fact saw a slight increase in the number of CD63-GFP puncta per μm2 of astrocyte ROIs in NAc after food self-administration training (Figure 2G; sham: 0.0148 ± 0.0012 puncta/μm2; food: 0.0221 ± 0.0017 puncta/μm2). This further suggests that the reduction in astroglial internalization of neuronal CD63-GFP+ exosomes is region (NAc but not cortex) and stimulus (cocaine but not food) specific, and thus is not likely to be due to a general effect of reward-motivated operant learning.

Although several addictive drugs (opioids, methamphetamine) tend to activate astrocytes in the brain (Beitner-Johnson et al., 1993; Friend and Keefe, 2013), evidenced by increased GFAP immunoreactivity, how cocaine specifically affects astrocyte reactivity has not been well documented, especially at different stages of the cocaine self-administration paradigm or in different delivery models. In fact, one study showed that GFAP expression in the NAc is reduced after cocaine self-administration and extinction (Scofield et al., 2016b), while another study, using i.p injection, found increased GFAP immunoreactivity in the dentate gyrus (Fattore et al., 2002). We performed GFAP immunostaining following cocaine self-administration and found that GFAP immunoreactivity was dramatically reduced (Figures 3Ac,d,B, p = 0.0009, t = 3.541, df = 51) in the NAc in cocaine self-administration mice compared to sham mice. This GFAP reduction appears to be specific to the NAc, as we found no differences in GFAP immunoreactivity in the cortex (Figures 3Aa,b,B; sham: 34.97 ± 4.29, cocaine: 39.17 ± 4.74). To determine whether this reduction in GFAP immunoreactivity represented a decrease in the number of astrocytes, we used BAC-aldh1l1-eGFP reporter mice, which express eGFP under the control of the aldh1l1 promoter, to label astrocytes (Cahoy et al., 2008). We then performed GFAP immunostaining on the NAc sections and quantified eGFP+ astrocytes from BAC-aldh1l1-eGFP mice following cocaine or sham self-administration training. As shown in Figure 3C, GFAP immunoreactivity that overlapped with eGFP was clearly visualized in individual astrocytes. Despite the reduced GFAP immunoreactivity in the NAc after cocaine self-administration, we found no difference in the number of eGFP+ astrocytes in the NAc between sham and cocaine self-administration mice (Figure 3D, p = 0.111, t = 1.631, df = 37; sham: 71.50 ± 3.33, cocaine: 77.67 ± 2.03), supporting the notion that the overall number of astrocytes in the NAc is not affected, while their GFAP immunoreactivity is significantly decreased by cocaine self-administration. To determine whether the extinction process influences GFAP expression in NAc astrocytes, we further examined GFAP immunoreactivity (representative images in Figure 3E) after cocaine self-administration and extinction training. Although GFAP immunoreactivity levels in the NAc are still lower in cocaine extinction trained mice compared to sham extinction trained mice (Figure 3F, p = 0.026, t = 2.338, df = 30), they are significantly higher than GFAP immunoreactivity levels in mice that have only undergone cocaine self-administration training (Figure 3G, p = 0.0003, t = 3.91, df = 42), indicating that extinction training partially reverses the significant cocaine self-administration-induced reduction of GFAP immunoreactivity in NAc astrocytes. On the other hand, GFAP immunoreactivity in the cortex was comparable between the sham (34.56 ± 4.09) and cocaine extinction (40.40 ± 4.09) groups (Figure 3F). Interestingly, food self-administration training had no effect on GFAP intensity in either NAc or cortex (Figure 3H), suggesting that the reduction in GFAP immunoreactivity in NAc astrocytes is specifically induced by cocaine, and is not a general consequence of reward-based learning.
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FIGURE 3. GFAP immunofluorescence is reduced in NAc after cocaine self-administration and is partially rescued after extinction training. (A) Representative images showing GFAP immunofluorescence in the cortex (a,b) and NAc (c,d) after sham or cocaine self-administration. The diagram shows the regions of cortex and NAc that were imaged. Scale bar: 100 μm. (B) Quantification of GFAP immunofluorescence intensity in NAc (p = 0.0009, t = 3.541, df = 51) and cortex (p = 0.516, t = 0.657, df = 30) after sham or cocaine self-administration; n = 4–12 images/mouse, four mice (total 16–28 images)/group. (C) Representative image showing overlap of aldh1l1-eGFP astrocyte reporter with GFAP staining. Scale bar: 100 μm. (D) Quantification of aldh1l1-eGFP+ astrocytes in NAc after sham or cocaine self-administration (p = 0.111, t = 1.631, df = 37); n = 6–7 images/mouse, three mice/group. (E) Representative images showing GFAP immunofluorescence in the NAc after sham or cocaine extinction. Images were taken from same region as the diagram in (A). Scale bar: 100 μm. (F) Quantification of GFAP immunofluorescence intensity in NAc (p = 0.026, t = 2.338, df = 30) and cortex (p = 0.320, t = 1.01, df = 30) after sham or cocaine extinction; n = 4 images/mouse, four mice/group. (G) Comparison of GFAP immunofluorescence intensity in NAc after cocaine self-administration and cocaine extinction (p = 0.0003, t = 3.91, df = 42); n = 4–12 images/mouse, four mice (16–28 images)/group. (H) Quantification of GFAP immunofluorescence intensity in NAc (p = 0.789, t = 0.278, df = 18) and cortex (p = 0.786, t = 0.275, df = 18) after sham or food self-administration; p = 4 images/mouse, two mice in sham group, three mice in food self-administration group. P-values, t scores, and degrees of freedom determined by two-tailed unpaired t-test.



As the major phagocytic cell type in the CNS, microglia are known to quickly clear debris and foreign pathogens. Recent studies have shown that microglia are able to engulf secreted exosomes and facilitate the spreading of phosphorylated tau and α-synuclein aggregates (Alvarez-Erviti et al., 2011; Asai et al., 2015). To determine whether cocaine induces alterations in neuron to microglial exosome signaling, we examined microglial internalization of neuronal CD63-GFP+ exosomes in the NAc of CaMKIIα-CreER+CD63-GFPf/+ mice following cocaine self-administration training alone or followed by extinction training. High magnification confocal images (Figures 4A,D) showed co-localization between Iba1 immunostaining signals and CD63-GFP+ puncta in both sham (Figure 4Aa) and cocaine (Figure 4Ab) self-administration or extinction mice. To quantify the average number of CD63-GFP+ puncta taken up by microglia, we used the Iba1 immunoreactivity as a guide, in the same way as we used the GFAP immunoreactivity for the astrocytes (Figure 2Aa), to define individual microglial regions of interest (ROIs, Figure 4Ab). We then determined the number of CD63-GFP+ puncta per μm2 of the microglial ROIs. Cocaine self-administration substantially reduced the number of CD63-GFP+ puncta inside the Iba1-based microglia ROIs in both the NAc (Figure 4B; p = 0.0001) and the cortex (Figure 4C; p < 0.0001) when compared to sham mice. In both examined regions, it is also noted that the percentage of microglia that have no co-localized neuronal CD63-GFP+ exosomes increased significantly (from <10 to 45% in the NAc and from 0 to ~25% in the cortex), suggesting a completely diminished neuronal exosomal signaling in these microglia. Interestingly, extinction training differentially affects the number of CD63-GFP puncta overlapped with microglia ROIs between the sham and cocaine group in the NAc and in the cortex. While microglia still tend to have a significantly lower number of overlapped CD63-GFP puncta per μm2 of microglia ROI in the cocaine extinction group compared to the sham extinction group in the NAc (Figure 4E, p = 0.0001), there was no significant difference in the number of CD63-GFP puncta per μm2 of microglia ROIs overlapped with microglia ROIs between the sham (0.0335 ± 0.0015 puncta/μm2) and cocaine (0.0301 ± 0.0014 puncta/μm2) group in the cortex after extinction training (Figure 4F).
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FIGURE 4. Cocaine self-administration reduces the overlap of CD63-GFP puncta with microglia. (A) Representative images showing an overlap of CD63-GFP puncta with microglia Iba1 staining in NAc of sham (a) and cocaine (b) self-administration mice. Each image shows a single slice from a z-stack along with the orthogonal view. White outline in image (b) is representative of the ROIs used to measure total CD63-GFP puncta within microglia. Scale bar: 20 μm. Cumulative frequency curves showing number of GFP puncta per μm2 of microglia ROI after sham or cocaine self-administration in NAc (B, p < 0.0001) or cortex (C, p < 0.0001); n = 20 cells/mouse, four mice/group. (D) Representative images showing an overlap of CD63-GFP puncta with microglia Iba1 staining in NAc of sham and cocaine extinction mice. Scale bar: 20 μm. Cumulative frequency curves showing number of GFP puncta per μm2 of microglia ROI after sham or cocaine extinction in NAc (E, p = 0.0001) or cortex (F, p = 0.436); n = 20 cells/mouse, four mice/group. P-values determined by the Kolmogorov–Smirnov test.



Microglia have been shown to be activated in response to cocaine exposure (Lacagnina et al., 2017). We determined Iba1 immunoreactivity as well as the number of microglia through Iba1 immunostaining at each stage of the cocaine or food self-administration behavior paradigm. Representative Iba1 staining confocal images are shown in Figure 5A, from which we noticed an increase of Iba1 immunoreactivity after cocaine self-administration. Subsequent quantification confirmed that Iba1 immunoreactivity was increased in both NAc (Figure 5B, p = 0.027, t = 2.329, df = 30) and cortex (Figure 5B, p = 0.041, t = 2.13, df = 30) after cocaine self-administration, consistent with previous observations that microglia become activated following cocaine exposure. We also examined Iba1 immunoreactivity in the NAc and cortex after extinction training in both the sham and cocaine group (Figure 5C). The cocaine self-administration-induced increase in Iba1 immunoreactivity was completely rescued by extinction training in both the NAc and cortex (Figure 5D). Despite the increased Iba1 immunoreactivity, there was no difference in the overall number of microglia, quantified based on positive Iba1 staining, in either NAc or cortex after sham or cocaine self-administration, or extinction (Figures 5E,F). The increase of Iba1 levels but not the microglial numbers suggests that cocaine likely induces transient activation of microglia that is reversed once mice become extinguished from responding for cocaine. As a control, we also examined Iba1 immunoreactivity following food self-administration and found no differences in Iba1 immunoreactivity in either NAc (sham—26.79 ± 0.98, food—26.49 ± 1.27) or cortex (sham—11.91 ± 0.57, food—11.95 ± 0.23, Figure 5G).
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FIGURE 5. Iba1 immunoreactivity is increased after cocaine self-administration, but not after extinction training or food self-administration. (A) Representative images showing Iba1 immunofluorescence in the NAc after sham or cocaine self-administration. The diagram shows the region of NAc that was imaged. Scale bar: 100 μm. (B) Quantification of Iba1 immunofluorescence intensity in NAc (p = 0.027, t = 2.329, df = 30) and cortex (p = 0.041, t = 2.13, df = 30) after sham or cocaine self-administration; n = 4 images/mouse, four mice/group. (C) Representative images showing Iba1 immunofluorescence in the NAc after sham or cocaine extinction. Images were taken from same region as the diagram in (A). Scale bar: 100 μm. (D) Quantification of Iba1 immunofluorescence intensity in NAc (p = 0.480, t = 0.715, df = 30) and cortex (p = 0.885, t = 0.145, df = 30) after sham or cocaine extinction; n = 4 images/mouse, four mice/group. (E) Quantification of the number of Iba1+ microglia in NAc (p = 0.093, t = 1.737, df = 30) and cortex (p = 0.871, t = 0.164, df = 30) after sham or cocaine self-administration; n = 4 images/mouse, four mice/group. (F) Quantification of the number of Iba1+ microglia in NAc (p = 0.105, t = 1.669, df = 30) and cortex (p = 0.663, t = 0.440, df = 30) after sham or cocaine extinction; n = 4 images/mouse, four mice/group. (G) Quantification of Iba1 immunofluorescence intensity in NAc (p = 0.866, t = 0.171, df = 18) and cortex (p = 0.940, t = 0.076, df = 18) after sham or food self-administration; n = 4 images/mouse, two mice in sham group, three mice in food self-administration group. P-values, t-scores, and degrees of freedom determined by two-tailed unpaired t-test.





DISCUSSION

In the current study, by selectively labeling neuronal exosomes using CD63-GFPf/+ exosome reporter mice, we examined how the self-administration and extinction stages of the mouse cocaine self-administration paradigm alter neuronal exosome signaling to astrocytes and microglia in the NAc. We found that cocaine (but not food) self-administration strongly reduces the internalization of neuronal exosomes in both glial types, which can be effectively reversed by extinction training. Our results also showed that cocaine self-administration itself sufficiently and substantially reduces GFAP expression in the NAc, in contrast to observations that addictive drugs (morphine, methamphetamine, and alcohol) often activate astrocytes by increasing their GFAP expression in the NAc and other brain regions.

Exosomal signaling is emerging as a new mode of intercellular communication in the CNS that has been implicated in development, metastasis of glioblastoma, stroke, and disease spreading of neurodegenerative diseases (Budnik et al., 2016). Although most of the current understanding of exosome signaling is derived from in vitro studies, we recently developed the cell-type-specific CD63-GFPf/+ exosome reporter mice for examining cell-type-specific exosome signaling changes in vivo (Men et al., 2019). Because exosomes are derived from endosomal intraluminal vesicles (ILVs) and released from multivesicular bodies (MVBs; Colombo et al., 2014), CD63-GFP also labels these intracellular organelles, which are typically significantly larger (>250 μm) than exosomes. In our quantification, we specifically quantified CD63-GFP signals within the GFAP or Iba1-based astrocyte or microglia ROI, as these CD63-GFP puncta are initially derived from neurons (with the use of the neuron-specific CaMKIIα-Cre) and are internalized into glial cells, thus representing secreted neuronal exosomes. It is noted that the small exosome size may not be fully resolved with confocal microscopy, which may result in multiple small puncta being quantified as a single particle by this quantification method. However, as all experimental groups were quantified under the same conditions, the results should still be insightful to show how cocaine alters neuronal exosome signaling to glial cells.

There is growing evidence to suggest the involvement of astrocytes and microglia in modulating cocaine addiction behaviors (Lacagnina et al., 2017). In particular, astrocyte-mediated regulation of extracellular glutamate levels through xCT and GLT1 is a key mechanism in modifying synaptic plasticity in the NAc that is related to cocaine-seeking (Kalivas, 2009). Although several studies have observed down-regulation of GLT1 following cocaine exposure (Knackstedt et al., 2010; Fischer-Smith et al., 2012; Fischer et al., 2013), how GLT1 becomes dysregulated remains unknown. Our current study observed a significantly reduced internalization of neuronal exosomes in NAc astrocytes. We recently showed that a subset of miRNAs are abundantly packed in neuronal exosomes and these miRNAs, especially miR-124-3p, can be transferred into astrocytes to increase protein expression of GLT1 (Men et al., 2019). In particular, in vivo inhibition of miR-124-3p or exosome secretion is sufficient to decrease GLT1 protein levels and glutamate uptake (Men et al., 2019). Therefore, cocaine-induced reduction of the internalization of neuronal exosomes into astrocytes could result in less transferred miR-124-3p into astrocytes and consequently decreased GLT1 expression. This process appears to be cocaine and self-administration specific, as food self-administration has no effect on the internalization of neuronal exosomes in astrocytes and cocaine extinction reversed the reduced internalization of neuronal exosomes in astrocytes. In parallel, it has been reported that several neuronal miRs, including miR-124-3p, are down-regulated by cocaine exposure (Cabana-Dominguez et al., 2018). It is thus conceivable that the reduced miR-124 signaling, including reduced transfer from neurons to astrocytes through exosomes, underlies cocaine-induced down-regulation of GLT1 expression.

Although glial cells are often activated following addictive drug exposure, our results found that GFAP expression is significantly decreased. This is an intriguing observation as reduced GLT1 is often associated with reactive astrocytes with highly increased GFAP levels in injury and degenerative conditions. However, reduced GLT1 and GFAP expression have been associated with several psychiatric disease models, including anxiety, stress, or depression (Banasr et al., 2010; Imbe et al., 2012; Gunn et al., 2013). It is likely that astrocytes undergo different molecular changes in psychiatric conditions vs. injury/degenerative conditions. GFAP alone can be inadequate and limiting to indicate the reactivity change of astrocytes in these conditions. As astrocyte-specific or single cell-based transcriptome techniques become more available (Morel et al., 2017; Zeisel et al., 2018), these approaches are likely to gain more comprehensive insights as to how astrocytes are altered in response to cocaine, which may provide new insights about their involvement in modulating cocaine addiction behaviors.
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Cuprizone (CPZ)-feeding in mice induces atrophy of peripheral immune organs (thymus and spleen) and suppresses T-cell levels, thereby limiting its use as a model for studying the effects of the immune system in demyelinating diseases such as Multiple Sclerosis (MS). To investigate whether castration (Cx) can protect the peripheral immune organs from CPZ-induced atrophy and enable T-cell recruitment into the central nervous system (CNS) following a breach of the blood-brain barrier (BBB), three related studies were carried out. In Study 1, Cx prevented the dose-dependent reductions (0.1% < 0.2% CPZ) in thymic and splenic weight, size of the thymic medulla and splenic white pulp, and CD4 and CD8 (CD4/8) levels remained comparable to gonadally intact (Gi) control males. Importantly, 0.1% and 0.2% CPZ were equipotent at inducing central demyelination and glial activation. In Study 2, combining Cx with 0.1% CPZ-feeding and BBB disruption with pertussis toxin (PT) enhanced CD8+ T-cell recruitment into the CNS. The increased CD8+ T-cell level observed in the parenchyma of the cerebrum, cerebellum, brainstem and spinal cord were confirmed by flow cytometry and western blot analyses of CNS tissue. In Study 3, PT+0.1% CPZ-feeding to Gi female mice resulted in similar effects on the peripheral immune organs, CNS demyelination, and gliosis comparable to Gi males, indicating that testosterone levels alone were not responsible for the immune response seen in Study 2. The combination of Cx+0.1% CPZ-feeding+PT indicates that CPZ-induced demyelination can trigger an “inside-out” immune response when the peripheral immune system is spared and may provide a better model to study the initiating events in demyelinating conditions such as MS.
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INTRODUCTION

Multiple Sclerosis (MS) is a heterogeneous, inflammatory demyelinating disease of the human central nervous system (CNS) for which the early initiating events and thus underlying etiology remain unclear (Stys et al., 2012; Stys, 2013; Partridge et al., 2015). Currently, there are no effective treatments to prevent disease initiation and progression (Sriram and Steiner, 2005; Vargas and Tyor, 2017). Several animal models such as experimental autoimmune encephalomyelitis (EAE; Glatigny and Bettelli, 2018), Theiler’s murine encephalomyelitis virus (Carrillo-Salinas et al., 2017), and the diphtheria toxin model (Traka et al., 2016) mimic various clinical and pathological features of the disease but no single model replicates the full complexity of disease initiation and progression. Nonetheless, the cuprizone (CPZ) model possesses many key characteristics of MS including demyelination and gliosis (reviewed in Sen et al., 2019b). According to these pathological features, the CPZ model was selected as the most appropriate tool to test the “inside-out” theory of disease initiation (Caprariello et al., 2018). According to this theory, the initiating event in MS is an early, slow degeneration of myelin, which causes the release of potential myelin antigens (as debris) that then activate microglia and macrophages in the presence of proinflammatory mediators. Consequently, myelin antigen presentation by antigen-presenting cells attracts peripheral T- and B-cells into the CNS, triggering a secondary inflammatory reaction that ultimately leads to the progressive autoimmune response characterized clinically (Stys et al., 2012; Stys, 2013).

While there have been numerous reports of CPZ being used to study demyelination, these have not established the involvement of peripheral T-cells at the sites of CPZ-induced demyelination in the CNS (Remington et al., 2007; Partridge et al., 2016; Traka et al., 2016; Tejedor et al., 2017; Sen et al., 2019a). It was thought that as CPZ does not induce a breach of the blood-brain barrier (BBB), T-cells have no access to the CNS (Remington et al., 2007; Skripuletz et al., 2011; Tejedor et al., 2017). However, even when the BBB was breached using pertussis toxin (PT), CPZ evoked marked CNS demyelination, gliosis and changes in the abundance of proteoforms involved in metabolism, immune and synaptic functions, without detectable T-cell infiltration (Sen et al., 2019a). Studies have indicated that the apparent failure to trigger a T-cell-mediated CNS immune response is due to CPZ-induced atrophy of the thymus (the organ responsible for T-cell maturation and differentiation) and spleen (the organ of T and B lymphocyte production; Solti et al., 2015; Martin et al., 2018; Sui et al., 2019; Sen et al., 2019a). Two additional effects of CPZ on the integrity and function of the peripheral immune system include an increase in the abundance of splenic arginase-I (a protein expressed by myeloid-derived suppressor cells in spleen) and a decreased abundance of protein disulfide isomerize (a protein required for assembly of the major histocompatibility complex-I; Partridge et al., 2016). A change in the abundance of these proteins results in suppressed T-cell function (Kang et al., 2009). Likewise, proteoforms of calcium/calmodulin-dependent protein kinase type II subunit-α and leukocyte elastase inhibitor A, involved in T-cell functions, decreased in abundance following CPZ-feeding (Sen et al., 2019a). Moreover, marked changes in the number of mitochondrial proteoforms are suggested to suppress T-cell function (Sen et al., 2019a). Furthermore, a significant reduction in thymic and splenic T-cell numbers, as well as thymocyte apoptosis, was observed after 1–2 weeks of CPZ-feeding (Solti et al., 2015; Martin et al., 2018). Collectively, these studies indicate that the absence of adaptive immune cell involvement in the CNS of CPZ-fed mice is not only due to the intact BBB but is also due to suppression of the adaptive immune system. However, when the BBB was disrupted by PT and the peripheral immune system “boosted” via injection of Complete Freund’s Adjuvant (CFA), an increased pan T-cell marker (CD3+) response was observed in the CNS of CPZ-fed mice (Caprariello et al., 2018).

Circulating T-cell numbers are maintained by the thymus gland through various processes including maturation, selection, differentiation and the release of mature T-cells into the blood. During puberty, in both humans and animals, the thymic become atrophied and inactivated (physiological thymic involution) when circulating androgen concentrations increase (Sutherland et al., 2005; Sheean et al., 2015). Notably, experimental testosterone administration (Oner and Ozan, 2002) or CPZ-feeding produced similar effects to natural androgen-induced physiological thymic involution, including thymic atrophy, with the remaining tissue displaying enlarged and degraded mitochondria, lipid droplets and enlarged lysosomes (Solti et al., 2015). Androgen deprivation following castration (Cx) increased T-cell levels, thymic function (maturation and differentiation of T-cells) in young and aged mice (Roden et al., 2004; Sheean et al., 2015), and splenic function (T- and B-cells production) in adult mice (Roden et al., 2004). Likewise, Cx increased thymic mass (hypertrophy) and resulted in complete restoration of thymus structure (both lymphocytic and epithelial) and function in the primary peripheral immune organs (thymus and bone marrow), including associated T-cell levels (Sutherland et al., 2005). However, no study has investigated whether Cx-induced preservation of the thymic and splenic size and function can surmount the suppressive effects of CPZ on the peripheral immune system (i.e., maintain structure and function). Furthermore, no study has tested whether the effect of BBB disruption during CPZ-feeding in female mice, which have naturally low testosterone levels, can lead to T-cell infiltration into the CNS. This is important as MS is seen ~2–3 times more frequently in females than males (Ahlgren et al., 2011; Harbo et al., 2013).

The current work tested the hypothesis that Cx protects against the negative effects of CPZ-feeding on thymus and spleen and thus enables T-cell recruitment into the CNS following disruption of the BBB by PT. To investigate this hypothesis, three inter-related studies were carried out using CPZ-feeding in male and female mice. In Study 1, surgical Cx was used to protect the adaptive immune system against CPZ effects. In Study 2, Cx was combined with 0.1% CPZ-feeding and BBB disruption to test whether the CPZ-induced demyelination initiated an “inside-out” T-cell-mediated response in the CNS. In Study 3, gonadally intact (Gi) female mice were fed 0.1% CPZ and the BBB disrupted to test whether females could mount a T-cell response in the CNS, as seen in Study 2. The results suggest a new mouse model for studying the initiating events of MS and further testing the inside-out hypothesis of MS etiology.



MATERIALS AND METHODS


Animals and Monitoring

Weaned (3-week-old) male and/or female C57Bl/6 mice (n = 187) were purchased from the Animal Resources Centre, Murdoch, WA, Australia1. Mice were acclimatized for 1 week prior to each study and housed (five animals/ventilated GM500 cage, Tecniplast, Buguggiate, VA, Italy) in a controlled environment (12-h light/dark cycle, 50–60% humidity, and 21–23°C room temperature, RT). Standard rodent powder chow (Gordon’s Specialty Stockfeeds, Yanderra, NSW, Australia) and water were available ad libitum. Mice were weighed individually at the beginning of the studies, every third day, and prior to sacrifice. Research and animal care procedures were approved by the Western Sydney University animal ethics committee (A11938) in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes as laid out by the National Health and Medical Research Council of Australia.



Bilateral Orchiectomy (Castration, Cx)

Adolescent (4-week-old) mice (n = 77) were surgically castrated under deep anesthesia using isoflurane (Cenvet, Blacktown, NSW, Australia) 2–3% in 100% oxygen. Mice underwent orchiectomy at this specific age to precede the onset of normal age-related thymic atrophy. The ventral midline of the scrotum was incised (~1 cm) and the tunica exposed. The vas deferens and spermatic artery of each testis were ligated with absorbable polyglycan sutures and the testicles were excised. Then the incision was closed with silk thread (one stitch) and Michel clips (Fine Science Tools, North Vancouver, BC, Canada). Subcutaneous analgesia (Meloxicam 3 mg/kg, Randdolab, NSW, Australia) was injected twice (at the end of surgery and 12 h later) and mice were kept under a heat lamp (~37°C) until awake and mobile. All mice (Cx and Gi) were inspected daily to identify any abnormal changes in gait, movement, posture, and skin; no abnormalities were observed.



Cuprizone Administration

0.1% or 0.2% CPZ {w/w, [Bis(cyclohexanone)oxaldihydrazone], Sigma–Aldrich, St. Louis, MO, USA\} was used in Study 1. As 0.1% CPZ-feeding induced comparable demyelination and gliosis (Figure 4, Study 1 panel) but less thymic and splenic atrophy than 0.2% CPZ (Figure 1, Study 1 panel), 0.1% CPZ was used in studies 2 and 3. CPZ was mixed with powdered chow to induce demyelination as shown previously (Sen et al., 2019a). Animals were fed either 0.1% or 0.2% CPZ for 2 weeks. Chow was prepared daily with and without CPZ.


[image: image]

FIGURE 1. Effects of cuprizone (CPZ)-feeding or castration (Cx) on thymus and spleen size and weight. Representative examples of the gross appearance of the thymus and spleen organs (A) and quantification of the wet weights (B) of the different treatment groups used in the three different studies. In gondally intact (Gi) males and females, CPZ-feeding produced a dose-dependent reduction in immune organ mass (p < 0.05). In the Cx groups, Cx significantly increased thymic mass compared to Gi males and females (p < 0.05) and prevented CPZ-induced thymic and splenic atrophy (p > 0.05). In Gi female mice CPZ-induced atrophy was indistinguishable to that observed in Gi males. Data are presented as mean ± SEM, one-way analysis of variance (ANOVA), n = 10 thymic or spleens/group. *Indicates a significant difference from Ctrl (p < 0.05).




[image: image]

FIGURE 2. Effects of CPZ-feeding or castration on peripheral immune organs histology. H&E images of the thymus (A) and spleen (B), headed arrows identifying the thymic cortex [image: image]), medulla ([image: image]), the splenic red pulp ([image: image]) and white pulp ([image: image]) regions, in the different groups of the three separate studies. Quantification of the mean ± SEM thymic cortex/medulla (C) and splenic red pulp/white pulp ratios (D). Thymic cortex/medulla and splenic red pulp/white pulp ratios were significantly decreased by 0.1% CPZ in both Gi male and female mice and by 0.2% CPZ in Gi males compared to Ctrl whereas these ratios were unchanged in Cx groups. One-way ANOVA, n = 3 thymic or spleens/group, five sections/organ; *indicates significant difference from Ctrl (p < 0.05).
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FIGURE 3. Effects of CPZ-feeding or castration (Cx) on CD4 and CD8 signal intensity in the immune organs of male and female mice. Representative examples of western blot images of CD4 and CD8 signal intensities (A) and their quantification (B) in the different groups in the three separate studies. CD4/8 signal intensities were significantly reduced in the thymus and spleen of Gi CPZ-fed male and female mice, whereas CD4/8 signals were completely restored in all Cx groups in thymus and spleen except that CD8 signal of the thymus in Cx+0.2% CPZ group was markedly attenuated. SDS-PAGE gels were loaded with a 20 μg/well of total protein; one-way ANOVA, n = 3 thymic or spleens/group, all samples were processed in triplicate; *indicates significant difference from Ctrl (p < 0.05).
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FIGURE 4. Effects of CPZ-feeding or Cx on the central nervous system (CNS) histology. Representative silver, GFAP and IBA 1 staining images (A) and quantification (B) of silver staining intensity and astrocytes/microglia fluorescence intensity and cell density (cell/mm3) in the midline corpus callosum (MCC). 0.1% and 0.2% CPZ-feeding produced identical loss (p < 0.05) of myelin intensity in Gi male mice. The silver intensity was unaffected following Cx in all castrated groups. 0.1% CPZ-feeding to Gi male and female mice induced comparable demyelination. Fluorescence intensity and cell density of GFAP and IBA 1 stained sections were significantly (p < 0.05) increased in a dose-dependent manner (0.1% < 0.2% CPZ) in Gi and Cx males. The increase in the fluorescence intensity and density were indistinguishable between males and females when mice were fed with 0.1% CPZ. One-way ANOVA, n = 5 mice/group, 10 sections/brain; *indicates significant difference from Ctrl (p < 0.05), and dashed yellow line indicates quantification area.





Pertussis Toxin Injection

In Studies 2 and 3, intraperitoneal injections of PT (Sigma–Aldrich) were used to disrupt the BBB as described previously (Sen et al., 2019a). PT (400 ng/mouse, Sigma–Aldrich) was injected on days 5, 7, and 9 of CPZ-feeding in Studies 2 and 3.



Experimental Groups

In Study 1, male mice were randomly assigned to one of six groups (n = 11/group): controls (Ctrl), 0.1% CPZ and 0.2% CPZ (all Gi), Cx, Cx+0.1% CPZ, and Cx+0.2% CPZ. In Study 2, male mice were randomly assigned into one of seven groups: Ctrl, PT, 0.1% CPZ (all Gi) and Cx, Cx+PT, Cx+0.1% CPZ and Cx+0.1% CPZ+PT (n = 11/group). In Study 3, Gi female mice (n = 11/group) were randomly assigned to one of four experimental groups: Ctrl, PT, 0.1% CPZ and 0.1% CPZ+PT. Mice were assigned to each analysis as follows: three animals/group for western blot analysis, three animals/group for paraffin-embedded tissue staining, five animals/group for free-floating tissue staining.



Western Blot

Western blot was carried out as previously described (Sen et al., 2019a). Briefly, mice (n = 3 animals/group) were euthanized and immediately thereafter brains, spinal cords, thymic and spleens were harvested, washed thoroughly with ice-cold 0.01 M phosphate-buffered saline (PBS, Sigma–Aldrich, St. Louis, MO, USA) containing a protease inhibitor cocktail (4 μM staurosporine, 1 mM α-naphthyl phosphate and 1 mM sodium orthovanadate) to prevent protein degradation during sample preparation and then snap-frozen in liquid nitrogen. Frozen samples were pulverized, solubilized (~1 μl/1 μg tissue) in pre-chilled lysis buffer (25 mM Tris, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl and 1% Triton x-100) and centrifuged at 125,000 g, 4°C, for 1 h. Total protein in the supernatant was quantified in each sample using the EZQ protein quantitation kit (Life Technologies, Eugene, OR, USA) with bovine serum albumin (Amresco, Solon, OH, USA) as a calibration standard (Butt and Coorssen, 2005; Churchward et al., 2005). Thymus, spleen, brain, spinal cord and standard purified CD4/8 recombinant proteins (Sino Biological, Wayne, PA, USA) were resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 100 V for 2 h at 4°C) and then transferred onto polyvinylidene difluoride membrane (PVDF, 0.22 μM pore size, Bio-Rad, Hercules, CA, USA) for 2 h at 4°C; transfer efficiency, determined as previously described (Sen et al., 2019a), was 95.6 ± 1.7% (Supplementary Figures S1A,B). The PVDF blots were incubated at RT in blocking solution 5% skimmed milk (Coles, Hawthorn East, VIC, Australia), in 0.05% Tris-buffered saline-Tween-20, TBST (Amresco) and 1% polyvinylpyrrolidone (Sigma–Aldrich, St. Louis, MO, USA). Membranes were then probed with primary antibodies (Abs) to detect the signal of T-cell subtypes according to their cluster of differentiation (CD)—either anti-CD4 (1:500, Abcam, Cambridge, UK) or anti-CD8—(1:75, Santa-Cruz Biotechnology, Dallas, TX, USA) for 1 h at RT. In the next step, each blot was incubated with a horseradish peroxidase-conjugated (HRP) compatible secondary antibody (CD4 and CD8 blots were incubated with goat anti-rabbit 1:2,000 and mouse anti-mouse, 1:500, respectively) for 1 h at RT. Protein signals were visualized using an enhanced chemiluminescence detection reagent (1 ml/10 cm2 for 1 min, Luminata Crescendo Western HRP Substrate, Merck-Millipore, Burlington, MA, USA) and scanned using an ImageQuantTM FUJI LAS-4000 (GE Healthcare, Chicago, IL, USA). The intensity of each protein band was measured using ImageJ software2 to calculate the arbitrary value of every single band and the local background was subtracted from these values. The intensity of each band (n = 3 bands/mouse, n = 3 mice/group) was expressed as a raw value and presented relative to the values obtained from Ctrl mice. The sensitivity of the Abs used in western blot analyses was confirmed by comparing the molecular weight and band size of the signals obtained from the brain, splenic and thymic samples to the signals of the standard purified CD4 or CD8 recombinant proteins.



Flow Cytometry Analysis

T-cell levels in Study 2 were also analyzed using flow cytometry of thymic, splenic and CNS tissue (n = 3 mice/group) to further confirm the western blot and immunohistochemistry results. A standardized application protocol for flow cytometric analysis of T-cell subsets (Miltenyi Biotec)3 was applied to prepare a cell suspension suitable for single-cell detection. Briefly, following perfusion with PBS, each organ was placed in a Petri dish and covered with 5 ml of freshly prepared cold (~5°C) PEB buffer (0.5% bovine serum albumin, and 2 mM EDTA dissolved in 0.01 M PBS) and then organs were subjected to mechanical dissociation to obtain a cell suspension. A nylon mesh strainer (70 μm) was used to remove tissue debris and the cell suspension was centrifuged (300 g, 10 min, 4°C). Pellets were resuspended in PEB buffer, centrifuged (300 g, 10 min, 4°C), and washed with 2 ml 0.01 M PBS before resuspending cells in 1 ml of 0.01 M PBS. Cells (5 μl) were stained with Trypan Blue (Life Technologies, Carlsbad, CA, USA) and counted (Countess automated cell counter, Invitrogen). Each sample was divided into three aliquots: unstained aliquot (negative control) and stained aliquots (CD4 and 8). Cells were stained (~1 × 105 cells/ml) separately with either fluorochrome-conjugated FITC anti-mouse CD4 or PE/Cy7 anti-mouse CD8a antibodies (1:50 dilution, BioLegend, San Diego, CA, USA) for 1 h in the dark at RT while shaking. After adding 2 ml of 0.01 M PBS and centrifugation (300 g, 10 min, 4°C) the pellet was resuspended in 100 μl of 0.01 M PBS and analyzed using a MACSQuant® Flow Cytometer (Bergisch Gladbach, NRW, Germany). A total of 20,000 events were analyzed for each sample. The lymphocyte gate was defined by forward and side scatters and the CD4+ and CD8+ T-lymphocytes gates were defined by FITC and PE channels, respectively. Data were analyzed on FlowJo software (version 10, LLC, Ashland, OR, USA) and presented as the absolute number of dot blots/quadrant 1 (Q1) or 3 (Q3) for CD4 and CD8 T-cell populations, respectively and the ratio of CD4 to CD8 counts.



Histology and Immunohistochemistry


Tissue Preparation

Mice (n = 5/group in each study) were deeply anesthetized with isoflurane (2–3% in 100% oxygen) and perfused transcardially with cold 0.9% saline followed by 4% paraformaldehyde (in 0.1 M phosphate buffer, Sigma–Aldrich, St. Louis, MO, USA). Samples (CNS, thymic and spleens) were collected from the different groups and postfixed using 4% paraformaldehyde at 4°C for 3 days, then kept in 0.02% sodium azide (prepared in 0.01 M PBS, Sigma–Aldrich, St. Louis, MO, USA) at 4°C until processed for staining within 1 month. Whole CNS was immersed in a 30% sucrose solution for 48 h at RT until it sank, confirming cryo-protection. Tissue was then embedded in 4% gelatine (Chem-Supply, Gillman, SA, Australia) in cryomolds (Sakura, Torrance, CA, USA). Gelatine embedded tissue was then embedded in Tissue-TekTM optimal cutting temperature compound (Sakura) and sectioned with a cryostat (Leica, Wetzlar, HE, Germany) at −20°C. Serial coronal sections of the CNS (40 μm) were either transferred to 6-well plates containing 0.01 M PBS (free-floating for immunohistochemistry) or mounted onto 0.5% gelatine-coated slides for silver staining. Sections were placed in an anti-freezing solution (glycerol, ethylene glycol and 0.01 M PBS at 1:1:2 by volume) at −20°C until stained (≥1 month), as described previously (Sen et al., 2019a). To prepare tissue for hematoxylin and eosin (H&E) staining, thymic and spleens were postfixed in 10% formalin for 3 days and then dehydrated in ethanol (70%, 80%, 95%, and 100%) for 2 h each, cleared using xylene for 2 h and embedded in paraffin (SLEE medical GmbH, Mainz, Germany). Organs were placed in embedding cassettes (Sigma–Aldrich) and kept at 4°C to form solid paraffin blocks. Then tissue blocks were sectioned (10 μm) using a manual rotary microtome (Leica Microsystem, Wetzlar, Germany). A consecutive series of tissue sections were mounted onto glass gelatine coated slides and dried at RT for 1 h. Excess paraffin wax was removed from the slides by heating them at 55°C for 30 min).



Silver Myelin Staining and Quantification

Staining and quantification were performed as previously described (Sen et al., 2019a). Briefly, slide-mounted brain sections were air-dried for 48 h at RT and then immersed in 10% formalin (Sigma–Aldrich) for 14 days. Slides were incubated with a 2:1 solution of pyridine (VWR, Radnor, PA, USA) and acetic anhydride (Merck, Darmstadt, HE, Germany) followed by incubation with freshly prepared ammoniacal silver nitrate (Chem-Supply) for 45 min for staining. Mounting medium (DPX, Merck) and coverslips (Knittel Glass, Braunschweig, NI, Germany) were used to cover the sections and left to dry for 72 h at RT. All brain sections were imaged with bright field Olympus Carl Zeiss microscope (Zeiss, Jena, TH, Germany) using the same settings (i.e., exposure time, magnification and illumination intensity). Images were analyzed by ImageJ software as follows: for each section, the region of interest (midline corpus callosum, MCC) was contoured and the mean optical density was measured as mean gray value [i.e., summation of all the pixels in the region of interest divided by the number of pixels, with individual pixels ranging from black (0) to white (256)]. The results were plotted as the reciprocal of the light intensity to measure the amount of myelin. The anatomical landmark was identified as described previously (Paxinos and Franklin, 2012; Sen et al., 2019a).



Immunofluorescence Staining and Quantification

Staining and quantification were carried out as previously described (Sen et al., 2019a). In short, non-specific binding was blocked using 10% goat serum (Sigma–Aldrich) for 2 h at RT and sections were incubated overnight at RT with primary Abs: glial fibrillary acidic protein (anti-GFAP-AlexaFluor 488, 1:1,000, Merck-Millipore, Burlington, MA, USA), ionized calcium-binding adaptor molecule 1 (rabbit anti-IBA 1, 1:1,000, Wako, Japan), anti-CD4 (rabbit anti-CD4, 1:200, Abcam), or anti-CD8 (mouse anti-CD8, 1:100, Santa-Cruz Biotechnology, Dallas, TX, USA), then washed thrice with 0.01 M PBS. Sections were then incubated with secondary corresponding Abs [either goat anti-rabbit IgG, 1:500, Invitrogen (USA) or mouse anti-mouse IgGκ, 1:100 (Santa-Cruz Biotechnology)] for 2 h at RT and washed 3 × 10 min with 0.01 M PBS. Sections were counterstained with 1.5 mg/ml of nuclear counter-stain Vectashield plus 4′,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Burlingame, CA, USA) and imaged using a fluorescence Olympus Carl Zeiss microscope (Zeiss, Germany) using the same exposure time and magnification settings. Fluorescence intensity measurement of GFAP and IBA 1 stained sections was performed with ImageJ software as described above. Positively stained cells with GFAP and IBA 1 (and co-stained with DAPI) were counted using unbiased stereo investigator optical fractionator workflow software (see Figure 4 and Supplementary Stereology Excel File) as described previously (Sen et al., 2019a). However, due to the low counts per unit area and regional heterogeneity of CD8+ cell distribution; these cells were counted manually across the entirety of each section in the cerebrum, cerebellum, brainstem and spinal cord (three animals/group, 10 sections/brain or spinal cord, five sections/cerebellum or brainstem). In order to confirm that the CD8+ expressing cells were a distinct population (i.e., from microglia) brain and spinal cords sections were double-labeled with CD8 and IBA 1 antibodies and co-stained with DAPI.



Assessment of BBB Integrity

To assess the permeability of the BBB following PT injection in Study 2, peroxidase-based immunohistochemistry was used to visualize immunoglobulin G (IgG) in the CNS. In Study 3, the same method was used to breach BBB and the results were consistent with Study 2 (data not shown). Free-floating coronal sections were washed as described above and non-specific binding and endogenous peroxidase activity were blocked using peroxidase blocking solution (Dako, Carpinteria, CA, USA). Sections were then incubated for 1 h at RT in biotinylated anti-mouse IgG secondary Ab (1:100 dilution, Vector Laboratories Inc., Burlingame, CA, USA). Sections were then incubated with avidin-biotin-peroxidase complex (1:200 dilution, ABC complex, Vector Laboratories) for 30 min at RT, and visualized using diaminobenzidine (DAB, Vector Laboratories Inc., Burlingame, CA, USA) solution (0.05% DAB in 0.005% H2O2). All incubation and reaction steps were performed in parallel for all sections, at RT, to ensure that the DAB staining was comparable (i.e., equal number of sections from each experimental group exposed to the same batch of DAB stain and incubated for the same amount of time). Sections were then mounted on slides and cover-slipped using DPX mounting medium and left to dry overnight. Sections were imaged by bright field Olympus Carl Zeiss microscope (Zeiss, Germany) and quantified using ImageJ software to measure the IgG color intensity as described above.



Haematoxylin and Eosin (H&E) Staining

Staining with H&E was performed in thymus and spleen tissue to assess the structural changes associated with CPZ-feeding. Following removal of excess paraffin from the tissue (see “Tissue Preparation” section), slides were rinsed in xylene for 10 min (to remove the remaining paraffin wax) and rehydrated by dipping in a series of alcohol washes (100%, 80%, 50% and 0%, five times each solution). In the next step, hematoxylin (4 g/l, Merck-Millipore, Burlington, MA, USA) was used for 3 min to stain the sections followed by washing with tap water. Slides were then dipped into acid alcohol for 30 s to differentiate the cytoplasm and transferred into Scott’s Bluing solution to stain the nucleus. Then the tissue was stained with eosin (0.5%) to counterstain acidic components of cells (e.g., cytoplasmic proteins) and washed with tap water followed by ascending concentrations of alcohol (70%, 95%, and 100%) to dehydrate the tissue and xylene to clear it. Slides were covered with mounting medium (Merck) and sealed with coverslips (Cardiff et al., 2014). Tissue sections were imaged with an Olympus Carl Zeiss bright field microscopy. ImageJ software was used to analyze various histomorphometric measurements of the thymus and spleen as previously described (Tryphonas et al., 2004). Briefly, the total area (mm2) of each thymus section (three mice/group, five sections/mouse) was contoured and measured. All regions of the thymic medulla in each section were also contoured individually to obtain the area of each region; these values were summed to yield the total medullary size of each thymic section. The total section area was then subtracted from the medulla area to get the total thymic cortex area. Averages of cortical and medullary values of each mouse in all groups were calculated. Finally, the average values of cortex were divided by average medullary values to obtain the thymic cortex/medulla ratio. The same strategy was applied to spleen sections in order to measure the splenic red pulp/white pulp ratio.


Statistical Analysis and Graphing

All data were presented as mean ± standard error of the mean (SEM). Bodyweight data was analyzed using the two-way analysis of variance (ANOVA). All other data were analyzed using a one-way ANOVA and individual differences were determined using Newman–Keuls post hoc multiple comparison analyses. Statistically significant differences compared to Ctrl were considered when p < 0.05 and indicated by asterisks (*) in all graphs. Statistical analyses and graphing were performed using GraphPad Prism 7.03 software4 (San Diego, CA, USA). Figures were assembled using the CorelDRAW graphics design software version 20195 (Ottawa, ON, Canada).






RESULTS


Study 1: Castration Counteracts the Peripheral Effects of CPZ

To quantify the impact of CPZ on the thymus and spleen, and to test whether Cx could protect these organs against the effects of CPZ-feeding, prepubescent male C57Bl/6 mice (i.e., 4 weeks old) were surgically castrated and subsequently fed with powdered chow containing 0.1% or 0.2% CPZ for 2 weeks, in parallel with Ctrl mice. Weight gain in all Cx males (Cx, Cx+0.1% CPZ, and Cx+0.2% CPZ groups) was significantly reduced compared to Gi CPZ-fed males and Gi Ctrl during the first 3 days of CPZ-feeding and this effect continued to the end of the study. During the second week of CPZ-feeding, significant reductions in body weight gain were observed in the CPZ-fed animals compared to healthy Ctrls (Supplementary Figure S2). By the end of the experiment, the weight differences between Ctrl mice and that fed 0.1% or 0.2% CPZ were approximately 9% and 15%, respectively. This rank order was preserved when comparing Cx alone and 0.1% or 0.2% CPZ Cx animals, in which the weight differences were approximately 8% and 15% respectively. Following 2 weeks of 0.1% or 0.2% CPZ-feeding, the size (Figure 1A) and weight of the thymus and spleen (normalized to body weight, Figure 1B, Study 1 panels) in Gi males was reduced (p < 0.05) in a dose-dependent manner (thymus: 13.3 ± 0.03% vs. 28.4 ± 0.03%, spleen: 27.6 ± 0.04% vs. 42.4 ± 0.04% for 0.1% vs. 0.2% CPZ) compared to their respective Ctrls. In contrast, thymic mass was increased by 69.0 ± 4.1%, (p < 0.05) following Cx compared to Gi Ctrls at 2 weeks and this effect remained despite CPZ-feeding. While the splenic mass of Cx mice was not different from Gi Ctrls, Cx did prevent the CPZ-induced reduction in splenic weight seen in the Gi group (Figure 1B).



Castration Restored the Histological Architecture of Thymus and Spleen

In Gi male mice, CPZ-feeding induced dose-dependent reductions in medulla area (0.2% CPZ: 18.5 ± 1.0 > 0.1% CPZ: 9.6 ± 1.0 mm2) without any change in cortical area (Figures 2A,C, Table 1) resulting in a dose-dependent increase in the thymic cortex/medulla ratio (0.2% CPZ: 1 ± 0.03 > 0.1% CPZ: 0.7 ± 0.04 > Ctrl: 0.5 ± 0.03). In contrast, the thymic cortex/medulla ratio was unchanged by feeding 0.1% or 0.2% CPZ to Cx mice (Table 1). Similarly, H&E staining confirmed that feeding CPZ to Gi mice induced a dose-dependent (0.1% < 0.2% CPZ) reduction in splenic red pulp/white pulp ratio [Figures 2B,D; i.e., the white pulp size was affected by CPZ-feeding (Table 1)]. In contrast, CPZ-feeding had no effect on white pulp area following Cx, i.e., white pulp size of Cx+0.1% and Cx+0.2% CPZ groups were indistinguishable (p < 0.05) from Gi Ctrl spleens. Taken together, these results showed that Cx protected mice against the deleterious effects of CPZ-feeding on the spleen and thymus regardless of CPZ dose.

TABLE 1. Histomorphometric evaluation of thymus and spleens from Gi and Cx males, and Gi female mice, exposed to CPZ.
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Castration Preserved CD4/8 Signal in the Thymus and Spleen Against the Impact of CPZ

Western blot analysis indicated a significant dose-dependent reduction (0.2% > 0.1% CPZ) in the signal intensity of CD4 and CD8 T-cells in both thymus and spleen of Gi CPZ males compared to Gi Ctrl males (Figures 3A,B). The effect of 0.1% or 0.2% CPZ on CD4 signals in both thymus and spleen was prevented by Cx despite feeding with CPZ. Moreover, the CD8 signal was indistinguishable from the Ctrl group when Cx combined with 0.1% or 0.2% CPZ in spleen but only with the Cx+0.1% CPZ group in the thymus. Although the effect of CPZ on thymic CD8 signal in the Cx+0.2% CPZ group was ameliorated by Cx (compared with the Gi male at the same dose), CD8 signal was significantly (p < 0.05) decreased in the Cx+0.2% CPZ group compared to the Ctrl group (Figure 3B). Overall, 0.2% CPZ had a significant (p < 0.05) suppressive impact on the levels of CD4/8 in both thymus and spleen compared to 0.1% CPZ in Gi mice. Cx induced preservation of thymic and splenic CD4/8 levels in both Cx+0.1% CPZ and Cx+0.2% CPZ groups compared to Gi Ctrl males.



CPZ-Induced Demyelination

Silver staining revealed that 0.1% and 0.2% CPZ-feeding induced a significant decrease in MCC myelin of Gi male mice compared to Gi Ctrl males (Figures 4A,B, Study 1 panel) and the extent of demyelination was indistinguishable between 0.1% or 0.2% CPZ. Cx alone, or when combined with 0.1% or 0.2% CPZ, did not affect the myelin staining intensity compared to Gi Ctrl males. Overall, 0.1% CPZ-feeding was as effective at producing demyelination as 0.2% CPZ in mice, with or without Cx.



Effects of CPZ and Cx on Glial Activation

GFAP and IBA 1 staining were used to quantify astrocytes and microglia, respectively, in the MCC. Following CPZ-feeding in Gi males, cell density (cell/mm3) and fluorescence intensity of both GFAP and IBA 1 were significantly increased in a dose-dependent manner (0.2% > 0.1% CPZ) compared to Gi Ctrl (Figures 4A,B, Study 1 panels, GFAP, IBA 1). Combining Cx with 0.1% or 0.2% CPZ-feeding did not change the cell density or the fluorescence intensity of either GFAP or IBA 1 staining. Both 0.1% and 0.2% CPZ-feeding induced a strong glial response in the demyelinated areas in the MCC.



Study 2

Intraperitoneal injections of PT in male mice had no synergistic effect when combined with 0.1% CPZ in both the Gi and Cx males. As seen in Study 1, CPZ-feeding resulted in comparable reductions in weight gain (Supplementary Figure S2, Study 2) and a reduction in thymic and splenic mass (Figures 1A,B, Study 2 panels). Cx increased the thymic weight but the splenic mass remained unchanged compared to Gi Ctrl. Western blot analysis showed significant reductions (p < 0.05) in CD4/8 signals in Gi animals fed 0.1% CPZ compared to Ctrl whereas, in Cx groups, CD4/8 signals remained unchanged when fed 0.1% CPZ (Figures 3A,B, Study 2 panels). Likewise, flow cytometric analysis of thymocytes and splenocytes showed significant decreases (p < 0.05) in CD4/8 T-cell subpopulations in the 0.1% CPZ group compared to Ctrl, whereas in the Cx groups CD4/8 T-cell subpopulations were significantly increased (p < 0.05, Figures 5A,B). In addition, there were no changes in the ratio of CD4/CD8 across all groups (p > 0.05, Figure 5C). Myelin, GFAP and IBA 1 intensities in the PT group of Gi males were indistinguishable from Ctrl. PT injection did not change the amount of demyelination nor the extent of microglia and astrocyte activation when combined with Cx, 0.1% CPZ, or Cx+0.1% CPZ (Figures 4A,B, Study 2 panels). The PT-mediated breach of the BBB was confirmed by a significant increase in the intensity of IgG staining in the hippocampal region of the PT injected groups (Supplementary Figures S3A,B). Quantification was performed in the hippocampus because the intensity of the stain was highest there relative to regions (Supplementary Figure S3).
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FIGURE 5. Flow cytometric analysis of T-cell subpopulations (CD4+ and CD8+) in the immune organs of male mice. Representative flow cytometry dot blots of thymic CD4 and CD8 T-cells (A) and the quantification of their cell number in thymus and spleen tissue from Study 2 (B). CD4/8 number was significantly reduced in the thymus and spleen of 0.1% CPZ-fed mice compared to Ctrl. The numbers of CD4/8 increased in all Cx groups compared to Ctrl and were unaffected by CPZ. Cell counts in the quadrant 1 (Q1) for CD4 and quadrant 3 (Q3) for CD8 were used to quantify cell number in each experimental group. No significant (ns, p > 0.05) changes in the ratio of CD4/CD8 were observed in thymus and spleen (C). A one-way ANOVA (n = 3 thymic or spleens per group, 20,000 events/sample) was used to determine significant differences from Ctrl (*p < 0.05).





CD8+ T-cell Number Increased in the CNS Following PT Injection in Cx-CPZ-Fed Mice

In a previous study, CD4 and/or CD8 were not detected following PT injection in the CNS of Gi male mice fed 0.1% CPZ (Sen et al., 2019a). In contrast, when 2 weeks of 0.1% CPZ-feeding was combined with Cx and PT treatment (Cx+0.1% CPZ+PT, Figures 6A,B) CD8+ cell numbers in the CNS increased. The distribution of CD8+ T-cells in the stained slices was not homogeneous, with CD8+ cells appearing either as individual cells or in small groups of cells distributed widely throughout the CNS (cerebrum, cerebellum, brainstem, and spinal cord). In Gi and Cx animals, CD8+ cells were rarely encountered and their numbers were unaffected by CPZ-feeding (range between 0–23 cells/section) compared to Ctrl. When CPZ-feeding and Cx were combined with PT, the number of CD8+ cells increased (<2-fold) in multiple regions of the brain (whole parenchyma) and spinal cord (most notably in the gray matter and around the central canal, Figures 6A,B). Double labeling of CNS sections with CD8 and IBA 1 antibodies (and co-stained with nuclear DAPI staining) confirmed that CD8 and IBA 1 were expressed in distinct cell populations (Figure 6C).
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FIGURE 6. Combined effects of CPZ-feeding and Cx with pertussis toxin (PT) on CD8+ T-cells in the CNS. Representative images of CD8+ T-cells detected in the CNS tissue (A) and quantification (B) of CD8+ T-cell numbers in the CNS (cerebrum, cerebellum, brainstem, and spinal cord). In Study 2, the number of CD8+ T cells was significantly (p < 0.05) higher in each part of the CNS in the Cx+0.1% CPZ+PT group than in all other groups. Section (C) shows representative images of double labeling with CD8 and IBA 1 antibodies in the brain tissue, nuclear DAPI staining, and merged images confirming the identity of CD8+ T-cells. As indicated by white arrows, regions of the images were magnified five times and these appear as insets at the bottom of the image panel; one-way ANOVA, n = 3 mice/group, 10 sections/brain or spinal cord, five sections/cerebellum or brainstem; *indicates significant difference from Ctrl (p < 0.05).



In addition, using the same western blot analysis of the brain and spinal cord homogenate samples (three independent 60 μg sample loads per animal, three animals/group) we replicated the previous finding that neither CD4 nor CD8 signals were detected in the CNS homogenates of Ctrl, 0.1% CPZ and PT treated Gi males (Sen et al., 2019a). However, in the Cx+0.1% CPZ+PT mice, CD8 signal was detected in the CNS homogenates, whereas the CD4 signal was not (Figure 7, Study 2). Furthermore, neither CD4 nor CD8 signals were detected in CNS homogenates in either Study 1 or Study 3 (Figure 7, Studies 1 and 3).
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FIGURE 7. Detection of CD4/8 signals in the CNS homogenate. Representative images of western blot analysis of CD4 and CD8 antigen detection in the brain and spinal cord. No CD4 signal was detected in the CNS tissue across all groups in Studies 1–3. In contrast, the CD8 signal band was detected only in brains and spinal cords of Cx+0.1% CPZ+PT mice in Study 2 (red arrows). SDS-PAGE gels were loaded with 60 μg/well of total protein, all samples were processed in triplicate, and standard purified CD4 and CD8 protein concentrations were 5 ng/well and 5 μg/well, respectively.



The increased CD8+ T-cell signal intensity (western blot) and number (immunohistochemistry) in the brain and spinal cord tissue of the Cx+0.1% CPZ+PT mice were also confirmed using flow cytometric analysis (Figures 8A,B). Moreover, CD4+ T-cells count via flow cytometry did not show any changes among all groups (i.e., CD4 cell number in Ctrls: brain 1,087 ± 314; spinal cord 834 ± 176). The ratio of CD4/CD8 was unchanged in all groups compared to Ctrl except in the Cx+0.1% CPZ+PT group, in which the ratio was significantly decreased (p < 0.05, Figure 8C).
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FIGURE 8. Flow cytometric analysis of T-cell subpopulations (CD4 and CD8) in the brain and spinal cord of male mice. Representative CD8+ T-cells dot blots in the brain (A) and quantification (B) of CD4+ and CD8+ T-cell numbers in the brain and spinal cord. In Study 2, no significant (ns) changes in the number of CD4+ T-cell of the brain and spinal cord were observed, whereas the number of CD8+ T-cells was significantly (p < 0.05) increased only in the brains and spinal cord of the Cx+0.1% CPZ+PT group. Cell counts in quadrant 3 (Q3) for CD8 were used to quantify cell number in each experimental group. The ratio of CD4/CD8 in the brain and spinal cord was unchanged (ns) in all groups except in the Cx+0.1% CPZ+PT group in which the ratio was significantly decreased in both brain and spinal cord (C). A one-way ANOVA (n = 3 thymic or spleens per group, 20,000 events/sample) was used to determine significant differences from Ctrl (*p < 0.05).





Study 3

BBB disruption was applied in Study 3 to test whether CD8+ T-cells could be increased in the CNS of Gi female mice as observed in Cx+0.1% CPZ+PT treated males. Feeding 0.1% CPZ to Gi female mice led to reduced body weight gain (Supplementary Figure S2), severe thymic and splenic atrophy (Figures 1A,B) and changes in histological architecture (thymic cortex/medulla and splenic red pulp/white pulp ratios). These effects were indistinguishable from those observed in Gi males (Figures 2A,B). Notably, the reductions in CD4/8 were comparable to those in Gi males (Figures 3A,B). Likewise, the levels of demyelination, and microglia and astrocyte activation were indistinguishable from those observed in age (and treatment) matched Gi and Cx males (Figures 4A,B). In contrast to the Cx males, following 0.1% CPZ+PT, CD4/8 T-cells were not detected in CNS tissue of Gi female mice (Figure 6).




DISCUSSION

To better understand why T-cells have been so infrequently found at sites of demyelination in the CPZ animal model, the impact of CPZ-feeding on the peripheral immune organs that are responsible for the maturation, differentiation and production T-cells, namely the thymus and spleen, was assessed (Cesta, 2006; Pearse, 2006). While previous studies have shown CPZ-induced thymic and splenic atrophy, they did not attempt to alleviate these effects (Solti et al., 2015; Martin et al., 2018; Sui et al., 2019; Sen et al., 2019a). The morphological and histopathological changes to the thymus following CPZ-feeding observed here and in other studies (Solti et al., 2015), are remarkably similar to those observed and attributed to androgen-dependent thymic involution that can be reversed by androgen depletion (Roden et al., 2004; Tang et al., 2012). Consistent with this observation, Study 1 demonstrated that Cx reversed the 0.1% or 0.2% CPZ-induced atrophy of the thymus and spleen and preserved CD4/8 signal intensity in both immune organs. In Study 2, Cx, when combined with 2 weeks of CPZ-feeding and disruption of the BBB (using PT), resulted in demyelination, gliosis and CD8+ T-cell infiltration in the cerebrum, cerebellum, brainstem, and spinal cord. In female mice (Study 3), combining CPZ-feeding with BBB disruption resulted in CNS demyelination and gliosis, but no CD8+ T-cell infiltration into the brain or spinal cord. Taken together, these results indicate that CPZ-induced demyelination in the CNS can trigger a CD8+ T-cell-mediated central response when the peripheral immune system is preserved.

As previously documented, CPZ-feeding led to a significant reduction in weight gain (Franco-Pons et al., 2007; Torkildsen et al., 2009; Ye et al., 2013; Chang et al., 2017; Sen et al., 2019a) and a reduction in thymic and splenic weights (Solti et al., 2015; Martin et al., 2018; Sui et al., 2019; Sen et al., 2019a). Although Cx was timed to precede the onset of normal age-related thymic atrophy (Sheean et al., 2015), Cx did not prevent the CPZ-induced suppression of total body weight gain. However, Cx did counteract the CPZ-induced suppression of thymus size and weight, spleen weights, and changes in the thymic medulla and splenic white pulp (structures responsible for T-cell development and production). Furthermore, western blot analysis confirmed that Cx countered all CPZ-induced suppression of CD4/8 signal in the thymus and spleen. In the absence of the protective effects of Cx, the direct effects of CPZ-feeding on the thymus and spleen provide a plausible explanation as to why prior studies did not show the involvement of T-cells in the CNS of CPZ-fed mice (Remington et al., 2007; Tejedor et al., 2017; Sen et al., 2019a). Likewise, the demonstration that CPZ ameliorates and/or prevents the clinical and pathological features of EAE and Theiler’s virus encephalomyelitis (Maña et al., 2009; Herder et al., 2012), is consistent with CPZ suppressing peripheral immune function and hence improving both clinical and pathological features driven by T-cells. Based on this, and prior work (Solti et al., 2015; Martin et al., 2018; Sui et al., 2019; Sen et al., 2019a), it is clear that suppressive effects of CPZ on the thymus and spleen, and thus T-cells (CD4+ and CD8+ lymphocytes), are not conducive to study effects mediated by peripheral immune cells unless strategies to protect and/or boost the peripheral immune system are employed.

Broadly speaking, the toxic effects of CPZ have been attributed to copper chelation that interferes with cellular and mitochondrial metabolism and results in the formation of mega- or enlarged-mitochondria in the liver and thymus of mice (Suzuki, 1969; Hoppel and Tandler, 1973; Solti et al., 2015). Likewise, in the mitochondria of oligodendrocytes, increased reactive oxygen species and decreased activity of respiratory chain complexes resulted from CPZ-feeding (Gudi et al., 2014; Faizi et al., 2016). Additionally, in the atrophied thymus, enlarged mitochondria, myelin bodies, enlarged lysosomes, and lipid droplets were observed following CPZ-feeding (Solti et al., 2015). The enlarged lysosomes are the result of increased membrane permeability, and the release of lysosomal proteases activates caspases, ultimately leading to thymocyte apoptosis (Zhang et al., 2009; Veto et al., 2010).

T-helper (CD4+) cells require copper to transcribe interleukin-2 (Hopkins and Failla, 1999)-a process that may be suppressed due to the copper chelating action of CPZ (Emerson et al., 2001). These effects of CPZ on mitochondrial function and thymocyte apoptosis may explain why western blot and flow cytometry analyses of the thymus from CPZ-fed Gi mice identified a reduction in CD4/8 T-cell levels whereas Cx counteracted this effect, at least in part due to the hypertrophy resulting from the ablation of androgens. Supporting this, it has been suggested that androgen depletion may be involved in the regulation of mitochondrial dysfunction and toxic responses (Liu et al., 2019).

The suppressive effects of androgens on the structure and function of the thymus have been extensively investigated. The most prominent effects are mitochondrial dysfunction-induced thymocyte apoptosis and thymic atrophy, which result in a subsequent reduction of circulating T-cells (Olsen et al., 1994, 1998; Veto et al., 2010). However, Cx countered these effects. The preservation of thymic CD4/8 signal intensity in Cx groups, in the presence of CPZ, may not be limited to the effects of Cx on developing thymic cortical and medullary cells, but include effects on bone marrow-derived stem cells. Cx increased the number of thymocyte precursor cells in the bone marrow and enhanced their differentiation into mature thymocytes in the thymus, leading to thymic regeneration (Sutherland et al., 2005). These effects of Cx are consistent with other findings in young and aged animals in which orchiectomy induces rapid restoration of thymopoiesis, a significant increase in the proliferation of immature thymocytes, and a reduction in apoptosis (Olsen et al., 1994; Roden et al., 2004; Page et al., 2006; Sheean et al., 2015). In the current work, combining a 0.1% CPZ with Cx meant that the suppressive effects of CPZ on the peripheral immune system were counter-balanced by ablating the normal androgen-mediated involution of the thymus, thereby preserving peripheral immune function.

Immature T-cells are selected in the thymic tissue according to their specificity to T-cell receptors (e.g., CD4+, CD8+, and forkhead P3+ regulatory T-cells), to develop functional and self-tolerant T-cell repertoires (positive selection), and induce a central tolerance to eliminate of autoreactive T-cells (negative selection). The maturation of thymocytes occurs in the thymic cortex, whereas the differentiation and negative selection of T-cells occurs in the thymic medulla (Klein et al., 2014; Kurd and Robey, 2016). This suggests that the CPZ-mediated effects in the medulla (i.e., on maturation, differentiation, and selection of T lymphocytes) might decrease the capacity of the thymus to support a T-cell-mediated immune response in the CNS. In contrast, in the Cx-CPZ-fed animals, the increased thymic mass, particularly in the medulla, is still capable of initiating/sustaining a T-cell response through maturation, differentiation and selection processes.

The central role of androgen-mediated thymic atrophy has been suggested on the basis of the presence of androgen receptors on the thymic epithelial cells (Savino and Dardenne, 2000) and developing thymocytes (Viselli et al., 1995) that are stimulated by circulating androgens, thus resulting in thymic atrophy (Olsen et al., 2001). CD4 and CD8 T-cells are the major cell subsets that express androgen receptors (Sutherland et al., 2005), and are the major cell subsets that are reduced by CPZ-feeding. Therefore, the combined effects of androgen-dependent involution and CPZ-feeding in the Gi male mice resulted in a reduction in thymic mass and function, whereas in CPZ-fed Cx mice, thymic mass (and CD4+ and CD8+ thymocytes) are preserved.

As in the thymus, CPZ-feeding reduced splenic wet weight, the size of its white pulp (a site of B and T-cell production) and CD4/8 T-cell levels, effects that have been attributed to CPZ-induced mitochondrial dysfunction and oxidative stress (Martin et al., 2018). Furthermore, a highly sensitive top-down proteomic analysis of spleens from CPZ-fed Gi male mice identified a significant increase in arginase-I abundance as well as decreased levels of protein disulfide isomerase (Partridge et al., 2016). The increased level of arginase-I, expressed by myeloid-derived suppressor cells, may have contributed to the decreased T-cell levels in the CPZ-fed mice. Furthermore, protein disulfide isomerase is required for the appropriate assembly of major histocompatibility complex-I (Kang et al., 2009). A reduction in major histocompatibility complex-I molecules and consequent reduction in antigen presentation will impair cytotoxic T-cell (CD8+) activity and thus limit subsequent T-cell activation and clonal expansion, thereby providing another mechanism by which T-cell activity in CPZ-fed mice was compromised. Following orchiectomy, spleens were enlarged with increased white pulp areas, an effect attributed to the mitotic expansion of splenic lymphoid cells capable of responding to immune stimuli (Dean et al., 1984). This increased mitotic division of splenic lymphoid cells in Cx groups may compensate for the loss of mass and cell number induced by CPZ-feeding.

In Studies 1 and 2, 2 weeks of CPZ-feeding led to extensive demyelination that was unaffected by androgen ablation in Cx mice. However, it has been shown that androgen depletion by Cx increased the severity of demyelination after 5 weeks of CPZ-feeding (Patel et al., 2013). The authors attributed this to the lack of protective androgen effects in the CNS following Cx. This suggests that at this early time point (i.e., 2 weeks of CPZ-feeding) lack of androgens does not have any deleterious effects on CNS demyelination. Androgens work as trophic factors to maintain the development and the plasticity of neuronal tissue regulates glial cell activity and enhances myelination (Melcangi et al., 2001; Garcia-Segura and Melcangi, 2006). These protective effects of androgens are sustained by androgen receptors that are found on all cell types in the CNS including astrocytes, microglia, oligodendrocytes, and neurons (Jung-Testas and Baulieu, 1998; Garcia-Ovejero et al., 2002). In contrast, others have argued that testosterone administration increases oligodendrocytosis by amplifying the toxic damage through α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/Kainate receptor activation (Marin-Husstege et al., 2004; Cerghet et al., 2006). Other studies have shown that as little as 2 weeks of CPZ-feeding can induce significant demyelination in the mouse CNS (Pfeifenbring et al., 2015; Caprariello et al., 2018). In the current work, short term (2 weeks) feeding of 0.1% CPZ produced comparable demyelination and gliosis to the standard 0.2% CPZ dose; yet 0.1% CPZ has a more limited effect on the peripheral immune structures. These findings are consistent with previous data showing that 0.1% CPZ-feeding was as effective at producing demyelination as 0.2% CPZ but with less impact on the spleen (Sen et al., 2019a).

Having demonstrated that Cx did not enhance CPZ-induced demyelination and gliosis, yet protected against the suppression of peripheral immune organs, Study 2 showed that combining Cx and CPZ-feeding with disruption of the BBB resulted in a CD8+ T-cell immune response in the CNS. The disruption of the BBB was confirmed in Studies 2 and 3 by an increased presence of IgG in the brain parenchyma following PT injection. It has been argued that the disruption of the BBB increases the possibility of adaptive immune cells traversing the barrier leading to activation and recruitment of T-cells due to myelin antigen presentation by microglia following oligodendrocytosis and the degeneration of myelin induced by CPZ (Caprariello et al., 2018). Disruption of the BBB alone, even when combined with either CPZ-feeding or castration, was not sufficient to initiate a CD8+ T-cell mediated response in the CNS. This means that the release of myelin antigens following CPZ-feeding is the key step to induce a peripheral immune response and provides strong evidence for the inside-out theory of MS disease initiation (Stys et al., 2012; Stys, 2013). The increase in the number of CD8+ T-cells observed in the CNS using immunohistochemistry was further confirmed by flow cytometric analysis of brain and spinal cord tissue. Notably, the CD8 signal was also detected in brain and spinal cord tissue by western blot analysis when Cx was combined with 0.1% CPZ and PT. This preferential increase in CD8 levels was not observed in previous CPZ-feeding studies that did not include strategies to protect the peripheral immune system (Remington et al., 2007; Partridge et al., 2016; Traka et al., 2016; Tejedor et al., 2017; Sen et al., 2019a) or which the focus of analysis was on a pan T-cell marker (CD3; Caprariello et al., 2018). While it has been argued that “cellular sources of CD8 were reactive macrophages/microglia” (Zhang et al., 2009), here, double labeling of the brain and spinal cord sections with IBA 1 and CD8 showed distinct microglia and CD8 cell populations. Notably, as observed in human MS lesions (del Pilar Martin et al., 2008), most of the CD8+ T-cells were observed in the CNS parenchyma surrounding the blood capillaries, suggesting recent infiltration of these cells into the CNS tissue. Previous studies showed that Cx significantly increases peripheral CD8+ T-cell numbers and function in humans and mice (Page et al., 2006; Tang et al., 2012). The exact mechanism of CD8 T-cell infiltration was not examined in this study but seems most likely to have occurred following BBB disruption with subsequent expansion in response to the CPZ-induced demyelination, consistent with the inside-out theory of MS (Stys et al., 2012; Stys, 2013).

Indeed, the process of infiltration may have been facilitated by the activation of innate immune cells (microglia and astrocytes), their presentation of myelin antigens and the release of tumor necrosis factor-γ and reactive oxygen species (Bonetto et al., 2017), that are known to increase the permeability of the BBB and attract CD8+ T-cell (Suidan et al., 2006). Notably, the predominance of CD8+ T-cell in the CNS of mice (Study 2) resembles that seen at MS lesion sites where the key steps include recruitment and clonal expansion (Hauser et al., 1986; Friese and Fugger, 2005), with CD8+ outnumbering CD4+ T-cells by 3–10 fold (Booss et al., 1983; Babbe et al., 2000). In contrast, CD4+ and CD8+ T-cell levels in the blood of MS patients are comparable to those observed in healthy individuals (Waschbisch et al., 2014), suggesting that the initiation of immune involvement in MS patients is a result of CD8+ T-cell expansion at the site of the lesion (Crawford et al., 2004).

The inability to detect the CD4 antigen by western blot in the CNS did not appear to be due to failure of the techniques used as CD4 antigens were readily identified in the spleen, thymus, and in samples of brain tissue that were spiked with a recombinant CD4 protein standard (Sen et al., 2019a). Notably, the specificity of the CD4 antibody has been confirmed by others (Forlani et al., 2019; Zhao et al., 2019), and has been used to detect CD4+ cells in the spinal cord of EAE animals (Sen et al., 2019a). In addition to the copper chelating actions of CPZ causing apoptosis of T-helper cells, the lack of CD4 detection in the CNS may, at least in part, be due to a PT-mediated inhibition of CD4 chemokine receptors (Gi protein-coupled receptors), which play a key role in migration and extravazation of CD4+ T cell into target tissues (Su et al., 2001; Alt et al., 2002). Conversely, a PT-mediated inhibition of chemokine receptors that protect against apoptotic signaling in CD4+ T-cells may also contribute to the absence of CD4+ T-cells (Vlahakis et al., 2002; Rot and von Andrian, 2004). Although EAE (a widely used animal model of MS) has provided important insights into how CD4+ T-cell responds to peripherally injected myelin antigens (Steinman and Shoenfeld, 2014), it does not address the role of central (e.g., inside-out), triggers of immune responses (Caprariello et al., 2018). Therefore, the EAE model does not replicate the same circumstances of disease initiation as seen in humans: namely, a response to a slow, long-term endogenous demyelination in the CNS, a predominance of brain and spinal cord pathology (vs predominance of spinal cord pathology), and CD8 (vs. CD4) mediated T-cell involvement (Wiendl and Hohlfeld, 2002). In contrast, here, Study 2 resulted in a pathological pattern that included focal demyelination inside the CNS and a subsequent outside infiltration of CD8+ T-cell into the CNS, closely resembling the pattern observed in type III MS lesion in humans that is characterized by severe oligodendrocytosis and T-cell infiltration (presence of T-lymphocytes, macrophages and large numbers of oligodendrocytes loss; Lucchinetti et al., 2000).

The hypothesis underlying Study 3 was that combining CPZ-feeding with BBB disruption in females that have naturally lower testosterone levels, would result in CD8+ T-cell infiltration into the CNS similar to that seen in Cx males (Study 2). However, the preservation of thymic and splenic mass (and their associated CD4+ and CD8+ thymocytes) seen in Cx males was not reproduced in Gi females. This indicates that the preservation of immunological function observed following Cx in males cannot be solely ascribed to the loss of androgen production but may be attributed to other gonadal hormones shared by males and females e.g., activin and inhibin (Licona et al., 2006). Indeed, testosterone production offers some protection against the development of immunological disorders in males, such as MS, an effect that may explain why the disease occurs more frequently (2–3-fold) in females (Compston and Coles, 2008; Orton et al., 2010; Wallin et al., 2012). The high incidence of the disease in females has been ascribed to the rapid response of their immune system to any immunological stimulus such as vaccination because the concentrations of serum immunoglobulin are higher than in males (Azar et al., 2017; Trend et al., 2018). Aspinall and Andrew reported that age-related involution of the thymus (thymic atrophy) occurred earlier in Gi male mice than in females due to the effects of androgens. Consequently, the numbers of CD4+ and CD8+ thymocytes were reduced prior to positive selection (Aspinall and Andrew, 2001). Additionally, CPZ-feeding to female mice induced a 2–3-fold reduction in the weights of their uterus and ovaries compared to Ctrls (Taylor et al., 2010). This means that androgens in normal female mice have a slower effect on age-related thymus atrophy than in males. In addition, CPZ-feeding effects on the uterus and ovaries may reduce the levels of circulating androgens in females, thereby somewhat alleviating their effects on peripheral immune organs.

In Study 3, it was found that feeding CPZ to prepubescent female mice induced similar effects on the CNS (demyelination and gliosis) and peripheral immune organs as seen in males, consistent with previous studies (Taylor et al., 2010; Martin et al., 2018). This indicates that there are no sex differences with regard to the deleterious effects of CPZ-feeding in juvenile or adult mice.

Overall, this work has addressed two important questions relevant to the etiology of MS. First, could demyelination and activation of innate immunity trigger an autoimmune response similar to that seen in MS? Second, might MS primarily be initiated by demyelination that then triggers peripheral T-cell recruitment to the CNS lesions? Concerning the first question, the data indicate that the peripheral actions of CPZ are an impediment to studying the role of the peripheral immune system in response to central demyelination, despite damage to the CNS that is quite reminiscent of MS. With regard to the second question, the data confirm that, subsequent to CPZ-induced demyelination, CD8+ T-cells are recruited to the CNS following disruption of the BBB when the peripheral immune system is intact. The fact that peripheral CD3+ T-cells are recruited into the CNS following CPZ-feeding and BBB disruption (with PT), when combined with strategies that protect or “boost” the peripheral immune system, i.e., peripheral CFA injections (Caprariello et al., 2018), provides further support for an “inside-out” initiation of MS.

Despite using multiple techniques (organ weight, western blot analysis, immunohistochemistry and flow cytometry) to confirm the interaction (and its reversal by Cx) between CPZ-feeding, peripheral immune structures and CD4/8 T-cell recruitment to the CNS, future activation and proliferation assays are required to determine the impact of individual or combined (Cx+0.1% CPZ+PT) treatments on T-cell function and their capacity to traverse the BBB. This need for detailed functional studies is reinforced by other work showing that the use of CFA injection to “boost” the peripheral immune system resulted in an enhanced infiltration of cells expressing the pan T-cell marker CD3 following CPZ-induced demyelination (Caprariello et al., 2018).



CONCLUSION

The findings fully establish that feeding juvenile male mice with 0.1% or 0.2% CPZ for 2 weeks produced equivalent levels of demyelination and gliosis in the corpus callosum. However, 0.1% CPZ-induced less thymic and splenic atrophy, histopathology and a more modest effect on T-cell levels than the standard CPZ dose (0.2%). Moreover, the suppression of peripheral immune structures by CPZ explains why the recruitment of peripheral immune cells into the CNS has not been reported in previous studies. Castration protected against CPZ-induced thymic and splenic atrophy and thus the loss of CD4/8 T-cells. Furthermore, the addition of PT to castrated CPZ-fed mice resulted in CD8+ T lymphocyte infiltration into CNS parenchyma, providing strong supporting evidence for the “inside-out” hypothesis in the etiology of MS. Demonstration of CD8+ T-cell recruitment into the CNS of CPZ-fed mice, albeit castrated male mice, provides a potential new variant of the CPZ model with which to explore the early events involved in CNS demyelinating diseases like MS and thus move beyond the focus on glia responses and pan T-cell markers in the literature. However, while 0.1% CPZ-feeding in Gi female mice induced peripheral immune organ atrophy, T-cell signal suppression, and CNS demyelination and gliosis identical to that seen in males, BBB disruption did not result in T-cell infiltration into the CNS, indicating that testosterone levels alone are not responsible for the central CD8 T-cell response.
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Recovery from spinal cord injury (SCI) remains an unsolved problem. As a major component of the SCI lesion, the glial scar is primarily composed of scar-forming astrocytes and plays a crucial role in spinal cord regeneration. In recent years, it has become increasingly accepted that the glial scar plays a dual role in SCI recovery. However, the underlying mechanisms of this dual role are complex and need further clarification. This dual role also makes it difficult to manipulate the glial scar for therapeutic purposes. Here, we briefly discuss glial scar formation and some representative components associated with scar-forming astrocytes. Then, we analyze the dual role of the glial scar in a dynamic perspective with special attention to scar-forming astrocytes to explore the underlying mechanisms of this dual role. Finally, taking the dual role of the glial scar into account, we provide several pieces of advice on novel therapeutic strategies targeting the glial scar and scar-forming astrocytes.
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INTRODUCTION

The past decades have witnessed a rapid increase in studies on the pathology and molecular mechanisms of and therapeutic strategies for spinal cord injury (SCI). The clinical management of SCI, including surgical interventions, supportive therapies and rehabilitation methods, markedly improves functional recovery and reduces disability (Fehlings et al., 2017). Due to the high complexity and limited recoverability of the human central nervous system (CNS), however, more than 27 million SCI patients worldwide remain disabled and experience decades of life with permanent disabilities and suffering (James et al., 2019). The reasons why the outcomes of human SCI remain so poor are complex and varied. The glial scar, a dense limiting border around the SCI lesion core (the lesion core is also known as the fibrotic scar) formed predominately by scar-forming astrocytes after SCI, has long been considered one of the primary causes of the failure of spinal cord regeneration.

Astrocytes, a major CNS component, are glial cells characterized by a star shape. Astrocytes provide essential physiological insulation and support for neurons. Their pathological importance was underestimated at first. In recent decades, however, astrocytes have been found to not only extensively participate in biological activities in the CNS, including the regulation of the blood-brain barrier, synaptic function and glutamate uptake (Füchtbauer et al., 2011; Haj-Yasein et al., 2011; Murai and Pasquale, 2011; Min and Nevian, 2012; Murphy-Royal et al., 2015), but also play crucial roles in pathological processes, including neurodegenerative diseases, stroke and CNS injuries (Bradford et al., 2009; Kuchibhotla et al., 2009; Wanner et al., 2013; Khakh and Sofroniew, 2015; Malik et al., 2020). After SCI, astrocytes are activated, and some of them rapidly proliferate to form an astrocytic scar border, traditionally referred to as the glial scar. The glial scar and scar-forming astrocytes play key roles in the recovery of SCI. A thorough analysis of the roles of the glial scar in SCI may help provide new views of SCI and identify novel therapeutic strategies. For decades, the glial scar was thought to be a primary inhibitor of SCI recovery (Sugar and Gerard, 1940; Clemente and Windle, 1954). However, this concept has been continually challenged in recent years since several studies have shown that the radical ablation of the glial scar failed to promote SCI recovery (Anderson et al., 2016; Gu et al., 2019). It is increasingly accepted that the glial scar plays a dual role in the pathological process of SCI, both protective and inhibitory. However, the complexity of this dual role has been underestimated. Many components of the glial scar, such as astrocytes, microglia, and oligodendrocyte precursor cells, are highly plastic. They not only directly contribute to the dual role of the glial scar but also interact with other components, increasing its complexity. Furthermore, this dual role is dynamic and changes as SCI progresses. This diverse and dynamic nature makes it difficult to target the glial scar for therapeutic purposes, resulting in a need to understand and take into account the dual role of the glial scar.

In the context of SCI, we dissect the dual role of the glial scar over time to explore the underlying mechanisms of its diverse and dynamic nature, with a focus on the disparity, variation, and interactions of scar-forming astrocytes. Taking the dual role of the glial scar into account, we analyze some potential interventions targeting the glial scar (especially scar-forming astrocytes) and offer several pieces of advice for novel therapeutic strategies.



TIMELINE OF GLIAL SCAR FORMATION AND THE TRANSFORMATION OF SCAR-FORMING ASTROCYTES


Astrocytic Activation Within Hours

Regardless of the cause of SCI, injury directly damages neural tissue and induces tissue ischemia, which is caused by vascular trauma and tissue swelling (Tator and Koyanagi, 1997; Mautes et al., 2000; Norenberg et al., 2004). These damaged cells release ATP, which acts on a variety of purinergic receptors expressed by astrocytes, microglia, oligodendrocytes and oligodendrocyte precursor cells (OPCs) and triggers the activated states of these cells (Franke et al., 2001; James and Butt, 2002). Additionally, astrocyte activation can also be triggered and amplified by multiple inflammatory factors, including TNF, IFN-γ, IL-6, and IL-1β (Liddelow et al., 2017). Astrocyte activation may occur immediately after SCI, since many studies show that some indicators of astrocyte activation [glial fibrillary acidic protein (GFAP), GFAP mRNA, pSTAT3, NF-κB and chondroitin sulfate proteoglycans (CSPGs)] significantly increase within a few hours of CNS insults, in both brain injuries and SCI (Brambilla et al., 2005, 2009; O’Callaghan et al., 2014; Takano et al., 2014). The early astrocyte activation in SCI is even stronger than that in brain injuries (Schnell et al., 1999). Morphologically, most reactive astrocytes are essentially similar to normal astrocytes in the uninjured spinal cord, but reactive astrocytes differ from normal ones in cellular hypertrophy and overexpression of GFAP (Wanner et al., 2013).



Glial Scar Formation Within Days

Beginning at 1–2 days after injury, some reactive astrocytes rapidly proliferate and densely populate the area around the lesion core within a 7–10-day period of glial scar formation (Wanner et al., 2013). The proliferation of these astrocytes is the fastest 3–5 days after injury, slows 7 days after injury and is nearly stopped 14 days after injury. During this process, these astrocytes begin to extend elongated processes perpendicularly towards the lesion core. They gradually lose their domains and become dense to form a narrow (only several cell layers) limiting border (the glial scar) surrounding the lesion core (Herrmann et al., 2008; Wanner et al., 2013; Hara et al., 2017). Thus, these astrocytes transform into scar-forming astrocytes, which are quite different from reactive astrocytes in adjacent neural tissue (Khakh and Sofroniew, 2015). It is worth mentioning that most scar-forming astrocytes are newly proliferated (Zai and Wrathall, 2005). A recent quantitative analysis confirmed this view and showed that the number of astrocytic cell bodies in the glial scar is nearly twice that in the uninjured spinal cord. Additionally, this study also found a diminishing gradient of the proliferation and density of scar-forming astrocytes as the distance to the lesion core increases (Wanner et al., 2013). This topographical heterogeneity of scar-forming astrocytes and directionality of elongated processes indicate that reactive astrocytes may receive signals from the lesion core and phenotypically change into scar-forming astrocytes in response.



Glial Scar Maturation Within Weeks

The rapid proliferation of reactive astrocytes gradually stops approximately 2 weeks after injury. From 1 to 2 weeks to several weeks after injury, the glial scar becomes completely mature (Ren et al., 2017). Scar-forming astrocytes complete their phenotypic change and no longer orient their processes perpendicularly towards the lesion core but instead become more parallel and overlap with each other. Thus, they completely lose their domains and form a compact mature glial scar (Wanner et al., 2013). After this point, the SCI lesion begins to stabilize, and a long chronic phase of regeneration begins. It is worth mentioning that the STAT3 pathway, a master regulator of astrocyte activation and glial scar formation, also controls glial scar maturation (Ceyzériat et al., 2016; Escartin et al., 2019). In STAT3-KO mice, the elongated processes of scar-forming astrocytes remain perpendicular to the lesion core and do not become parallel to form a dense astrocytic scar border after SCI (Wanner et al., 2013).




OTHER REPRESENTATIVE COMPONENTS ASSOCIATED WITH SCAR-FORMING ASTROCYTES

In addition to astrocytes, other components of the glial scar also play important roles in its formation. These components interact extensively with astrocytes. Some of them directly act on astrocytes, some are regulated by astrocytes and some are released by astrocytes. Although they are in the minority compared with scar-forming astrocytes, these components influence the activity and function of scar-forming astrocytes as well as other cell types and molecules in the glial scar. Following is a discussion of several representative components associated with scar-forming astrocytes and the interactions between them.


Microglia

As the most sensitive responders to CNS injuries, microglia have a relatively low activation threshold and are the first reactive cell type in the cascade reactions following injuries (David and Kroner, 2011; Bellver-Landete et al., 2019). Microglia reach the maximum level of proliferation in the first week after SCI and are more beneficial during this period (Bellver-Landete et al., 2019). During the acute and subacute phase, microglia participate in the inflammatory response, phagocytosis for debris clearance (Greenhalgh and David, 2014), and in interactions with monocyte-derived macrophages to regulate inflammation (Greenhalgh et al., 2018). Glial scar formation highly depends on the interactions between reactive astrocytes and reactive microglia (Shinozaki et al., 2017). When activated, microglia release cytokines that trigger and maintain the activation of astrocytes. Microglia induce glial scar formation by releasing IGF-1, which triggers astrocytic activation and proliferation (Bellver-Landete et al., 2019). The in vivo inhibition of IGF-1 results in attenuated astrocytic activation and proliferation. The depletion of microglia also leads to attenuated glial scar formation and worse functional recovery, suggesting a crucial role for microglia in glial scar formation (Bellver-Landete et al., 2019). Another study demonstrates that microglia may downregulate the astrocytic P2Y1 receptor to improve glial scar formation after CNS injury (Shinozaki et al., 2017). There have also been reports indicating that microglia are responsible for inducing a neurotoxic phenotype of astrocytes (Liddelow et al., 2017). In the chronic phase, microglia remain remarkably activated across the entire spinal axis up to 180 days after SCI and participate in the chronic neuropathic pain (Chen et al., 2018).



Macrophages

The astrocyte-macrophage axis in SCI is complex, dynamic and crucial for recovery. In the acute phase, reactive astrocytes participate in the early inflammatory response including recruiting monocytes from peripheral blood to the lesion site by releasing multiple cytokines and chemokines (e.g., CCL2, CCL5, CXCL8; Mildner et al., 2009; Shechter et al., 2013; Zhou et al., 2018). These monocytes will further differentiate into macrophages including two main subtypes, the pro-inflammatory subtype M1 and the anti-inflammatory subtype M2. This recruitment of macrophages lays a crucial foundation for recovery from SCI since these macrophages not only clear toxic debris from injured tissues through phagocytosis but also remove dying neutrophils through efferocytosis (Hawthorne and Popovich, 2011). Reactive astrocytes induce chemotaxis and polarization of macrophages to manipulate their fates (Li et al., 2020). In the subacute phase, macrophages amplify astrocytic activity and promote glial scar formation. In vitro, M1 macrophages are essential inducers of astrocytic activation (Haan et al., 2015). On the other hand, M2 macrophages secrete TGF-β to induce glial scar formation in vitro (Song et al., 2019). M2 macrophages may also enhance the polarization of reactive astrocytes after SCI (Sonn et al., 2019). Inhibition of the centripetal migration of macrophages impairs the migration of astrocytes and glial scar formation, resulting in exacerbated neuronal loss and decreased functional recovery (Kobayakawa et al., 2019). However, excessive macrophage activity also contributes to damaging cascade reactions, secondary damage and axonal dieback (Evans et al., 2014). M1 macrophages induce necroptosis of reactive astrocytes, which may be an important mechanism of secondary damage of SCI (Fan et al., 2016). Meanwhile, reactive astrocytes may act as negative feedback regulators that in turn inhibit macrophages’ activity. In vitro, M2 macrophage-stimulated astrocytes can inhibit the proliferation of both M1 and M2 macrophages and decrease the production of proinflammatory factors (Haan et al., 2015).

All of these results indicate that macrophages have a critical influence on glial scar formation and scar-forming astrocytes. Astrocytes also influence macrophages in turn, but the exact roles of M1 and M2 macrophages require more investigation. It is worth mentioning that most studies on macrophages in SCI focus on their roles in the acute and subacute phase, but they may still be active (Beck et al., 2010) and influence axonal regeneration in the chronic phase (Zukor et al., 2013).



Chondroitin Sulfate Proteoglycans

After SCI, extracellular matrix (ECM) molecules undergo differential regulation, as some, like hyaluronan are degraded, some, like CSPGs, are upregulated and some, like tenascin-C, are newly expressed (Haggerty et al., 2017). These changes lead to the emergence and enrichment of some key inhibitory molecules and eventually make the ECM an inhibitory environment for regeneration after injury. Among these key inhibitory molecules, CSPGs are the most prominent. CSPGs, a proteoglycan family characterized by chondroitin sulfate side chains, are thought to be released predominantly from neurons and scar-forming astrocytes (Quraishe et al., 2018). It has long been thought that CSPGs are crucial inhibitory factors of CNS axonal regeneration, making them a primary cause of the inhibitory roles of the glial scar (McKeon et al., 1991). CSPGs mainly act on oligodendrocytes and neurons to exert their inhibitory function. Recent studies have proven that CSPGs inhibit axonal regeneration through excessive adhesion but not repulsion (McTigue et al., 2006; Filous et al., 2014; Silver and Silver, 2014; Lang et al., 2015). Mediated by several receptors, including phosphatase leukocyte common antigen-related (LAR), protein tyrosine phosphatase σ (PTPσ) and nogo receptors 1, 2, and 3 (NgR), CSPGs adhere to and immobilize regenerating axons to function as inhibitory factors (Sapieha et al., 2005; Schwab and Strittmatter, 2014; Lang et al., 2015; Dyck et al., 2018, 2019). Many studies have focused on the development of therapeutic strategies against CSPGs, including interventions targeting their chondroitin sulfate side chains or downstream receptors. These studies showed satisfactory results, making CSPGs a promising therapeutic target for SCI (further discussion is in “Strategies Targeting CSPGs” section). However, whether scar-forming astrocytes are the primary producers of CSPGs remains controversial (see “Scar-Forming Astrocytes Are Major, but Not Predominant, Producers of CSPGs” section).



NG2-OPCs

NG2-OPCs, another cellular component of the glial scar, refer to OPCs that express neuron-glial antigen 2 (NG2; mainly on their cell membrane). OPCs rapidly react after SCI and exhibit cell process retraction, cell hypertrophy and increased expression of NG2 (Levine, 2016). As a member of the CSPG family, NG2 is a powerful axonal regeneration inhibitor (Ughrin et al., 2003), which makes NG2-OPC another major inhibitory CSPG producer besides scar-forming astrocytes in the glial scar (Dou and Levine, 1994). The inhibition of NG2 by an NG2 neutralizing antibody after SCI can improve spinal cord recovery (Tan et al., 2006; Petrosyan et al., 2013). Despite evidence indicating the inhibitory roles of the NG2 CSPG, NG2-OPCs themselves may not be inhibitory since several studies have indicated that NG2-OPCs are closely related to axonal regeneration (Yang et al., 2006; Filous et al., 2014; Hackett and Lee, 2016). NG2-OPCs may also play fundamental roles in glial scar formation, since the glial scar exhibits discontinuous morphology and decreased GFAP density after inhibition of NG2-OPCs (Rodriguez et al., 2014; Hesp et al., 2018). The inhibition of NG2-OPCs in these studies moderately reduces the density of the glial scar, but not as radically as in other studies of glial scar ablation (Anderson et al., 2016; Gu et al., 2019). Interestingly, this relatively moderate glial scar disruption induced by the NG2-OPC inhibition results in increased axon regeneration, which is quite different from the radical ablation (Rodriguez et al., 2014; Anderson et al., 2016; Hesp et al., 2018; Gu et al., 2019). When the inhibition of NG2+ cells was discontinued, the glial scar became compact again (Hesp et al., 2018). These studies on NG2-OPCs may provide us with clues to new interventions targeting the glial scar which moderately reduces its density without interrupting its integrity. It is worth mentioning that it is not known whether the axon regeneration results from NG2 inhibition itself or follows glial scar disruption. Also, NG2-OPCs can differentiate into astrocytes in injured CNS including in SCI (Raff et al., 1983; Sellers et al., 2009; Hackett et al., 2016). Interestingly, this differentiation of NG2-OPCs into astrocytes is mainly induced by the expression of bone morphogenetic proteins (BMPs) by reactive astrocytes, contributing to glial scar formation (Wang et al., 2011). Taken together, these studies on NG2-OPCs deepen our understanding of the complexity of the glial scar and provide us with new ideas to modulate the glial scar by manipulating the fate of NG2-OPCs.




THE DUAL ROLE OF THE GLIAL SCAR IN SCI RECOVERY

Many studies have attempted to demonstrate the roles of the glial scar in SCI in recent years (Table 1). While the exact roles of the glial scar in SCI remain unclear, it has become widely accepted that the glial scar plays a dual role in SCI, both protective and inhibitory. According to the timeline of SCI development and glial scar formation, we summarize the dual role of the glial scar (Figure 1).

TABLE 1. Recent studies demonstrating the roles of the glial scar in SCI.
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FIGURE 1. Scar-forming astrocyte transformation and the dual role of the glial scar and scar-forming astrocytes in spinal cord injury (SCI). [image: image] In the acute and subacute phases of SCI, the glial scar and scar-forming astrocytes not only restrict the spread of inflammation but also regulate inflammation through interactions with innate and peripheral immune cells. [image: image] Microglia-mediated A1 phenotypic changes result in neuronal and mature oligodendrocytic death through the release of soluble toxins. [image: image] The glial scar inhibits spinal cord regeneration through physical obstruction and the release of inhibitory molecules. [image: image] In the chronic phase, the glial scar persistently limits the fibrotic tissue and macrophages. Scar-forming astrocytes may serve as bridges for axonal growth under certain conditions.




Inhibitory Roles


The Glial Scar as a Physical Barrier to Inhibit Axonal Regrowth

For decades, the glial scar had been considered a critical inhibitor of CNS regeneration. Some early observations showed that regenerating axons fail to grow past the glial scar, leading to the hypothesis that the glial scar forms a physical barrier that obstructs axonal regeneration (Sugar and Gerard, 1940; Brown and McCouch, 1947). Several studies provided more evidence for this hypothesis, thus making it prevalent (Clemente and Windle, 1954). However, it has also been challenged for decades due to the inability to replicate the beneficial effects of glial scar attenuators (Arteta, 1956; Matthews et al., 1979) and more recent observations that the ablation of the glial scar fails to facilitate spinal cord regeneration (Anderson et al., 2016). However, although many researchers have already focused on other inhibitory mechanisms, the notion of the glial scar as a physical barrier has persisted until today and remains controversial. The confirmation or rejection of this notion may be challenging but is necessary.



Scar-Forming Astrocytes Are Major, but Not Predominant, Producers of CSPGs

Another reason why the glial scar was previously considered a crucial inhibitor is that the glial scar participates in building an inhibitory ECM for axonal regeneration by permanently producing several inhibitory molecules, including CSPGs. Astrocytes express increased levels of CSPGs after SCI and were previously thought to be the predominant producers of CSPGs (McKeon et al., 1999; Jones et al., 2003). Selectively isolated scar-forming astrocytes also exhibit high levels of expression of CSPGs, which provides additional evidence for this line of thought (Hara et al., 2017). However, scar-forming astrocytes may not be the predominant producers of CSPGs since the radical ablation of scar-forming astrocytes fails to reduce the total CSPG level in SCI lesions; the lesion area fills with GFAP-negative but CSPG-positive cells after astrocyte ablation (Anderson et al., 2016). Other cell types, such as NG2-OPCs, macrophages, and oligodendrocytes also contribute to CSPG enrichment (Uhlin-Hansen et al., 1993; Asher et al., 2002; Tan et al., 2005). Some studies ablating particular CSPG-producing cell types (including scar-forming astrocytes and NG2-OPCs) failed to improve axonal regeneration (Kucharova et al., 2011; Filous et al., 2014; Anderson et al., 2016). These findings may be explained by the observations that: (1) there is no dominant CSPG producer, but most of the cellular components of the glial scar contribute to CSPG enrichment; and (2) scar-forming astrocytes and other glial cells are highly plastic and may be complementary in expressing CSPGs. Thus, directly targeting CSPGs or targeting the downstream receptors of CSPGs would be a better choice than the ablation of particular CSPG-producing cell types for therapeutic interventions to regulate CSPGs.



The Neurotoxic Phenotype of Reactive Astrocytes

Based on the plasticity and heterogeneity of astrocytes that accumulating evidence has suggested (Adams and Gallo, 2018), it is reasonable to infer that there may be particular astrocytic phenotypes playing a neurotoxic or neuroprotective role which contribute to the dual role of the glial scar. A neurotoxic subgroup of reactive astrocytes, which was termed the A1 phenotype, has been found in brain injuries and neurodegenerative disorders recently (Liddelow et al., 2017). The study by Liddelow et al. (2017) indicates that reactive microglia releases cytokines such as Il-1α, TNF and C1q to induce A1 astrocytes. The powerful neurotoxicity of A1 astrocytes can kill oligodendrocytes and neurons in vitro. The in vivo blockade of A1 astrocyte formation through a total KO of C1qa/TNF/IL1a prevents the death of CNS neurons. Similar to the results in brain injury models, a recent study demonstrated the existence and neurotoxic function of A1 astrocytes in an SCI model (Qian et al., 2019). In this study, the immunofluorescence of C3 (a marker of A1 astrocytes) increases as early as 3 days after SCI. At 28 days after SCI, it shows a large area of increased immunofluorescence of C3 around the lesion core, which is consistent with the distribution and topographical heterogeneity of scar-forming astrocytes. This finding indicates that A1 astrocytes may comprise part of the scar-forming astrocytes in SCI. Like the transition of scar-forming astrocytes, reactive astrocytes may receive inflammatory factors from the lesion site to transform into a neurotoxic phenotype in the context of SCI, which is consistent with the findings of Liddelow et al. (2017). In another study of A1 astrocytes in SCI, mesenchymal stem cells (MSC) and MSC-exosomes were used to reduce A1 astrocytes through downregulating inflammatory factors (Wang L. et al., 2018). Wang L. et al. (2018) also found a better functional recovery by reduction of A1 astrocytes. However, it is worth mentioning that in these studies, the single marker C3 which the authors used may not be sufficient to qualify astrocytes as “A1” and neurotoxic. The direct relationship between the reduction of A1 astrocytes and functional recovery also needs more proof. Qian et al. (2019) changed the astrocytic state through interventions on the Notch-STAT3 axis, which was quite different from the study of Liddelow et al. (2017). Regardless, these findings suggest that: (1) the existence of a neurotoxic/neuroprotective phenotype of astrocytes in the context of SCI is reasonable; (2) the A1 astrocytes may be a part of the scar-forming astrocytes and contribute to the inhibitory roles of the glial scar; (3) the A1 astrocytes are closely related to inflammation and are induced as early as the acute phase of SCI; and (4) although the existence, biomarkers, and behavior of A1 astrocytes remain controversial, it may provide a new way to understand the neuronal loss and axonal dieback in SCI. The identification and remodeling of A1 astrocytes in SCI are worth further investigation.


Beneficial Roles


The Glial Scar and Reactive Astrocytes Contribute to the Balance of Inflammatory Activities in the Acute and Subacute Stages of SCI

Debris clearance mediated by inflammatory cells is essential for recovery. However, the uncontrolled spread of cytotoxic inflammation can be devastating for spared neural tissues. Although the roles of the glial scar are still unclear, there is a consensus that the glial scar restricts the spread of inflammation to protect spared neural tissues (Sofroniew, 2015). Previous studies have demonstrated a key role of astrocytic migration in the healing process after SCI. Limiting astrocytic migration by conditional ablation of STAT3 leads to an enlarged lesion area, increased inflammatory infiltration and impaired recovery of motor function, whereas facilitating astrocytic migration by conditional ablation of SOCS3 results in enhanced contraction of the lesion area and improved functional recovery (Okada et al., 2006). Ablation of the glial scar in the acute or subacute phase also leads to an increased lesion range and worse recovery (Anderson et al., 2016). These studies show a critical role of the glial scar in limiting inflammation and indicate that inhibition of glial scar formation in the acute or subacute phase does not help or even worsens recovery. However, the glial scar is not only anti-inflammatory. After SCI, reactive astrocytes, microglia and peripheral immune cells release proinflammatory cytokines and interact with each other, which contributes to the inflammation in the acute and subacute stage (Escartin et al., 2019). Reactive astrocytes also have negative feedback regulation for inflammation after SCI (Haan et al., 2015; Zhang et al., 2019). In summary, the glial scar and reactive astrocytes are not mere limiters of the inflammation but rather balancers which are not only limiting but also contributing to the inflammation.



The Glial Scar Serves as a Restrictive Border to Limit Fibrotic Tissue and Macrophages After the Acute Stage of SCI

Many scientists have proposed that the glial scar may become more harmful than beneficial in the chronic phase of SCI. The early ablation of the glial scar fails to improve recovery, but are delayed interventions feasible? It is unlikely, based on the findings of Anderson and colleagues, who found that the ablation of the chronic glial scar mediated by diphtheria toxin 5 weeks after injury fails to help axons regenerate (Anderson et al., 2016). This result, however, may not lead to the conclusion that the chronic glial scar directly aids SCI recovery. The ablation of the chronic glial scar and adjacent reactive astrocytes causes enlarged lesions and tissue degeneration (Anderson et al., 2016). This finding may tell us that the fibrotic tissues and macrophages in the lesion core stay active and are influential not only in the acute and subacute phase but also in the chronic phase; they may also be inhibitory factors for axonal regeneration, since regenerating CST axons avoid clusters of these cells (Zukor et al., 2013) and decreased chronic fibrotic response improves axonal regeneration and functional recovery (Cooper et al., 2018). Therefore, after the radical ablation of the chronic glial scar, fibrotic tissues and macrophages in the lesion core may impair axonal regeneration and enlarge the lesion without limitation by the glial scar and adjacent reactive astrocytes. This inference is consistent with the results of Anderson et al. (2016). Interestingly, many studies indicate that the removal of chronic scar tissue improves axonal regeneration (Li et al., 2018; Patil et al., 2018; Wang N. et al., 2018). However, the scar tissue removed in these studies includes both the glial scar and the fibrotic scar. This scar removal eliminates the harmful effects from the fibrotic scar, and no more limitation is needed for them, promoting axonal regeneration.

In summary, fibrotic tissues and macrophages in the lesion core are still active and detrimental in the chronic phase of SCI. The glial scar and adjacent reactive astrocytes may contribute to limit the detrimental effects of fibrotic tissue and macrophages. The radical ablation of the chronic glial scar may fail to help since the benefits provided by the ablation may not be sufficient to overcome the inhibitory factors of uncontrolled fibrotic tissues and macrophages. It is worth mentioning that this inference may need more direct evidence and the roles of the chronic glial scar deserve more attention.



Scar-Forming Astrocytes Exhibit Environment-Dependent Plasticity and Could Serve as Bridges for Axonal Regrowth Under Certain Conditions

Previous studies have found the following: in physiological development, axons grow along immature astroglia (Mason et al., 1988; Raper and Mason, 2010); the glial scar is mostly formed by newly proliferated astrocytes with immature astroglia properties (Wanner et al., 2013); in lower vertebrates, axons regenerate along newly proliferated immature astroglia (Mokalled et al., 2016); immature astroglia grafts support axonal regrowth across the lesion core (Davies et al., 2006; Shih et al., 2014). According to these findings, it is reasonable to infer that scar-forming astrocytes could be permissive for axonal growth or even serve as bridges.

The bridge formed by astrocytes is more like a short “drawbridge (Silver, 2016).” Scar-forming astrocytes could lay down their “drawbridge” to let regenerating axons pass through only if the lesion core is artificially made to be thin enough (e.g., if it is induced by spinal cord crush with extremely fine forceps; Zukor et al., 2013). This study also shows that astrocytes that form astrocytic bridges are not derived from ependymal stem cells but are more likely derived from mature scar-forming astrocytes (Zukor et al., 2013). Thus, some scar-forming astrocytes are transformed into beneficial bridge-forming astrocytes through the artificial regulation of the environment, indicating that glial cells may have high environment-dependent plasticity. This environment-dependent plasticity was supported by another study in which the sequential phenotypic change in scar-forming astrocytes was demonstrated to be reversible, since reactive astrocytes could be reverted to naïve astrocytes when transplanted into the naïve spinal cord after SCI. On the other hand, naïve astrocytes formed astrocytic scars when transplanted into injured spinal cords (Hara et al., 2017). These findings provide us with a novel strategy for astrocytic reprogramming through environmental interventions instead of the direct manipulation of astrocytes.







POTENTIAL THERAPEUTIC STRATEGIES TARGETING SCAR-FORMING ASTROCYTES

Although the glial scar is more than merely scar-forming astrocytes, most current studies still focus on manipulating astrocytes. Here, we pose some promising strategies for discussion.


Environmental Regulation of Astrocytic Fate

Accumulating findings have suggested the critical role of the ECM in SCI (Klapka and Müller, 2006; Schwab and Strittmatter, 2014; Yokota et al., 2017). ECM molecules not only directly participate in neuronal loss, inflammatory infiltration and axonal dieback/regrowth but also determine the outcomes of SCI by modulating scar-forming astrocytes and other cell types (Gaudet and Popovich, 2014; Didangelos et al., 2016; Bradbury and Burnside, 2019). As mentioned before, astrocytes exhibit high environment-dependent plasticity and are highly influenced by ECM molecules. For example, periostin, a type of ECM protein, is a key promotor of glial scar formation. Glial scar formation can be inhibited by the pharmacological blockade of periostin to improve functional recovery after SCI (Yokota et al., 2017). In another study, the pharmacological activation of Epac2 modulates the lesion environment and remodels reactive astrocytes to guide regenerating axons (Guijarro-Belmar et al., 2019). Also, changes in physical structure may influence astrocytic functions since scar-forming astrocytes could serve as bridges to allow regenerating axons to pass through when the injury width is sufficiently narrow (Zukor et al., 2013). Thus, remodeling astrocytes through environmental interventions is promising for therapeutic use.



Direct Cell Reprogramming Strategies

In vivo direct cell reprogramming strategies once surprised us and have been widely investigated in CNS disorders (Guo et al., 2014; Trudler and Lipton, 2019). Since irreversible neuronal loss is another primary problem in SCI recovery, cell reprogramming may solve this problem by converting other cell types into neurons. Previous studies showed that in vivo, astrocytes can be reprogrammed into functional neurons after SCI through a single transcription factor (Su et al., 2014; Zarei-Kheirabadi et al., 2019). These reprogramming strategies exhibit limited efficiency in transforming astrocytes, thereby avoiding excessive attenuation of the glial scar. Therefore, with a more appropriate design, these astrocytic reprogramming strategies may be promising to not only supply functional neurons for the axonal relay but also modestly attenuate the density of the glial scar without interrupting its integrity. Unfortunately, few current studies have provided exciting behavioral results. One possible reason is that the time required for gene delivery and astrocytic reprogramming to provide functional neurons exceeds that required for the irreversible degeneration of target muscles. Rehabilitation strategies can provide use-dependent plasticity and reduce muscle degeneration, making them potential complementary therapies for astrocytic reprogramming strategies.



Astrocytic Phenotype Remodeling Strategies

As mentioned before, the sequential phenotypic change in astrocytes is reversible (Hara et al., 2017). It is possible to attenuate neuronal loss and improve regeneration by remodeling astrocytic phenotypes. For instance, A1 astrocytes may widely participate in multiple pathological processes in CNS injuries and disorders (Liddelow et al., 2017). In models of neurodegenerative diseases, the neuronal loss and behavioral deficits were reduced by blocking microglia-mediated A1 astrocytic conversion (Yun et al., 2018). In the context of SCI, remodeling A1 astrocytes also led to better functional recovery (Wang L. et al., 2018). For future studies in this area, new markers for accurately identifying different phenotypes of astrocytes, detailed mechanisms of astrocytic phenotype conversion and the role of specific phenotypes in SCI may need further investigation.



Strategies Targeting CSPGs

As mentioned before, CSPGs as the representative inhibitory molecules produced by scar-forming astrocytes are promising therapeutic targets for SCI. Current strategies mainly aim to target their chondroitin sulfate side chains or downstream receptors. Chondroitinase ABC, an enzyme that degrades the CSPG glycosaminoglycan chains, is a representative intervention targeting CSPGs. Chondroitinase ABC can attenuate the inhibitory activity of CSPGs and promote axonal regeneration (Bradbury et al., 2002; Pakulska et al., 2017). It can significantly propel functional recovery in many kinds of SCI models and can also be combined with other treatments (e.g., stem cell transplantation, peripheral nerve autografts, and conditioning treatment) to achieve better results (Alilain et al., 2011; DePaul et al., 2015; Suzuki et al., 2017; Warren et al., 2018). Other studies on chondroitinase ABC aim to innovate the delivery route to promote clinical applications (Burnside et al., 2018; Hu et al., 2018). The receptors of CSPGs are also potential targets for therapeutic strategies. Many studies show that manipulating these receptors can improve SCI recovery (Lang et al., 2015; Dyck et al., 2018). In general, therapeutic strategies targeting CSPGs are expected to provide a permissive microenvironment for spinal cord regeneration and become an important part of the comprehensive management of SCI.



Comprehensive Management of SCI Through Combination Therapy Including Astrocytic Regulation

Many interventions are effective individually in the more regenerative rodent CNS. The regeneration of the human CNS, however, is more complex and challenging. More and more scholars propose that SCI may require comprehensive therapies and management to maximize recovery (Courtine and Sofroniew, 2019; Yu and Gu, 2019; Griffin and Bradke, 2020). Strategies targeting the glial scar may also require complementary strategies, because: (1) satisfactory spinal cord regeneration may need a combination of several key factors (Anderson et al., 2018) and (2) strategies targeting the glial scar may provide a permissive microenvironment for axonal regeneration, but several studies indicate that robust axonal regeneration may be insufficient to result in significant functional improvement because it also requires synaptic reorganization and use-dependent plasticity provided by rehabilitation or other engineering strategies (Zukor et al., 2013; Du et al., 2015; Anderson et al., 2018; Courtine and Sofroniew, 2019). As a relatively mature strategy targeting the glial scar, chondroitinase ABC has been used in many studies to investigate combination therapies (Griffin and Bradke, 2020). By removing the inhibitory microenvironment, chondroitinase ABC treatments amplify the effects of other treatments, leading to better recovery (Alilain et al., 2011; DePaul et al., 2015; Suzuki et al., 2017; Warren et al., 2018). Other strategies targeting the glial scar may also apply to combination therapy, and in general, combinations of glial scar manipulations may help to overcome some of the key challenges in enhancing SCI recovery.




SUMMARY AND RECOMMENDATIONS FOR FUTURE STUDY

Accumulating evidence has suggested that the glial scar may not be entirely harmful but may be a potential therapeutic target or may even provide new hope for spinal cord regeneration. Based on the aforementioned roles of the glial scar, a summary and recommendations for future study follow:


(1)  Glial scar formation and scar-forming astrocytes may offer more benefits in the acute and subacute stages of SCI. Radical interventions on glial scar formation in the acute phase or even genetic ablation may not contribute to recovery (Anderson et al., 2016; Gu et al., 2019). Additionally, multiple factors (e.g., fractures, bleeding, tissue oedema, compression, risks of infection and inflammation) limit the clinical application of early interventions on the glial scar. Novel therapeutic strategies should be more cautious in manipulating astrocytes in the acute phase.

(2)  Radical ablation of the glial scar may not help spinal cord regeneration since the glial scar is playing a dual role. The integrity of the glial scar provides a critical barrier to limit the spread of inflammation and the detrimental effects of fibrotic tissue and macrophages in the chronic phase. However, several studies resulted, intentionally or unintentionally, in a moderate reduction of the density of the glial scar. This reduction of the glial scar led to improved axonal regeneration and functional recovery (Rodriguez et al., 2014; Hesp et al., 2018; Zarei-Kheirabadi et al., 2019). These studies may provide us with clues as to how to manipulate the glial scar; that is, to reduce its density modestly without interrupting its integrity.

(3)  Glial cells are highly plastic, which means they are highly influenced by environmental changes and exhibit different functions and roles. Functional changes in scar-forming astrocytes are not only causes but also consequences. Direct interventions on scar-forming astrocytes may fail to help regeneration without fundamentally regulating the cellular environment. It may be a better idea to modulate scar-forming astrocytes through manipulations on the microenvironment or downstream receptors.

(4)  Recovery from SCI requires a combination of multiple essential factors, among which the least effective one may decide the outcome. Anderson et al. have once offered evidence for this theory by a study in which combined use of three facilitators significantly improved axon regeneration after SCI (Anderson et al., 2018). These facilitators are all required individually since the absence of any one element significantly reduces the effect and results in poor axon regeneration. As mentioned before, several studies have indicated that robust axonal regeneration may also be insufficient to result in significant functional improvement (Zukor et al., 2013; Du et al., 2015; Anderson et al., 2018; Courtine and Sofroniew, 2019). One possible reason is the absence of other essential factors for recovery, including synaptic reorganization and use-dependent plasticity. Based on this theory, it seems impractical to conquer multiple deficiencies in spinal cord regeneration through single interventions. The human CNS is more complex and less regenerative than the CNS of rodents, and single interventions may be effective in rodents but not in humans. To accelerate clinical translation, a more comprehensive management of SCI is worthy of consideration. Combined applications of complementary interventions that act on multiple targets at various time points deserve further investigation. The regulation of the glial scar may also serve as a critical part of the comprehensive management of SCI.





CONCLUSIONS

The critical role of the glial scar in SCI has been gradually and widely accepted. The glial scar, however, is more complex than we initially thought. It contains multiple cellular components and a complex ECM. It plays multifaceted roles in SCI that are highly dynamic and change based on time, position, environment and therapeutic intervention. These properties of the glial scar and scar-forming astrocytes provide tremendous therapeutic potential. Since the glial scar plays a dual role, novel therapeutic strategies should attenuate its inhibitory roles while maintaining or amplifying its beneficial roles. To accelerate clinical translation, combination therapies involving glial scar interventions deserve consideration.
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Group Thymic cortex Thymic medulla Splenic red pulp Splenic white pulp

Study 1 Ctrl 338433 401 +2.6 7.7+£09 145+1.4
0.1% CPZ 326437 185+1 1 6.7+0.5 95+13 1
0.2% CPZ 274 +3 96+1.1 1 57+0.6 59+04 4
Cx 33144383 56.6+ 2.4 1 81+06 163+ 1.5
Cx+0.1% CPZ 322408 51.7+£25 4 79+0383 14.3+1.1
Cx+0.2% CPZ 31.6+38 49.8+43 1 78+04 145+ 05
Study 2 Ctrl 338433 40.14 + 2.57 7.7+£09 145+15
PT 36.0+39 39.37 +4.23 70+£14 139+ 06
0.1% CPZ 326437 18.45+0.97 1 74+05 85+07 1
Cx 331443 56.62 + 2.41 1 81+0.6 163+ 1.5
Cx+PT 31.6+43 4494 + 4.44 1 84+04 14.7+05
Cx+0.1% CPZ 322408 51.67 +2.46 £ 79+038 14.3+1.1
Cx+0.1% CPZ+PT 324407 53.49 + 6.39 T 83+0.2 16.9+2.3
Study 3 Ctrl 32.3+34 4119+ 31 82408 162+1
PT 288431 39.11+4.2 8.4+02 16.9+1.56
0.1% CPZ 281+18 17.39+08 1 79+05 10.2+1.4 1
0.1% CPZ+PT 268+ 15 1729+ 1.1 1 76+02 10.1+06 4

Values are presented as mean area (mn¥?)  SEM (n = 3 thymic or spleens/group, five histological sections/organ). Statistically significant changes are indicated as higher (1) or lower
(1) relative to Ctrl when p < 0.05.





OPS/images/fncel-14-00043/fncel-14-00043-g006.gif





OPS/images/fncel-14-00043/fncel-14-00043-g007.gif
Study 3

v B [

Study 2

LAZ4D %100

240 %1000

L4+

|

740 %T0n0|

) |
_

S

g |
2
B

uoad paey .

— e |

sdnosg a0 1305} 751 50

upeig | pioo jeuds|






OPS/images/fncel-14-00043/fncel-14-00043-g008.gif
Jidg nogtier.

o coercy

& 4‘(‘& @ 0-(*{;.‘” &

ot





OPS/images/fncel-14-00043/fncel-14-00043-i001.gif





OPS/images/fncel-12-00529/cross.jpg
3,

i





OPS/images/fncel-14-00078/fncel-14-00078-i002.gif





OPS/images/fncel-14-00078/fncel-14-00078-i003.gif





OPS/images/fncel-14-00078/fncel-14-00078-i004.gif





OPS/images/fncel-14-00078/fncel-14-00078-t001.jpg
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STATS knockout, TK/GOV, and
diphtheria toxin-mediated astrocyte
ablation

Selective ablation of the glil scar by the
HSV-TK/GCV system

Glial scar disruption by NG2 ablation
Selective deletion of STAT3

Conditional ablation of astrocytic
BMPR1a

Ablation of reactive astrocytes by the
HSV-TK/GCV system

ShRNA-mediated PTEN suppression
Notch signaling pathway blockage

Intravenous Injection of mesenchymal
stem cells or their exosomes

Reduction i glial scar formation
through the pharmacological blockade
ofastrocytic type | collagen interaction
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CSPG receptor blockade by a CSPG
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Intraparenchymal injections of
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A combined chondraitinase ABC and
intermittent hypoxia conditioning
treatment
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by microtube stabilzation

Failed to result in sportaneous axonal
regrowth

Failed to improve spontaneous
functional recovery

Impaired forelimb locomotion

Increased the spread of infiammatory
and fibrotic cells; increased neronal
loss

Reduced astrocytic hypertrophy,
increased inflammatory infitration and
reduced axon density

Failure of blood-brain bartier repair,
leukocyte Infitration, local tissue
disruption, severe demyelination,
neuronal and oligodendrocyte death
and pronounced motor deficits

Most axans regrew along the astrocytic
bridge

Suppresses A1 astrocyte transition

Decreased lesion area and improved
motor function

Improved axonal regeneration and
functional recovery

Improved recovery compared to that of
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wild-type mice

Faciltated functional recovery

Improved hand function

Led toa rapid and robust respiratory
and motor recovery

Promoted axonal regeneration

Anderson et al.
(2016)

Guetal. (2019)
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Sahni et al. (2010)

Faulkner et al.
(2004)

Zukor et al. (2018)
Qian et al. (2019)
Wang L. etal

(2018)
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(2019)
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Parameter

Lacunarity

Cell circularity

Convex hull span ratio
The ratio convex hull radii
Convex hull area

Cell area

Convex hull circularity
Density

Cell perimeter

Max span convex hull
Bounding circle diameter
Mean radius

Convex hull perimeter
Fractal dimension
Roughness

Multimodality index

0.587*
0.560*
0.552*
0.522
0.503
0.497
0.456
0.438
0.431

0.417
0.414
0.410
0.402
0.385
0.372

*Parameters with a MM > 0.55 presented a multimodal distribution.
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Parameter LD1
Lacunarity 0.85*
Convex hull span ratio —0.408
Cell circularity —0.254
Proportion of trace (%) 57.4

LD2

0.575
—-0.25

1.012*
26.6

*The highest absolute values indicate the parameters with greater influence.
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Parameter F P significance Regression line r2

Cell perimeter 40.3 3.7 x 1079 Y =-0.68X + 1195 0.245%**
Cell circularity 37.9 9.5 x 107° Y = —1 x 1079X 4 0.007 0.2347%+*
Mean radius 3741 1.3 x 1078 Y =-0.017X + 3 0.231***
Convex hull perimeter 36.1 1.9 x 108 Y = —0.093X + 222 0.226%**
Bounding circle diameter 34.7 35x 1078 Y =—0.036X + 88 0.212%**
Max span convex hull 325 8.4 x 108 Y =—0.035X + 87 0.209%**
Roughness 32.2 9.3 x 1078 Y=-13x10"3X 4+ 54 0.206***
Convex hull area 29.3 3.1 x 107 Y =—-2.26X -3186 0.0
Density 26.7 9.2 x 107 Y =-2x10"%X+0.3 0177
Cell area 18.9 2.9 x 1075 Y = —0.48X 4 953 0.132%+*
Lacunarity 14.3 2.3 x 1073 Y =8x107%X +0.44 0.104%**
Fractal dimension 9.1 0.003 Y =6 x 107X+ 0.068**
The ratio convex hull radii 1.7 0.19 Y =4x10"%X +1.87 0.013
Convex hull circularity 0.7 0.39 Y =-3x107%X +0.77 0.006
Convex hull span ratio 0.5 0.49 Y =—1x10"%X +1.73 0.004

Regression dependence by F-test procedure was significant when P < 0.05. Coefficient of determination (%) was used as a measure of the strength of the straight-linear
relationship (***P < 0.001; **P < 0.005).
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Model type

Single-cell transwell
systems
(non-co-culture)

Co-culture /multicellular
transwell systems

Spheroid

Typical

A monolayer of HBMECs
cultured in the apical
compartment of the
transwell insert.

HBMEGCs cultured on the apical
side of the transwell insert and
astrocytes and/or pericytes
cultured on the underside of
the transwell insert.

3D organization of cells typically
using matrigel.

Typically consists of HBMECS
and astrocytes and/or pericytes
with some models containing
neuronal cell types.

30 ization of cells with the

chip-style models

HBMECs = human brain

added benefit of a “flow”
system to mimic cerebral blood
flow. Typically consists of
HBMECs and astrocytes and/or
pericytes with some models
containing neuronal cell types,

Very easy to set up,
Minimal cost.

Low labor intensity.
Useful if wanting to study
endothelial cells alone.
Time and cost effective.
Higher TEER.

Greater barrier stabilty.

3D Cell model.
No scaffold.
Reduced
de-differentiation.

Advantage of mimicking
sheer stress which is
essential for HBMECs
optimum phenotype.

cells, TGFp =

TEER is typically low.

Some models are not
fully in contact.

Cannot measure
permeability with

this model.

Expensive and greater
skill required.

Difficult to set up and
maintain adequate
flow unless linked to
a computer system.

ive of
BBB phenotype

Cobblestone appearance of
HBMECs, barrier formation.
Little information on the
impact of additional cell
types.

Closer representation of the
BBB with the addition of
important cell types. Able to
study interactions between
cell types and how they
influence BBB phenotype.
Microvessels wrap around
endothelial cells and
provide structural support.
Helps to induce tight
junction proteins. Closely
represents the in vivo set
up with cells in direct
contact with each other.
Applications include:
cancer drug and
neurotoxicity screening.
Useful to assess the impact
of blood flow on cell
development and optimum
phenotype.

Also useful in studying cell
migration and metastatic
progression.

Borges et al., 1994;

Hartz et al., 2010

Hind, 2014; Wang
etal., 2015;
Appelt-Menzel
etal, 2017

Choetal., 2017;
Nzou et al., 2018

Yeon et al., 2012;
Wang et al., 2017

growth factor beta, TEER = transepithelial resistance, BBB = blood brain barrier.
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