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Editorial on the Research Topic
 Glial and Neural Stem Cells as New Therapeutic Targets for Neurodegenerative Disorders



The gradual and progressive degeneration of neural cells is a common feature of different neurological disorders culminating in a disturbed neuronal communication. The remarkable discovery that adult brain has the capacity to develop new neurons, as well as new glial cells, raised the hope to restore neuronal communication. It is now accepted that adult neurogenesis occurs in neurogenic niches which are under the control of several factors including neurotrophins. These neurogenic niches contain multipotent neural stem/progenitor cells (NSPCs) which can differentiate into neurons, astrocytes and oligodendrocytes. Interestingly, different brain injuries or pathologies, such as epilepsy, head traumas and stroke, induce neurogenesis and/or astrogliogenesis. This increase in neurogenesis has been proposed as an endogenous attempt to repair and reduce brain damage. On the contrary, aging and several neurodegenerative disorders promote a decrease in neurogenesis. Nevertheless, NSPC-based therapy is, to date, not yet a satisfactory strategy due to poor survival and differentiation levels, as well as reduced synaptic plasticity either after transplantation or neural injury. Therefore, it is important to study the molecular and cellular mechanisms of NSPC's function in detail, and their potential therapeutic applicability to improve long-term survival, differentiation, and synaptic integration of derived newborn neural cells.

Classically, the studies in neurodegenerative disorders are mainly focused on neuronal abnormalities, while the non-neuronal cells were almost neglected. Nevertheless, there is increasing evidence that glial cells, and in particularly astrocytes and microglia, are very important in the pathology of these disorders. Astrocytes play important roles in neuronal synaptic activity by removing the majority of glutamate present at the synapse and also by releasing modulators/transmitters that interact with neuronal receptors. Moreover, in pathological conditions astrocytes have been implicated in the onset and progression of several diseases with reactive astrogliosis a common feature. In many neurodegenerative disorders, several changes in astrocytic function have been detected, namely in calcium signaling and in the release of inflammatory molecules. Furthermore, microglia plays an important role in managing neuronal cell death, neurogenesis, and synaptic interactions, besides their involvement in immune-response generating cytokines. Most likely astrocytes and microglia are possible candidates as new pharmacological targets that can ameliorate some of the features of neurological disorders.

This Research Topic containing 10 manuscripts highlights the role of glial and NSPCs in physiological and pathological conditions. La Rosa et al. showed that enhancing the expression and activity of the antioxidant response the master regulator nuclear factor erythroid 2–related factor 2 ameliorates the phenotypic defects observed in NSPCs, re-establishing a proper differentiation program. Lauro et al. reported that the chemokine CX3CL1 (fractalkine) protects against cerebral ischemia modulating the activation state of microglia and its metabolism in order to restrain inflammation and organize a neuroprotective response against the ischemic insult. The mini-review by Peteri et al. discussed that species-specificity of astrocytes poses a challenge in translating results obtained from animal studies to humans, and patient-derived induced pluripotent stem cells offer an alternative to disease modeling. The data described by Pereira de Melo Guimarães et al. revealed that neurogenin 2 induces lineage conversion of postnatal rodent müller glia cells into retinal ganglion cell-like induced neurons in vitro and resumes the generation of this neuronal type from late progenitors of the retina in vivo. Ferreira et al. described an interaction between brain-derived neurotrophic factor and endocannabinoid signaling in the control of neurogenesis at distinct levels, further contributing to highlight novel mechanisms in the emerging field of brain repair. In the review by Casares-Crespo et al. the role of basal autophagy in adult neural stem cells and neurogenesis was discussed. Bribian et al. detailed the clonal glial response in a multiple sclerosis mouse model. Pan et al. provided data showing that small molecule (Methyl 3,4-dihydroxybenzoate) promotes NSCs differentiation into cholinergic motor neurons by regulating cell cycle and the cholinergic neuronal differentiation Isl1 gene. Zhang et al. reviewed the relationship between microglia and depression, elucidating the mechanism by which microglia regulate inflammation and neurogenesis in response to major depression disorder. Gonzalez-Perez et al. showed that tactile inputs from vibrissal follicles strongly modify the expression of c-Fos and calbindin in the dentate gyrus, disrupt different aspects of hippocampal neurogenesis, and support the notion that spatial memory and navigation skills strongly require tactile information in the hippocampus.

Overall, the outstanding manuscripts including both reviews and original articles of this Research Topic provide evidence for a role of glial cells, namely microglia and astrocytes, and NSPCs in physiological and pathological conditions. The study of glial cells and NSPCs will continue to reveal novel and effective therapeutic mechanisms for disorders of the nervous system. We hope that this collection of articles will be highly attractive to the neuroscience community.
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Facial vibrissae, commonly known as whiskers, are the main sensitive tactile system in rodents. Whisker stimulation triggers neuronal activity that promotes neural plasticity in the barrel cortex (BC) and helps create spatial maps in the adult hippocampus. Moreover, activity-dependent inputs and calcium homeostasis modulate adult neurogenesis. Therefore, the neuronal activity of the BC possibly regulates hippocampal functions and neurogenesis. To assess whether tactile information from facial whiskers may modulate hippocampal functions and neurogenesis, we permanently eliminated whiskers in CD1 male mice and analyzed the effects in cellular composition, molecular expression and memory processing in the adult hippocampus. Our data indicated that the permanent deprivation of whiskers reduced in 4-fold the density of c-Fos+ cells (a calcium-dependent immediate early gene) in cornu ammonis subfields (CA1, CA2 and CA3) and 4.5-fold the dentate gyrus (DG). A significant reduction in the expression of calcium-binding proteincalbindin-D28k was also observed in granule cells of the DG. Notably, these changes coincided with an increase in apoptosis and a decrease in the proliferation of neural precursor cells in the DG, which ultimately reduced the number of Bromodeoxyuridine (BrdU)+NeuN+ mature neurons generated after whisker elimination. These abnormalities in the hippocampus were associated with a significant impairment of spatial memory and navigation skills. This is the first evidence indicating that tactile inputs from vibrissal follicles strongly modify the expression of c-Fos and calbindin in the DG, disrupt different aspects of hippocampal neurogenesis, and support the notion that spatial memory and navigation skills strongly require tactile information in the hippocampus.

Keywords: subgranular zone, adult neurogenesis, whisker, tactile system, calbindin, hippocampus, memory, dentate gyrus


INTRODUCTION

Facial vibrissae, also referred to as whiskers, are the main sensitive tactile system in rodents. Each vibrissal follicle has a neuronal representation in the barrel cortex (BC), in layer IV of the somatosensory cortex (Woolsey and Van der Loos, 1970). Whisker stimulation increases the neuronal activity that, in turn, produces functional changes and neural plasticity in the BC (Lecrux et al., 2011). Some studies have shown that the whisker tactile information linked to fine discrimination increases the spiking rate in the CA1 hippocampal region (Pereira et al., 2007; Itskov et al., 2011). In fact, hippocampal place cells integrate tactile inputs from vibrissal follicles (Gener et al., 2013). Whisker elimination during early brain development reduces the activity of CA3 neurons, which induces CA3-CA1 synaptic facilitation (Milshtein-Parush et al., 2017). This evidence indicates that many of the tactile inputs from the vibrissal system are processed in the hippocampus, and this tactile information seems to play an important role in the creation of spatial maps (Pereira et al., 2007).

The CA1 hippocampal region contains pyramidal neurons that create spatial maps by integrating sensorial information (Muller and Kubie, 1987). Neuronal activity in CA1 is also modified by the electrical activity of the new neurons generated in the dentate gyrus (DG; Kitamura and Inokuchi, 2014). In the adult brain, the subgranular zone (SGZ) of DG produces new neurons that migrate shortly into the granular layer and spread their axons to CA3 (Kempermann et al., 2015). To date, it is well accepted that hippocampal neurogenesis modulates the processes of memory acquisition and retention (Aimone et al., 2006). Inputs from voluntary exercise, enriched environments and cognitive processes comprise a group of stimuli that control hippocampal functions in an activity-dependent manner that, in turn, modulates the adult neurogenesis (Kempermann et al., 1997; Pereira et al., 2007; Ma et al., 2009). Therefore, there is an exciting possibility that whisker-derived information modulates the neurogenic process in the DG. To assess this theory, we analyzed the effect of permanent whisker deprivation (WD) on the neuronal activity of hippocampal regions, adult neurogenesis in the DG and hippocampal functions. Our findings indicate that the permanent deprivation of whiskers strongly reduces the density of c-Fos+ cells (a calcium-dependent immediate early gene) and calbindin (a calcium-binding protein) in several hippocampal regions, including DG. WD is also associated with a dramatic decrease in several aspects of adult neurogenesis and produces a significant impairment of spatial memory and navigation. These data support the notion that tactile inputs are crucial to maintain the adult neurogenesis, create spatial maps in the hippocampus, and preserve memory performance.



MATERIALS AND METHODS


Animals

Eight-week-old male CD-1 mice were maintained at a constant room temperature (22 ± 2°C), 12-h light/dark cycle, with ad libitum access to food and water. All rodents were randomly assigned to experimental and control groups that were kept under the same biotery and handling conditions throughout the study. All procedures were in accordance with the Principles of Laboratory Animal Care (Mexican Official Norm [NOM] 062-ZOO-1999) and approved by the University of Colima, Animal Care Committee.



Whisker Deprivation (WD)

At the postnatal 60 (P60) day, the whisker-deprived group was intraperitoneally anesthetized with ketamine (10 mg/kg) plus xylazine (5 mg/kg) and the facial vibrissae were fulgurated under a surgical microscope (OPMI Vario/S88, Carl Zeiss Germany). Briefly, each whisker was gently pulled out and ablated with a surgical cautery device. The control group received the same pharmacological manipulation, but no whisker removal procedure was done. After that, the animals were placed in a pre-warmed cage until recovery. We quantified the bodyweight gain every 2 days and corroborated the fact that facial injuries healed in less than 72 h.



Bromodeoxyuridine (BrdU) Administration

Bromodeoxyuridine (BrdU) injections were used for two different experiments. To evaluate the short-term cell division, the animals (n = 5 per group) received an intraperitoneal injection of BrdU (50 mg/kg; Sigma B5002, St. Louis, MO, USA) dissolved in 0.007 N NaOH solution, 2 h before sacrifice (Xie et al., 2016). To label the cell proliferation at the long term, the mice (n = 5 per group) received an intraperitoneal injection of 50 mg/kg BrdU every 8 h for the first 3 days (Gonzalez-Perez et al., 2011). These BrdU injections were done 72 h after vibrissal fulguration to minimize the effect of inflammatory cytokines triggered by the surgical procedure.



Memory Test

Spatial memory was tested in the Barnes Maze (Barnes, 1979). The apparatus consisted of a circular platform (90-cm diameter) with 12 equally spaced holes (5.5-cm diameter) located at one centimeter from the edge of the platform. Visual cues consisted in four different geometrical pieces placed around the maze. Only one hole had access to the shelter hole, a black container (23 cm × 6 cm × 6 cm) attached under the platform. Twenty-four days after whisker elimination, the animals were covered with a black cylinder (the starting box), placed at the center of the maze and allowed to freely move onto the platform. The test consisted of three phases: habituation, acquisition and retention. For the habituation phase (experimental day 24), the mice were exposed to the components of the apparatus, platform, goal and starting box for 2 min, which helps reduce the anxiety induced by a novel environment. In the acquisition phase, the animal was placed at the center of the platform inside of the starting box for 15 s and allowed to move freely for 4 min. If the animal did not find the shelter hole in 4 min, it was guided and placed manually in the goal box for 1 min. After that, the mouse was returned to its home cage for 2 min, while the apparatus was cleaned with 70% ethanol solution to eliminate odor cues. This procedure was repeated four times per day for 3 days. For the retention phase or probe trial (48 h after the last trial), the shelter box was removed, and mice were allowed to explore the maze for 4 min. For the acquisition trials, latency was defined as the time spent for the animal to enter the goal box. Instead, latency in the retention phase was defined as the time needed to reach the goal hole. We recorded the number of errors to the first encounter of the escape hole (primary errors) and path length for the entire duration of assays (total path length). The search strategy employed for the animals to solve the memory test during the acquisition phase was classified as: random, serial or spatial (Jašarević et al., 2011; Williams et al., 2013). The random strategy was characterized by multiple central crosses in the maze and random searching behavior. The serial strategy was defined as systematic searching behavior in consecutive holes and with maximum two central crosses. The spatial strategy was identified as navigation directed to the goal box without crossing the center of the platform more than once. All trials were recorded with a digital camera and analyzed using the EthoVision tracking system (Noldus Equipment, Wageningen, Netherlands).



Tissue Preparation

Animals were sacrificed with 100 mg/kg pentobarbital i.p. and perfused transcardially with 25 ml of 0.9% NaCl solution followed by 25 ml of 4% paraformaldehyde in 0.1 M phosphate buffer solution (PB), pH 7.4. The brains were extracted and post-fixed overnight in 50 ml of the same fixative solution. Then, we cut 20-μm coronal sections serially from −0.82 mm to −3.70 mm coordinates relative to Bregma (Paxinos and Watson, 2007) using a vibratome (Leica VT100S, Nussloch, Germany).



Cytochrome Oxidase Histochemistry

Cytochrome oxidase allows labeling the BC (Wong-Riley and Welt, 1980). Brain tissues were washed three times in 0.1 M PB saline solution (PBS) and incubated in cytochrome oxidase (0.5 mg sucrose, 0.6 mg diaminobenzidine (DAB) and 30 mg Cytochrome C; all from Sigma-Aldrich) in 10 ml of 0.2 M PB (pH = 7.4) for 4 h at 37°C. The samples were washed in 0.1 M PBS, mounted on glass slides, dehydrated and sealed with resin (Entellan, Millipore).



Immunohistochemistry

Brain sections were rinsed three times in 0.1 M PBS. To inactivate endogenous peroxidases, the sections were incubated in 3% hydrogen peroxide (H2O2) for 30 min and then washed three times (3×) in 0.1 M PBS. The samples were incubated in blocking solution (0.1 M PBS, 10% fetal bovine serum and 0.1% Triton X-100) for 40 min. Subsequently, the samples were incubated with the primary antibody rabbit anti-c-Fos (dilution 1:800; Cell Signaling Technology Cat # 2250, RRID:AB_2247211) and rabbit anti-Calbindin-D28k (dilution 1:1000; Synaptic Systems Cat # 214002, RRID:AB_2068199) dissolved in blocking solution at 4°C overnight. The next day, the brain sections were rinsed 3× in 0.1 M PBS and incubated with the biotinylated secondary antibody (goat anti-rabbit IgG + IgM Biotin, dilution 1:200; Sigma-Aldrich; St. Louis, MO, USA) in 0.1 M PBS and 10% fetal bovine serum, for 1 h. Then, the samples were washed 3× and incubated with avidin-biotin complex (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA, USA) for 60 min and rinsed in 0.1 M PBS. The sections were revealed for 5 min with 0.03% DAB solution (Sigma-Aldrich) plus 0.05% nickel ammonium sulfate (Sigma-Aldrich), washed 3× in 0.1 M PBS, mounted, dehydrated and sealed with resin (Entellan, Millipore, Billerica, MA, USA).



Immunofluorescence

For the BrdU immuno-labeling, the brain sections were rinsed three times in 0.1 M PBS and incubated in 2 N HCl at 37°C for 15 min, followed by 0.1 M borate buffer (pH = 8.6) for 10 min and washed 3× with 0.1 M PBS. Sections were incubated in blocking solution for 40 min. Then, sections were incubated with some combinations of the following primary antibodies: rat anti-BrdU (1:500; AbD Serotec Cat # OBT0030, RRID:AB_609568), mouse anti-NeuN (1:500; Millipore Cat # MAB377, RRID:AB_2298772), rabbit anti-GFAP (1:100; Dako Cat # Z0334, RRID:AB_10013382), rabbit anti-Sox2 (1:500, Abcam Cat # AB97959; RRID:AB_2341193), guinea pig anti-doublecortin (DCX, 1:1000: Millipore Cat# AB2253, RRID:AB_1586992) in blocking solution at 4°C overnight. Sections were rinsed 3× with 0.1 M PBS, and incubated in 0.1 M PBS containing 10% fetal bovine serum and conjugated secondary antibodies (Alexa Fluor® 488 anti-rat Cat # A-21208; Alexa Fluor® 594 anti-rat Cat # A-11007; Alexa Fluor® 488 anti-mouse Cat # A32723; Alexa Fluor® 594 anti-rabbit; Alexa Fluor® 594 Cat# R37117; anti-guinea pig Cat# A-11076; dilution 1:1000; Thermo Fisher) for 1 h at room temperature and washed 3× with 0.1 M PBS. Nuclear counterstaining was done with 4′,6-diamidino-2-phenylindole (DAPI; Abcam Cat # ab104139, Cambridge, MA, USA).



TUNEL Assay

TUNEL staining was performed using the in situ cell-death detection kit TMR red (Roche Cat # 12156792910) and following the manufacturer’s directions. Briefly, the sections were fixed on a coverslip, washed 2× with 0.1 M PBS, and then incubated in a permeabilization solution (0.1 M PBS, 0.1% Triton X-100, 0.1% sodium citrate) for 15 min at 4°C. Samples were then washed 2× in 0.1 M PBS and blocked for 10 min in Tris-HCl (pH = 7.5) with 10% fetal bovine serum. Brain tissue was washed 2× and incubated in the TUNEL reaction mixture for 1 h at 37°C in the dark. Nuclear staining was performed with DAPI.



Quantification

To quantify the number cells per group, brain slices were consecutively numbered, and six sections (taken 120-μm apart) per animal were randomly selected along the rostro-caudal axis. Sectioning interval was from −0.82 mm to −3.70 mm and 0.38 mm to −1.94 mm coordinates relative to Bregma for hippocampus and BC, respectively. We only counted the c-Fos+ cells observed in the same focal plane. Quantifications were made under inverted bright-field microscopy (Zeiss Axio Observer D1, Germany) with the 20× objective (NA = 0.45; area = 0.63 mm2 per field). To quantify double labeling, six slices by group were randomly selected in −0.82 mm to −3.70 mm coordinates relative to Bregma (Paxinos and Watson, 2007). For quantification purposes only, the dorsal aspect of the hippocampus was analyzed. Double-labeled cells were quantified only when the DAPI staining colocalized with the cell marker expression and it was confirmed by the orthogonal views. For DCX, Sox2, GFAP cell counting was done in the SGZ along both upper and lower blades of the dorsal aspect of DG. The SGZ was defined as the two-nucleus-wide band below the evident border between the granule cell layer and the hilus. For NeuN, c-Fos, Calbindin and TUNEL, we included the granular zone of the DG. Double-staining quantifications were made with a confocal microscope (Zeiss LSM 700, Germany) with a 40× objective (NA = 1.3; area = 0.15 mm2 per field). For confocal analyses, the number of double-labeled cells was quantified in at least 125 single-plane confocal pictures per region (CA1, CA2, CA3 and DG) in each group. To minimize the error for identifying double labeling in a single optical plane, 0.55-μm optical sections were used. To calculate the proliferation rate of SGZ progenitor cells, we determined the percentage of BrdU+ cells expressing a cell identity marker (GFAP, Sox2 or DCX) between the total number of cells expressing that marker. In all cases, these quantitative analyses were done by a researcher blinded to group assignments.



Densitometry (Relative Optical Density)

Tissue densitometry was used to establish the expression level of calbindin by quantifying the optical density as described previously (Kuchukhidze et al., 2015). Briefly, six brain sections per animal (n = 5 mice per group) were randomly selected by using the same strategy described above. At least eight pictures per brain section were taken along the whole DG with an inverted microscope (Zeiss Axio Observer D1, Germany) under the 40× objective (NA = 0.95). Images were processed with the software IMAGEJ 1.46r1. First, each picture was converted to an 8-bit image and the DG was delineated with the section tool of the software. We measured area integrated density and mean gray value in every antibody-treated section. Negative controls (with the omission of incubation with primary antibody) were included for each brain section analyzed. We calculated the corrected total marker expression with the following formula: Corrected marker expression = Integrated density (selected area × the mean intensity of background staining; McCloy et al., 2014). A blinded researcher to group assignment performed the densitometry measurement and calculations.



Statistical Analysis

We used the Shapiro-Wilk test to determine if the data were normally distributed and applied the appropriate statistical test to establish statistical differences. For the statistical analysis of histological quantifications, we used the Mann–Whitney “U” test. To determine intra group differences in the behavioral test we utilized Friedman’s test, whereas intergroup differences (control vs. experimental) were calculated with the Mann-Whitney “U” test. Chi-square test was used for the analysis of the search strategies of memory test. Data are expressed as median (Mdn) and interquartile range (IQR). The level of confidence was set at 95% (p < 0.05).




RESULTS


Whisker Fulguration Decreases Cytochrome C Oxidase and c-Fos-Expressing Cells in Barrel Cortex

c-Fos protein is coded by a calcium-dependent immediate early gene that is used as a marker of neuronal activity (Herrera and Robertson, 1996). Tactile experience and whisker stimulation increase c-Fos expression (Filipkowski et al., 2000), whereas whisker trimming reduces c-Fos expression in the BC (Filipkowski et al., 2001). To determine changes in the neuronal activity that occur after permanent WD, we fulgurated whiskers in P60 mice and analyzed the expression of cytochrome oxidase and c-Fos (n = 5 mice per group). At day 30 after WD, we stained brain sections to detect the activity of cytochrome C oxidase in the BC and found that the control group showed the typical barrel distribution (Wong-Riley and Welt, 1980), which was absent in the WD group (Figures 1A,B,D). We then quantified the density of c-Fos+ cells in the BC and observed that the WD group had a dramatic reduction in the density of c-Fos+ cells (Mdn = 104 cells/mm2 of BC region, IQR: 66–139) as compared with the control group (Mdn = 497 cells/mm2 of BC region, IQR: 381–597; U = 0, p < 0.001; Figures 1C,E). These findings indicate that whisker fulguration produces a persistent reduction in neural activity of the BC in the adult brain.


[image: image]

FIGURE 1. Cytochrome C oxidase activity and c-Fos-expressing cells in the barrel cortex (BC). (A) Experimental design. (B) CD-1 mice 30 days after surgical manipulation (sham or whisker deprivation (WD)); below: representative coronal section at −1.70 mm coordinates relative to Bregma. (C) The control group shows the typical barrel pattern as identified by the cytochrome C activity staining (dotted circles). Note that the whisker-deprived (WD) group did not show cytochrome C activity staining. (D) Immunostaining for c-Fos (black dots) in the BC in controls and the WD group. (E) Quantification of c-Fos+ cells in the BC. The WD group showed a decrease in the density of c-Fos-expressing cells as compared to controls. Data are expressed as median and interquartile range (IQR). *U = 0, p < 0.001; Mann-Whitney “U” test; n = 5 animals per group. Bars = 50 μm.





Long-Term WD Reduces the Density of c-Fos+ Cells and Calbindin in the Hippocampus

Adult hippocampus creates spatial maps by integrating multiple neural inputs from visual, olfactive and tactile clues (Pereira et al., 2007; Haggerty and Ji, 2015; Zhang and Manahan-Vaughan, 2015). Whisker information is partially processed in the hippocampus during texture discrimination tasks and memory integration (Grion et al., 2016). To determine whether permanent WD modified the neuronal activity in the adult hippocampus, we extended our analysis of the c-Fos-expressing cells to CA1, CA2 and CA3 regions. Our data indicated that WD produced a ~4-fold reduction in the density of c-Fos+ neurons in the hippocampal regions (Figures 2A–D,H–K): CA1 (controls = 1020 cells/mm2 of CA1 region, IQR: 531–1706 vs. WD = 113 cells/mm2 of CA1 region, IQR: 73–151; U = 22.5, p < 0.001) CA2 (controls = 43 cells/mm2 of CA2 region, IQR: 26–52 vs. WD = 18 cells/mm2 of CA2 region, IQR: 4–35; U = 73.5, p < 0.001), and CA3 (controls = 119 cells/mm2 of CA3 region, IQR: 70–157 vs. WD = 34 cells/mm2 of CA3 region, IQR: 24–70; U = 125.5, p < 0.001). Remarkably, the density of c-Fos+ cells was significantly reduced in the DG (Figures 2E,L,M), a neurogenic region that importantly contributes to neural plasticity (Sahay et al., 2011). The upper blade of DG showed a significant decrease in the density of c-Fos+ cells in the WD group (Mdn = 186 cells/mm2 of upper blade region, IQR: 127–197) as compared to the control group (Mdn = 354 cells/mm2 of upper blade region, IQR: 348–387; U = 0, p = 0.009). No statistically significant differences were found in the lower blade of DG: Controls (Mdn = 166 cells/mm2 of lower blade region, IQR: 132–192) vs. WD animals (Mdn = 129 cells/mm2 of lower blade region, IQR: 57–137; U = 5, p = 0.11). These findings indicate that permanent WD reduces the density of c-Fos+ cells, a calcium-dependent early gene product in the DG. To determine whether local calcium homeostasis was also altered by WD, we analyzed the expression of another calcium-dependent protein, the calcium-binding protein calbindin-D28k, in the DG (Figures 2F,G,N). We observed that calbindin expression in granule cells was dramatically reduced in the WD group (Mdn = 9.5 densitometry units IQR: 7.9–18.2) as compared to the control group (Mdn = 40.2 densitometry units IQR: 39.1–46.3; U = 0, P < 0.0001). Taken together, our findings indicate that permanent vibrissal deprivation produces a sustained reduction in c-Fos and calbindin in the adult hippocampus, including the DG.
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FIGURE 2. Whisker elimination decreases the density of c-Fos+ cells and calbindin expression in the hippocampus. (A) Immunostaining of c-Fos+ cells in the hippocampus of both groups (black dots). (B–E) Higher magnifications of CA1, CA2, CA3 and dentate gyrus (DG). (F) Immunostaining of calbindin-D28k in the hippocampus of both groups. (G) High magnifications of calbindin expression in DG. (H) Experimental design. (I–L) Quantification data of the c-Fos+ cells in CA1 (I), CA2 (J), CA3 (K), upper blade of DG (L) and lower blade of DG (M). (N) Quantification of the relative optical density of calbindin immunostaining in both groups. Data are expressed as median and IQR; n = 5 mice per group; *P < 0.01; Mann-Whitney “U” test. Bars (A,F) = 50 μm. Bars (B–E) = 25 μm. Bar (G) = 15 μm.





WD Reduces the Proliferation of Neural Progenitor Cells in the Hippocampus

The SGZ of DG is a discrete brain region that produces new neurons throughout life (Gonçalves et al., 2016). Activity-dependent inputs and calcium homeostasis modulate adult neurogenesis (Kempermann et al., 1997; Palop et al., 2003; Pereira et al., 2007; Ma et al., 2009). Our data indicated that the calcium-dependent neuronal activity in the DG is reduced by the effect of WD. These alterations may be due to functional variations (less neuronal activity) or structural changes (less neuronal production). To determine whether the whisker elimination affected the neuronal production in the SGZ, we injected BrdU 2 h before sacrifice (n = 5 mice per group) and studied the proliferation rate of hippocampal neural progenitors (Soto-Rodriguez et al., 2016; Figures 3A–K). We quantified the number of BrdU+ cells in the SGZ and found a statistically significant reduction in WD mice (Mdn = 21.8 cells/mm2 of SGZ area, IQR: 19.2–30.9) as compared with the control group (Mdn = 45.2 cells/mm2 of SGZ area, IQR: 35.4–52.4; U = 6, P = 0.001; Figure 3H). We then investigated by confocal microscopy if some of these BrdU+ cells corresponded to hippocampal neural progenitors, i.e., radial-glia-like GFAP+ cells as confirmed by the presence of a pyramidal soma with a long vertical process extending from the SGZ towards the molecular layer and branching, as well as small horizontally oriented processes along the SGZ (Kosaka and Hama, 1986; Seri et al., 2001; Kronenberg et al., 2003; Steiner et al., 2006). We found that the WD group suffered a ~3-fold decrease in the number of BrdU+GFAP+ cells with radial-glia morphology (Mdn = 3.7 cells/mm2 of SGZ area, IQR: 3.2–4.3) as compared with controls (Mdn = 12.6 cells/mm2 of SGZ area, IQR: 10.8–13.5; U = 0; P = 0.004). We then calculated the proliferation rate of radial-glia-like GFAP+ cells (Figures 3A,B,I). Our data indicate that the proliferation rate of radial-glia-like GFAP+ cells showed a statistically significant decrease in the WD group (Mdn = 10%, IQR: 8.5–10.1) as compared to controls (Mdn = 34%, IQR: 29–36; U = 0; P = 0.004).
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FIGURE 3. Whisker elimination reduces the proliferation rate of primary progenitor cells and neuroblasts in the subgranular zone (SGZ). (A–F) Immunostaining of Bromodeoxyuridine (BrdU)+ (green)/GFAP+ (red), BrdU+/Sox+ (red) and BrdU+/doublecortin (DCX)+ (red) in control and WD groups. (G) Experimental design: at day 30 after WD, 50 mg/kg BrdU was injected intraperitoneally 2 h before sacrifice to determine the proliferation of neuronal progenitors. (H) Quantification of BrdU+ cells in the DG. (I) Percentage of GFAP+BrdU+/GFAP+ cells. (J) Percentage of Sox2+BrdU+/Sox2+ cells. (K) Percentage of DCX+BrdU+/DCX+ cells. All nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Data are expressed as median and IQR. Insets show high magnification views. n = 5 animals per group; *P < 0.05; Mann-Whitney “U” test. Bar (A–F) = 30 μm. Bar in orthogonal views = 10 μm. Optical section thickness = 0.55 μm.



To establish whether WD reduces the proliferation of other hippocampal progenitor cells (Kriegstein and Alvarez-Buylla, 2009; Gonçalves et al., 2016), we analyzed the expression of the Sox2 transcription factor in the SGZ (Figures 3C,D). Our data indicated that the WD group had a significant decrease in the number of BrdU+Sox2+ cells (Mdn = 1.5 cells/mm2 of SGZ area, IQR: 1.5–5.5) respect to controls (Mdn = 28.5 cells/mm2 of SGZ area, IQR: 20.2–37.3; U = 0, p = 0.004). We calculated the proliferation rate of Sox2+ progenitor cells (Figure 3J) and found that the WD group had a significant reduction in the percentage of Sox2+BrdU+/Sox2+ cells (Mdn = 3.3%, IQR: 1.1–7.7) when compared to the control group (Mdn = 15.6%, IQR: 10.7–17.1; U = 3; P = 0.016). Since these findings suggested that WD can affect the pool of radial-glia-like GFAP+ cells and Sox2-expressing progenitor cells, we decided to determine the percentage of Sox2+ cells that co-express GFAP with radial-glia-like morphology in the SGZ. Interestingly, we did not find statistically significant differences in the percentage of Sox2+GFAP+ radial-glia-like astrocytes between the WD group (Mdn = 18% IQR: 16.2–21.75%) and the control group (Mdn = 23% IQR: 20.2–27.7%; U = 25, P = 0.065). This evidence suggests that the reduction in the proliferation of Sox2+ cells found in the WD group is not due to a decrease in the density of radial-glia-like GFAP+ astrocytes.

To determinate whether the permanent WD affected the proliferation of neuroblasts in the SGZ (Song et al., 2012), we co-stained sections with BrdU and a neuroblast marker DCX and quantified the number of BrdU/DCX co-expressing cells in the SGZ (Figures 3E,F). We observed an important decrease in the number of co-labeled cells in WD animals (Mdn = 2.3 cells/mm2 of SGZ area, IQR: 1.7–2.6) when compared to controls (Mdn = 6.9 cells/mm2 of SGZ area, IQR: 5.2–7.5; U = 0, p = 0.005). We also calculated the proliferation rate of DCX+ cells (Figure 3K) and found that the WD group showed a significant reduction in the percentage of DCX+BrdU+/DCX+ cells (Mdn = 0.76%, IQR: 0.55–0.83) when compared to the control group (Mdn = 1.54%, IQR: 1.41–1.6; U = 0; P = 0.004). We then quantified the absolute number of neuroblasts found in both groups, we observed that the number of neuroblasts was significantly reduced by the whisker removal: WD mice (Mdn = 181 cells cells/mm2 of SGZ area, IQR: 162–197) vs. controls (Mdn = 441 cells/mm2 of SGZ area, IQR: 419–556; U = 0, p = 0.004). Taken together, these findings indicate that the permanent loss of tactile inputs from whiskers substantially affects the different aspect of the neurogenic process in the adult SGZ.



WD Affects the Proliferation and Maturation and Promotes Apoptosis in Dentate Gyrus

Our data indicated that WD affects the proliferation of SGZ progenitors. This event may affect the ultimate number of new-born neurons in the DG. To investigate this possibility, at the 3rd day after whisker removal, we injected BrdU every 8 h for 3 days and sacrificed these mice 30 days later (n = 5 per group). We found that the number of BrdU+ cells that remained in the DG of WD group declined by approximately ~3-fold (Mdn = 58 cells/mm2 of DG area, IQR: 53–83) with respect to the control group (Mdn = 116 cells/mm2 of DG area, IQR: 99–133; U = 2, P = 0.011; Figures 4A,B,E–G). To establish the number of BrdU+ cells that corresponded to NeuN+ mature neurons (Kempermann et al., 2015), we co-stained the sections with anti-NeuN antibodies and quantified BrdU/NeuN co-labeled cells. We found that the number of BrdU+NeuN+ cells in the control group (Mdn = 44 cells/mm2 of DG area, IQR: 33–53) was significantly higher than that in the WD group (Mdn = 10 cells/mm2 of DG area, IQR: 8–11; U = 0, P = 0.002; Figures 4C,D,H). These findings suggest that the cell survival of newborn neurons or a reduction in cell proliferation of precursor cells in the DG may be affected by the WD. We then estimated the percentage of BrdU+NeuN+/BrdU+ cells in the DG, our data indicated that the WD group showed a significant reduction in the percentage of co-labeled cells as compared to controls (WD: 17.7%, IQR 10.5–22.5% vs. controls 40.4%, IQR 39.3–40.9%; U = 0, P = 0.004). These findings suggest there is an alteration in the final proportion of new neurons produced in the hippocampus of WD animals. Thus, we investigate whether this reduction in adult neurogenesis was partially due to a higher apoptosis rate. We analyzed the number of apoptotic cells (TUNEL+ cells; Figures 4I,J) in the DG (n = 5 mice per group). Our results showed that the WD group had ~10-fold more apoptotic cells (Mdn = 8.2 cells/mm2 of DG area, IQR: 7.5–8.7) as compared to the control group (Mdn = 0.7 cells/mm2 of DG area, IQR: 0.4–0.75; U = 0, P = 0.009). Altogether, our findings indicate that permanent tactile deprivation significantly reduces the production of newly-generated neurons in the DG.
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FIGURE 4. The final number of newly generated neurons is decreased in whisker-deprived animals. (A,B) Immunostaining for BrdU (green) in the control and the whisker-deprived (WD) group. (C,D) Double immunostaining of NeuN+ (green)/BrdU+ (red). (E) A representative coronal section at −1.70 mm coordinate relative to Bregma. (F) Experimental design: 3 weeks after the last BrdU injection (50 mg kg−1BrdU/8 h i.p. for 3 days), we determined the number of NeuN+ and BrdU+ cells. (G) BrdU+ cells in the DG, the analysis showed less BrdU+ cells in the WD group. (H) Quantification of BrdU+NeuN+ in the DG. (I) Confocal photography of a TUNEL positive cell and the results of TUNEL quantification in DG (J). All nuclei were stained with DAPI (blue). Data are expressed as median and IQR. Insets: high magnification views. n = 5 per group; *P < 0.001; Mann-Whitney “U” test. Bar (A,B) = 20 μm; Bar (C,D) = 10 μm; Bar (I) = 10 μm. Optical section thickness = 0.55 μm.





WD Affects the Spatial Memory

Visual information and the head-direction system are required for spatial learning (Knierim et al., 1995; Dombeck et al., 2010; Youngstrom and Strowbridge, 2012). While the role of these systems in acquisition of hippocampal-dependent memory has been extensively studied, the role of vibrissal system during spatial learning is not clear. To establish whether the hippocampal alterations induced by WD can affect spatial memory performance, we used the Barnes maze paradigm 24 days after WD to evaluate hippocampal-dependent memory (Figures 5A–E). We first analyzed whether animals learned the task by determining intragroup differences in the time spent to reach the goal box. Our data indicated that both controls (χ2 = 5.33 s, p = 0.021, Friedman’s test) and WD animals (χ2 = 9 s, p = 0.003, Friedman’s test) efficiently learned the task. Then, we examined intergroup differences and observed that the control group showed a continuous reduction in escape latency during the whole acquisition phase as compared to the WD group: day 1 (controls = 67 s, IQR: 39–122 vs. WD mice = 197 s, IQR: 44–240; U = 1420, p = 0.003); day 2 (controls = 34 s, IQR: 20–56 vs. WD mice = 106 s, IQR: 41–240; U = 1048, p < 0.001); day 3 (controls = 27 s, IQR: 18–45 vs. WD mice = 70 s, IQR: 26–240; U = 1113, p < 0.001; Figure 5B). We also recorded the total path length and the number of primary errors, two parameters indicative of spatial learning (Harrison et al., 2006). The control group presented path lengths shorter than those presented by the experimental group (Figure 5C): day 1 (controls = 643 cm, IQR: 604–674 vs. WD mice = 1016 cm, IQR: 881–1164; U = 0, p = 0.021); day 2 (controls = 491 cm, IQR: 388–531 vs. WD mice = 978 cm, IQR: 841–1076; U = 0, p = 0.021); day 3 (controls = 531 cm, IQR: 323–726 vs. WD mice = 818 cm, IQR: 795–862; U = 0, p = 0.021). Consistently, control animals also made significantly fewer primary errors than WD mice (Figure 5D): Day 1(WD = 1.6 errors, IQR: 1.3–1.7 vs. controls 0.6 errors, IQR: 0.5–0.6; U = 0, p = 0.02); day 2 (WD = 1.3 errors, IQR: 1–1.4 vs. controls 0.4 errors, IQR: 0.3–0.6; U = 0, p = 0.021); day 3 (WD = 1.4 errors, IQR: 1.3–1.45 vs. controls 0.6 errors, IQR: 0.28–0.6; U = 0, p = 0.02). Taken together, these data suggest that WD mice can learn, but their memory acquisition is deficient.
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FIGURE 5. The whisker elimination impairs the acquisition and retention of spatial memory in the Barnes Maze. (A) Experimental design of memory test. (B) Spatial memory acquisition by trial, escape latency represents the time employed to find the goal box. (C) Total path length (distance traveled by mice for the entire duration of assays). (D) Primary errors (number of errors to the first encounter of the escape hole). (E) Schematic drawings of the type of strategy used to solve the Barnes Maze. (F) Percentage of type of strategy used to find the escape hole during the acquisition period. Controls preferentially used the spatial strategy as compared to WD (χ2 = 4.94, p = 0.026), whereas WD mice solve the task by using more frequently the random strategy than controls (χ2 = 6.433, p = 0.011). (G) Probe trial: the WD group required more time to find the target hole. Habituation phase (H); memory acquisition phase (A); Probe trial (P). In the learning curve, data are expressed as mean ± SEM. The other plots show median and IQR; n = 16 per group. *P < 0.05; Mann-Whitney “U” test.



During the acquisition phase, we observed that our mice used different search strategies to solve the task. Hence, we analyzed the frequency of three well-known behavioral strategies: random, serial and spatial (Jašarević et al., 2011; Figures 5E,F). Our findings indicate that the spatial strategy (hippocampal-dependent task) was more frequently used by the control group (day 1 = 34.34%, day 2 = 42.2%, and day 3 = 34.4%) than WD animals (day 1 = 15.6%, day 2 = 14%, and day 3 = 17.1%; χ2 = 4.94, p = 0.026). In contrast, the random strategy (non-hippocampal-dependent task) was more frequently used by the WD group (day 1 = 81.3%, day 2 = 76.6%, and day 3 = 73.4%) than control animals (day 1 = 62.5%, day 2 = 42.2%, and day 3 = 51.6%; χ2 = 6.433, p = 0.011). No statistically significant differences were found for the use of serial strategy (χ2 = 0.286, p = 0.593). Taken together, these data indicate that WD animals tend to solve the behavioral paradigm with a non-hippocampal dependent strategy.

Our previous findings indicate that WD alters memory acquisition. To investigate whether the memory retention was also affected by whisker elimination, we repeated the behavioral task 48 h after the last trial (Figure 5G). We observed that WD animals needed more time to find the goal hole (Mdn = 35 s, IQR: 19.7–61.5) than controls (Mdn = 14.5 s, IQR: 7.7–21; U = 47, p = 0.002). Altogether, our data indicate that WD significantly impairs the hippocampal-dependent memory acquisition and retention.




DISCUSSION

In the present study, we produced tactile deprivation by cauterizing whisker follicles and evaluated whether these sensorial inputs can modify the hippocampal function. Our findings indicated that, 30 days after whisker removal, the cytochrome oxidase activity in the BC remains absent. This enzymatic activity reduction is associated with approximately 80% reduction in the density of c-Fos-expressing cells of the BC and the hippocampal CA1, CA2, and CA3 regions. Remarkably, the expression of c-Fos and calbindin in the DG was profoundly affected by whisker elimination. Thus, our next goal was to evaluate whether the low expression of these calcium-dependent proteins could be due to a decline in the hippocampal neurogenesis. Strikingly, we found that whisker elimination dramatically reduces the cell proliferation of neurogenic progenitors in the SGZ. We also observed that these histological abnormalities coincided with a defect in the hippocampal-dependent memory. Altogether, these findings indicate tactile deprivation reduces neuronal activity and some calcium-dependent proteins in the hippocampus, disrupts the hippocampal neurogenesis and impairs spatial memory (Figure 6).
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FIGURE 6. Tactile information associated with fine whisker discrimination is a strong regulator of hippocampal activity that changes the expression of calcium-dependent proteins in DG, disrupts several aspects of hippocampal neurogenesis and impairs spatial memory acquisition and retention.



Rodents need whiskers to acquire tactile information from the environment. These tactile inputs are processed in the BC, at layer IV of the somatosensory cortex (Petersen, 2007). We produced a chronic tactile deprivation by fulgurating the vibrissal follicles as previously described (Fetter-Pruneda et al., 2013) and used the expression of cytochrome oxidase to label the BC (Wong-Riley and Welt, 1980). At day 30 after WD, the expression of cytochrome oxidase was not observed in the BC, indicating that tactile inputs were permanently disrupted by our method. We then evaluated the number of neurons expressing the c-Fos protein, a calcium-dependent immediate early proto-oncogene that is triggered by a different stimulus and may change the structural and functional properties of neural cells (Miller et al., 1984; Herrera and Robertson, 1996). Our data indicated that the expression of c-Fos in the BC is dramatically reduced by whisker elimination. This evidence confirmed that tactile disruption produces a long-term reduction in the density of c-Fos expressing cells. Short- and medium-term reductions in the c-Fos expression has been described with other models of tactile deprivation, such as: whisker plucking (Kaliszewska et al., 2012), whisker clipping (Filipkowski et al., 2001; Bisler et al., 2002) and whisker trimming (Staiger et al., 2002). In contrast, the c-Fos expression level in somatosensory cortex is increased by animal exposure to enriched environments or a direct stimulation of neural tissue (Mack and Mack, 1992; Filipkowski et al., 2000).

Electrical stimulation of the infraorbital nerve (that carries information from whiskers) and touch-guided behavior evoke neuronal firing in the CA1 hippocampal region (Pereira et al., 2007; Itskov et al., 2011). These tactile inputs increase the activity of CA1 hippocampal neurons the CA1 region through thalamocortical relays and are associated with fine sensorial discrimination (Pereira et al., 2007). During early brain development, WD reduces the activity of CA3 neurons that induces CA3-CA1 synaptic facilitation (Milshtein-Parush et al., 2017). For this reason, we decided to evaluate c-Fos expression in four hippocampal regions: CA1, CA2, CA3 and DG. Our findings indicate that long-lasting tactile deprivation reduces in approximately 80% the density of c-Fos+ cells in all these regions. Interestingly, we observed that c-Fos reduction was statistically significant only in the upper blade of DG in WD animals. The suprapyramidal (upper) blade, more than the infrapyramidal (lower) blade, is strongly activated by novel environment exploration (Guenthner et al., 2013). Therefore, our findings suggest that whisker activity triggered by environment exploration/navigation is modulating the neuronal activity in the suprapyramidal blade of DG.

We also found a significant reduction of the calcium-binding protein calbindin-D28k in granule cells of the DG, which suggests that calcium homeostasis is strongly affected by permanent WD. Our experimental approach does not allow us to establish the biomolecular mechanism of these changes, but we hypothesize that WD may provoke hyper-excitability of hippocampal neurons as a homeostatic mechanism for sensorial deprivation. This kind of compensatory phenomenon has been previously reported and appears to be related to hypersensitivity to sensory inputs in the adult hippocampus (Zhang and Manahan-Vaughan, 2015). Interestingly, neuronal depletion of calcium-dependent proteins in the DG has also been tightly linked to cognitive impairment, neurodegeneration, aging and Alzheimer’s disease (Palop et al., 2003; Moreno et al., 2012; Kook et al., 2014). However, we do not know whether the neuronal depletion of calcium-dependent proteins that follows permanent tactile deprivation is a predisposing condition for psychiatric disorders, cognitive decline and/or neurodegeneration. Our evidence indicates that whisker inputs may play an important role in neural plasticity, calcium homeostasis and synaptic connectivity of the adult hippocampus as that observed in cortical regions (Kaliszewska et al., 2012; Mangin et al., 2012; Pignataro et al., 2015).

The DG is a neurogenic region that produces new neurons in the adult brain throughout life. This specialized niche contains neural stem cells that originate neuroblasts, which migrate to the adjacent granular layer and spread their axons to local circuits in the adult hippocampus (Kempermann et al., 2015). Inputs from voluntary exercise, enriched environments, cognitive and emotional processes comprise the activity-dependent control of hippocampal functions that, in turn, modulates the adult neurogenesis (Kempermann et al., 1997; Pereira et al., 2007; Ma et al., 2009). Our results showed an important reduction in the density of c-Fos+ cells and calbindin expression in the DG after whisker elimination. Thus, we decided to investigate whether the long-term reduction in calbindin and c-Fos might affect the proliferation of primary neural progenitors (GFAP+ and Sox2+ cells) in the DG (Suh et al., 2007). Strikingly, WD animals show less number of BrdU+ neural progenitors. This reduction in the number of BrdU+Sox2+ cells was not due to a reduction in the pool of radial GFAP+ cells as indicated by the absent of significant changes in the number of Sox2+GFAP+ radial cells between groups. To verify if these cellular changes modified the final pool of new neurons that are continuously incorporated into the DG, we injected BrdU at day three and sacrificed the animals 30 days after whisker elimination. Strikingly, we found that the number of newly-generated mature neurons (NeuN+BrdU+) was reduced by 50%. This reduction was associated with an increase in the number of detectable apoptotic cells (TUNEL+ cells) in the WD group. Therefore, our data indicate that tactile information processed in the hippocampus regulates the addition of newly-generated neurons by reducing the proliferation of neural progenitor cells in the DG. WD induces presynaptic inhibition in CA3 and changes in the AMPA-mediated synaptic transmission (Milshtein-Parush et al., 2017). These changes are associated with a reduction in the AMPA/NMDA ratio and an increase in NR2B-containing NMDA receptors (Milshtein-Parush et al., 2017). Interestingly, in vivo administration of the NMDA receptor agonists reduce proliferation, whereas NMDA-receptor antagonists promote the proliferation of neural progenitor cells in the DG (Cameron et al., 1995; Kitayama et al., 2003; Halim et al., 2004). Therefore, this evidence excitingly suggests that WD may regulate the proliferation of hippocampal progenitor cells by maintaining the neurotransmitter balance in the adult hippocampus.

The adult hippocampus is a crucial region for the acquisition of spatial memory and navigation (Morris et al., 1982). The DG is a hippocampal region that regulates pattern separation, which helps distinguish similarly encoded contextual information (McHugh et al., 2007). Many studies have linked visual, self-motion and vestibular clues to spatial learning (Knierim et al., 1995; Dombeck et al., 2010; Youngstrom and Strowbridge, 2012), suggesting that spatial memories can be formed using visual information and the head-direction system. While spatial learning has been extensively studied, the role of vibrissal system during spatial learning was unclear. A previous report suggested that vibrissae trimming affected only the proprioceptive location of the escape platform in the Morris maze, without affecting memory acquisition (Grigoryan et al., 2005). Additionally, pharmacologically induced vibrissae paralysis did not affect the animal’s ability to learn (Patarroyo et al., 2017). We used the Barnes maze to evaluate both spatial memory and navigation (Barnes, 1979; Soto-Rodriguez et al., 2016). Our data indicated that the permanent deprivation of whiskers notably impairs the acquisition of spatial memory, as shown by longer latencies spent to find the goal holes. A possible explanation for some inconsistent findings between Morris and Barnes mazes in WD models may be due to the solving strategy for the Barnes maze requires both visual and tactile skills (Barnes, 1979; Soto-Rodriguez et al., 2016). Thus, Barnes may be a more sensitive behavioral paradigm to evaluate memory integration that is required to create spatial maps (Grion et al., 2016). Our data also indicated that 48 h after this acquisition deficit had a negative impact on memory retention in the whisker-deprived animals, which indicates a poor learning performance. Remarkably, whisker-deprived animals tend to solve the maze by using a random-based strategy, non-hippocampal dependent task (Harrison et al., 2006), more frequently than controls, while the control group preferentially used a spatial-based strategy, a hippocampus-dependent task, to solve the maze. Altogether, our findings indicate that whisker information is very important to create spatial memory and execute spatial navigation. Thus, our evidence strongly suggests that inputs from the tactile system and other sensorial modalities are integrated by hippocampus to form novel spatial memories. Nevertheless, it would be important to investigate whether these events can be reversed or compensated by whisker stimulation and whether partial whisker removal may also have significant consequences in the hippocampal cellularity and function.



CONCLUSION

Vibrissal fulguration is an efficient method of permanently removing facial whiskers and analyzing the effects of sensorial deprivation in the adult brain. Taken together, our findings indicate that tactile information associated with fine whisker discrimination is a strong regulator of hippocampal activity that changes the expression of calcium-dependent proteins, alters hippocampal neurogenesis and impairs spatial memory. These findings unveil the neurophysiological interactions among tactile information with the hippocampal neurogenesis and the creation of spatial maps in the adult brain.
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Adult neurogenesis persists in the adult mammalian brain due to the existence of neural stem cell (NSC) reservoirs in defined niches, where they give rise to new neurons throughout life. Recent research has begun to address the implication of constitutive (basal) autophagy in the regulation of neurogenesis in the mature brain. This review summarizes the current knowledge on the role of autophagy-related genes in modulating adult NSCs, progenitor cells and their differentiation into neurons. The general function of autophagy in neurogenesis in several areas of the embryonic forebrain is also revisited. During development, basal autophagy regulates Wnt and Notch signaling and is mainly required for adequate neuronal differentiation. The available data in the adult indicate that the autophagy-lysosomal pathway regulates adult NSC maintenance, the activation of quiescent NSCs, the survival of the newly born neurons and the timing of their maturation. Future research is warranted to validate the results of these pioneering studies, refine the molecular mechanisms underlying the regulation of NSCs and newborn neurons by autophagy throughout the life-span of mammals and provide significance to the autophagic process in adult neurogenesis-dependent behavioral tasks, in physiological and pathological conditions. These lines of research may have important consequences for our understanding of stem cell dysfunction and neurogenic decline during healthy aging and neurodegeneration.
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INTRODUCTION

Autophagy (“self-eating” in greek) is a highly conserved intracellular catabolic pathway that occurs in response to different forms of stress such as starvation, hypoxia, drugs, infection, growth factor deprivation and ROS accumulation. The main function of autophagy is to provide nutrients for vital cellular functions during fasting and other stressors and selectively eliminate unwanted, potentially harmful cytosolic material, such as damaged mitochondria or protein aggregates. There are different forms of autophagy: microautophagy, chaperon-mediated autophagy, mitophagy and macroautophagy. The latter (in the following referred to as the ALP, or simply as autophagy), consists in degrading and recycling cell components by a vesicular structure called the autophagolysosome, that comes from the fusion of an autophagosome with a lysosome (Galluzzi et al., 2017).

Autophagy-lysosomal pathway plays a pivotal role in a wide range of physiological and pathological conditions and is fundamental for the nervous system. Terminally differentiated cells that no longer divide, such as neurons, depend on basal autophagy for the proper turnover of cytoplasmic contents and for protein quality control. Consequently, ALP-deficient mice accumulate ubiquitinated protein aggregates in neurons and suffer from neurodegeneration even in the absence of other pathological triggers (Hara et al., 2006; Komatsu et al., 2006). Autophagy is also required for proper membrane turnover in axon terminals (Komatsu et al., 2007) and for neurogenesis, the production of new neurons from neural stem cells (NSCs). Here we will provide a condensed review of the current knowledge about the physiological role of basal autophagy in neurogenesis, surveying the data available in embryonic development and the few studies conducted in adults. The general role of autophagy in neurogenesis and stem cell regulation has been the subject of other reviews, to which we would like to refer the reader for more extended information (Dhaliwal et al., 2017; Boya et al., 2018). For a better understanding of the topic, we will first give a brief overview of the main autophagy players in mammalian cells and their pharmacological manipulation.



THE AUTOPHAGY-LYSOSOMAL PATHWAY

Autophagy-lysosomal pathway is a step-wise procedure regulated by several protein complexes: the ULK1-Atg13-FIP200-Atg101 complex, required for autophagy induction; the class III phosphatidylinositol 3-kinase (PI3K) complex (PI3K/Vsp34, Beclin1, Atg14/Atg14L, Vps15, and Ambra1), responsible for autophagosome initiation and the Atg12-Atg5-Atg16L1 and LC3-I/LC3-II complexes, fundamental for the extension and closure of the autophagosome (Rodolfo et al., 2016) (Figure 1). We will next focus on how these proteins control ALP steps:


[image: image]

FIGURE 1. The mammalian autophagy-lysosomal pathway (ALP). Under glucose starvation, AMP activated protein kinase (AMPK) promotes autophagy by directly activating uncoordinated 51-like kinase 1 (ULK1) and transcription factor EB (TFEB) translocates to the nucleus to induce the transcription of several lysosomal genes. Under nutrient sufficiency, high mammalian target of rapamycin (mTOR) activity prevents ULK1 activation and phosphorylates TFEB that remains in the cytoplasm. The ULK1 activation leads to the formation of ULK1-ATG13-FIP200-ATG101 complex, which in turn triggers the class III phosphatidylinositol 3-kinase (PI3K) complex formation. Both complexes participate in the formation of the endoplasmic reticulum cradle, from which the IM (isolation membrane) grows. Two ubiquitin-like conjugating systems are responsible for autophagosome formation: the ATG12-ATG5-ATG16L1 system and the microtubule-associated protein 1 light chain 3 (LC3) system, while ATG9 transmembrane protein collaborates in the delivery of lipids, and in the elongation and closure of the autophagosome. The ATG complex is recruited to the pre-autophagosomal membrane by Eva1a/TMEM166. Cargo recruitment is achieved thanks to a variety of receptor proteins for ubiquitinated proteins such as p62/SQSTM1, histone deacetylase 6 (HDAC6) and NBR1. Finally, the proteins LAMPs, RAB7 and HDAC6 regulate autophagosome fusion with lysosomes, and the lysosomal acidic hydrolases are responsible for degrading the autophagy cargo. Autophagy proteins whose function has been analyzed in relation to adult neurogenesis are highlighted in red (see also Table 1). β-catenin and Notch1 (signaling pathway components) are degraded through autophagy during embryonic neurogenesis and are shown in green. This figure was produced using images from Servier Medical Art, licensed under a Creative Commons Attribution 3.0 Unported License. http://smart.servier.com.



(1) Autophagy induction is tightly regulated by mTOR and AMPK, a metabolic sensor of the AMP/ATP ratio. Under nutrient deprivation, AMPK promotes autophagy through ULK1 phosphorylation at Ser317 and Ser777, whilst under nutrient sufficiency, high mTOR activity phosphorylates ULK1 at Ser757 preventing its activation (Kim et al., 2011). In addition, TFEB is normally phosphorylated by mTOR and is retained in the cytosol, but under fasting TFEB translocates to the nucleus to induce lysosomal gene expression (Napolitano and Ballabio, 2016), enhancing the cell’s degradative capability (Sardiello et al., 2009). Autophagy induction can be modulated by several chemical compounds such as rapamycin, which inhibits mTOR (Benjamin et al., 2011) and metformin, an indirect activator of AMPK (Kim and Guan, 2015).

(2) Vesicle nucleation (phagophore formation). ULK1 activation leads to FIP200 and Atg13 phosphorylation, causing the assembly of the ULK1-Atg13-FIP200-Atg101 complex, which in turn triggers class III PI3K complex formation. The subsequent PI3-phosphate enrichment leads to formation of the endoplasmic reticulum cradle, from which an IM grows (Bissa and Deretic, 2018). The IM can be also originated from other sources (Figure 1) and forms a cup-shaped structure termed the phagophore that recruits autophagy (Atg)-related proteins (Dikic and Elazar, 2018). This step can be modulated by the class III PI3K inhibitors 3-methyladenine (3-MA) and wortmannin (Wu et al., 2010).

(3) Vesicle elongation (autophagosome formation) depends on two ubiquitin-like conjugating systems: Atg12-Atg5-Atg16L1 and LC3 (Wang et al., 2018). First, Atg5 binds to Atg12 in a reaction catalyzed by Atg7 and Atg10; the resulting complex is conjugated to Atg16L1 and is recruited to the pre-autophagosomal membrane by Eva1a/TMEM166 (Hu et al., 2016; Menzies et al., 2017). Atg12-Atg5-Atg16L1 assists in the recruitment of LC3, which gets cleaved by Atg4 to form LC3-I that in turn is conjugated to phosphatidylethanolamine by Atg3 and Atg7, generating lipidated LC3-II that participates in phagophore membrane elongation (Weidberg et al., 2010).

(4) Cargo recruitment and completion. Autophagy is a highly selective process that requires a variety of receptor proteins to recruit ubiquitinated (Ub)-cargoes to the forming autophagosomes, such as p62/SQSTM1, HDAC6 (Leyk et al., 2015) and NBR1 (Kirkin et al., 2009). P62 is a ubiquitin-binding protein that interacts with (Ub)-proteins and LC3 (Richter-Landsberg and Leyk, 2013), acting as a bridge between Ub-protein aggregates/autophagosomes and as a regulator of membrane formation around the sequestered cargoes (Tan and Wong, 2017a). HDAC6 mediates the transport of Ub-proteins along microtubules (Leyk et al., 2015) and the maturation of the autophagosome (Richter-Landsberg and Leyk, 2013). NBR1 also recruits Ub-protein aggregates and is degraded by autophagy depending on LC3 (Kirkin et al., 2009). Co-localization between aggregates and receptors like p62 or NBR1 is an indicator of selective autophagy (Tan and Wong, 2017b). Taking together the actions of the receptors and the role of Atg9 in lipid delivery, the loading and closure of the autophagosome is achieved (Hurley and Young, 2017).

(5) Autophagolysosome formation and cargo degradation are controlled by regulators of autophagosome fusion with lysosomes, such as LAMPs, SNAREs, RAB7, HDAC6 and by lysosomal acidic hydrolases (Moreau et al., 2013; Boya et al., 2018). The fusion of the mature autophagosome’s outer membrane with the lysosome’s one leads to the degradation of the autophagosome’s inner membrane as well as its contents, generating building blocks recycled by the cell (Rodolfo et al., 2016). This final step can be modulated by bafilomycin A1, a disruptor of autophagosome-lysosome fusion and autophagolysosome acidification (Mauvezin and Neufeld, 2015).

In the following sections, we will review the consequences of deleting autophagy-related genes or pharmacologically blocking autophagy in embryonic and adult NSPCs.



BASAL AUTOPHAGY AND NEUROGENESIS DURING DEVELOPMENT

Today we can safely say that constitutive autophagy is required for embryonic neurogenesis. The first evidences came from work showing that autophagic proteins increase during neuronal differentiation of fetal NSPCs. For instance, in NSPCs derived from the forebrain, Atg9a levels and the LC3-II/LC3-I ratio (a readout of autophagy) raised during neurogenesis (Morgado et al., 2015). A simirelated genes (coding for Atg7, Beclin1, Ambra1 and LC3) was described for the OB (Vázquez et al., 2012). The pattern was recapitulated in cultured OB-NSPCs and occurred concomitantly with an increase in the autophagic flux (Vázquez et al., 2012). Similarly, Atg5, Eva1a and LC3-II proteins raised in the mouse cerebral cortex during the neurogenic period (Lv et al., 2014; Li et al., 2016). Atg5 is highly expressed both in the cortical plate, where mature neurons reside, and in the VZ/SVZ, where it co-localizes with the NSPC marker Sox2 (Lv et al., 2014), pointing to a role of autophagy in these two cell compartments. In line with this observation, Atg5 silencing impaired cortical neuronal differentiation while increasing proliferation of VZ/SVZ NSPCs (Lv et al., 2014).

Acute silencing of Class III PI3K (Vps34) during corticogenesis by in utero electroporation also affected neurogenesis, decreasing excitatory neuron migration and axonal growth without influencing the cell cycle of NSPCs at the VZ/SVZ (Inaguma et al., 2016). Pharmacological disruption of autophagy with PI3K inhibitors such as Wortmaninn or 3-MA impaired neuronal differentiation of OB-NSPCs by reducing newborn neuron numbers and their maturation. Moreover, neurogenesis was decreased in OB-NSPCs from Ambra1+/gt haploinsufficient mice and Atg5−/− mice, but supplementation with methylpyruvate (an analog for the citric acid cycle that restores ATP availability) rescued the phenotype, indicating that OB-NSPCs require autophagy as an energy source to differentiate into neurons (Vázquez et al., 2012). Wortmaninn, 3-MA or bafilomycin A1 also prevented neuronal differentiation of fetal forebrain NSPC cultures (Morgado et al., 2015) while overexpression of a microRNA (miR-34a) that downregulates Atg9 markedly affected neuronal differentiation and rapamycin-induced autophagy partly recovered the defect (Morgado et al., 2015).

Genetic manipulations of ALP selectively in NSPCs have also yielded interesting results. In Nestin-Cre driven Eva1a conditional knockout (cKO) embryos, the number of proliferative NSPCs and TuJ1+BrdU+ newly generated neurons was greatly reduced (Li et al., 2016). This cortical phenotype correlated with an impaired autophagy, shown by a decrease in LC3-II levels, LC3 puncta and an increase in p62 and ubiquitin. In vitro neurosphere assays revealed a defect in NSC self-renewal with no change in apoptosis, while differentiation assays uncovered a reduction both in neurogenesis and neurite length (Li et al., 2016).

A few studies have addressed a more specific function of ALP in regulating components of signaling pathways that are key for brain development. For instance, Atg7 regulates the β-catenin-dependent branch of Wnt signaling (Petherick et al., 2013). Under normal physiological conditions, β-catenin limits basal autophagy in mammalian cell lines and functions as a transcriptional co-repressor of p62, but during nutrient deprivation, β-catenin is targeted for autophagic degradation and p62 is de-repressed (Petherick et al., 2013). In the embryonic brain, loss of Atg5 function decreases cortical neuronal differentiation and enhances progenitor proliferation through the stabilization of β-catenin, while Atg5 overexpression accelerates its degradation. Furthermore, the cortical phenotype observed following Atg5 silencing is fully rescued by β-catenin knockdown (Lv et al., 2014). On the other hand, it has been reported that Wnt3A decreases autophagy in mature neurons after traumatic brain injury while increasing hippocampal neurogenesis (Zhang et al., 2018a). In contrast, Wnt3A increases autophagy in embryonic rat hippocampal neuronal cultures through the activation of AMPK (Ríos et al., 2018). This effect is β-catenin-independent, uncovering an interesting connection between Wnt signaling, neuronal metabolism and autophagy that deserves further exploration.

Another key pathway regulated by autophagy is Notch signaling. Notch1 receptor is degraded via its uptake into pre-autophagosome vesicles in an Atg16L1-dependent manner (Wu et al., 2016). Atg7 and Atg16L1 knockdown increase Notch1 levels on the plasma membrane and Notch signaling, while Beclin1 overexpression has the opposite effect. Notch1 levels are increased in Atg16L1 hypomorphs (Wu et al., 2016) and in embryonic cortical primary cultures from these mice, there is an increase in the proportion of NSCs that is reversed with Notch inhibitors. In vivo, the VZ/SVZ of Atg16L1 hypomorphs is larger while the cortical plate is smaller compared to wild-type mice. Thus, increased Notch1 resulting from defective autophagy impairs neuronal differentiation and expands the NSC pool (Wu et al., 2016).

Altogether, the above studies combining pharmacological approaches and autophagy-deficient mouse models demonstrate that basal autophagy is required during embryonic neurogenesis and this is partly due to the regulation of key morphogen signaling pathways. In the next section, we will review the main findings regarding the role of ALP in neurogenesis during adulthood.



BASAL AUTOPHAGY AND ADULT NEUROGENESIS

Adult neurogenesis has been analyzed in animals deficient for ALP genes, with divergent results depending on which complex is targeted. Both direct (cell autonomous) effects on stem/progenitor cells and indirect (non-cell autonomous) niche-mediated effects have been identified. For the most part, the genetic strategies employed delete autophagy genes already at embryonic stages and the phenotype in the two adult neurogenic regions (the subependymal zone, SEZ, and the subgranular zone, SGZ) is analyzed in postnatal or young adults. Studies knocking out autophagy genes in stem or progenitor cells in adult mice are scarce.

Yu and co-workers first reported that insulin withdrawal induced an autophagic AMPK-dependent cell death in adult hippocampal NSPCs in vitro (Yu et al., 2008; Ha et al., 2017). The death correlated with the upregulation of Beclin1, LC3-II and the accumulation of autophagosomes, was partly rescued by Atg7 silencing and was enhanced with rapamycin. Later on, Chung and colleagues showed that low calpain activity underlied the switch from apoptosis to autophagic cell death (Chung et al., 2015). More recently it has been reported that oxygen-glucose deprivation (a cellular model of ischemia) also induces autophagic cell death in adult hippocampal NSPCs (Chung et al., 2018). These results suggest that blocking autophagy may be cytoprotective for insulin or oxygen-glucose deprived NSPCs.

In 2013, a seminal in vivo study demonstrated that FIP200-mediated autophagy is required for the maintenance and function of postnatal and adult NSPCs via the regulation of their oxidative state (Wang et al., 2013). Conditional deletion of FIP200 in radial glia during development depleted postnatal SEZ and SGZ progenitors and decreased neurogenesis. The adult neurogenic niches appeared normal at postnatal day (P) 0, but at P28, the dentate gyrus shrunk, the number of radial NSCs was reduced and astrocytes populated the SGZ, forming a dense ribbon. At this stage, the SEZ appeared thinner and was depleted of both NSPCs and PSA-NCAM+ neuroblasts. SEZ/SGZ proliferation became compromised and apoptosis was increased. In vitro neurosphere assays uncovered a reduced survival capacity of the NSCs and possibly a self-renewal defect. At P56, FIP200 deficiency raised mitochondrial mass and heterogeneity in the SEZ, increasing ROS and p53, a master regulator of cell cycle arrest and apoptosis in response to DNA damage (Ou and Schumacher, 2018). In double FIP200/p53 cKO animals, the apoptosis and proliferative defects were rescued yet differentiation was still affected, suggesting that the role of autophagy in the regulation of NSCs is uncoupled from its role in newborn neurons (Wang et al., 2013).

Neural stem cell maintenance, self-renewal and differentiation was unaffected in Atg5 and Atg16L1 cKO mice generated using the same mouse driver line employed for the FIP200 cKO (hGFAP-Cre) (Wang et al., 2016). This divergent result might be due to FIP200 functions beyond autophagy or to compensations for Atg5/Atg16L1 loss. Reinforcing the latter, p62 aggregates accumulated in the SEZ/SGZ of FIP200 cKO but not in Atg5 or Atg16L1 cKO mice; moreover, the decrease in NSPCs and proliferation was fully restored in double FIP200 and p62 cKO mice (Wang et al., 2016). At a mechanistic level, p62 aggregates reduced the activity of the superoxide dismutase SOD1, leading to oxidative stress and consequently to NSPC dysfunction. In addition, FIP200 indirectly regulated postnatal SEZ neurogenesis via microglia. Wang and colleagues demonstrated that p62 aggregates in FIP200-null NSPCs activate NF-κB and promote the production of Ccl5 and Cxcl110 chemokines, leading to microglia activation, niche infiltration and interference with NSPC differentiation (Wang et al., 2017a).

The role of the Beclin1-Atg14L1-Vps34 complex in the adult SEZ has been also analyzed (Yazdankhah et al., 2014). Ambra1 and Beclin1 are expressed in SEZ Nestin+ NSPCs and DCX+ neuroblasts and high levels of GFP-LC3 are detected in the SEZ of transgenic mice. In Beclin1+/− heterozygotes, proliferative cells and TuJ1+ neurons decrease, while active caspase-3+ cells increase throughout the SEZ (some co-localizing with TuJ1), evidencing a raise in apoptosis of the newly generated neurons. No in vivo analysis of the NSCs or intermediate progenitors using specific markers is so far available in these mice. Nevertheless, SEZ NSPC cultures from Beclin1+/− mutants were defective in neurosphere formation, neuronal differentiation and showed an increase in active caspase-3. NSPCs from Ambra1+/− mutants displayed a similar phenotype. Moreover, autophagy is required for radial migration of the SEZ newborn neurons upon their arrival to the OB. Lentiviral-mediated knockdown in migrating neuroblasts of a microRNA (let-7) targeting amino acid transporters [thus involved in ALP regulation (Nicklin et al., 2009)], impaired migration and autophagy, whilst overexpression of Beclin1 or TFEB restored both defects (Petri et al., 2017). Together, the data indicate that basal autophagy has a pro-survival role in adult SEZ newborn neurons in vitro and in vivo and point to an additional function in the maintenance of adult NSC pools and in the final migration of the adult-born neurons within the OB.

A recent report has knocked out an autophagy gene directly in actively proliferating NSPCs of the SGZ employing a retroviral (RV) strategy (Xi et al., 2016). Xi et al. (2016) injected a RV carrying an mCherry-EGFP-LC3 autophagy-sensing cassette in the dentate gyrus of young adult mice, traced the progeny of the transduced cells and found autolysosomes (mCherry+ puncta) in progenitors and immature neurons at all stages of development, being the most prominent accumulation in the developing processes of young neurons (<30 days post RV injection). Next, they simultaneously tracked the autophagy flux and knocked out Atg5 in dividing NSCPs of Atg5flox/flox mice, by co-injecting a second RV directing the GFP-Cre expression. As expected, Atg5-null NSPCs had less autolysosomes and their survival was markedly compromised. Atg5-null neurons experienced a transient maturation delay, with a reduction in spine density and prolonged expression of the immature marker DCX at 30 days post injection. Dendritic arborization seemed normal, although subtle defects could have been missed. This phenotype is reminiscent of the age-related maturation delay of newborn neurons (Trinchero et al., 2017), suggesting that a cell-autonomous failure in autophagy could partly contribute to maturation impairments during aging. Of note, the survival and the maturation timing defects were rescued in mice lacking the pro-apoptotic protein Bax (Xi et al., 2016).

More recently, Leeman et al. (2018) found protein aggregates in quiescent NSCs from the SEZ of young adult mice. The aggregates were stored in large lysosomes and the expression of lysosome-associated genes with TFEB motifs was increased. Detection of LAMPs and autophagy-sensing constructs indicated that quiescent NCS contained more and larger lysosomes than actively dividing NSCs. Nutrient deprivation (a pro-ALP stimulus) improved quiescent NSC activation in vitro, and this was blocked by bafilomycin A1, suggesting that ALP provides a burst of energy for NSC division. With age, a subset of old quiescent NSCs had defects in their lysosomes and in ALP, accumulating higher levels of protein aggregates. This was counteracted by overexpression of a constitutive active TFEB, leading to quiescent NSC activation. In vivo administration of rapamycin also increased the frequency of active SEZ NSPCs expressing the epidermal growth factor receptor (EGFR) in old animals, as analyzed by FACS. Although the active NSC and progenitor populations were not clearly segregated in the analysis, since they are both EGFR+, the finding suggests that clearing protein aggregates through ALP enhances NSC activity in the aged brain.



FUTURE PERSPECTIVES

Collectively, the above findings show a prevalent function for autophagy-related genes in embryonic neurogenesis and place autophagy at the crossroads between proteostasis anddevelopmental signaling pathways. During development, basal autophagy is mainly required for adequate neuronal differentiation and possibly to limit the expansion of the NSC population through the downregulation of the β-catenin/Wnt and Notch pathways. Commonalities and distinct features of ALP in adult vs. embryonic neurogenesis are also starting to emerge. The available data in the adult, summarized in Table 1, point to a distinctive role of ALP in the exit of NSCs from their predominant quiescent state (a property of adult NSCs that is not shared by their embryonic counterparts) and possibly to a shared role in the differentiation/maturation of the adult and embryonic newly born neurons. Basal autophagy has also a pro-survival role in adult neurogenesis. Nevertheless, to gain further insight into the function of ALP in adult neurogenesis, future studies using tamoxifen-inducible Cre/LoxP systems are required to delete autophagy genes during adulthood, bypassing confounding embryonic and postnatal effects.

TABLE 1. Role of autophagy in adult neurogenesis.

[image: image]

A remaining challenge in the field is to solve whether ALP regulation is cell intrinsic/extrinsic and further refine its coupling to sequential cellular transitions of the neurogenic cascade. Moreover, little is known regarding the role of autophagy in the adult neurogenic response to external stimuli. Running increases autophagy in the brain (He et al., 2012) and Xi et al. (2016) showed that running could not rescue the survival deficits of Atg5-null newborn neurons, but further research in this direction is warranted. Exploring in the adult the interesting connections found in the embryo between niche signals such as Notch or Wnt, NSC expansion, neuronal metabolism and autophagy will also likely expand our knowledge on the coordination between extrinsic/intrinsic mechanisms regulating neurogenesis in the mature brain.

Finally, the activation of autophagy facilitates the clearing of intracellular protein aggregates and consequently the pharmacological enhancement of ALP is viewed as a promising neuroprotective approach for a variety of neurodegenerative proteinopathies (Menzies et al., 2017; Thellung et al., 2018). On the other hand, autophagy is involved in the pathophysiological changes induced in the brain upon ischemic stroke (Zhang et al., 2018b) and possibly in NSPC cell death following radiotherapy in malignant childhood brain tumors, including high-grade gliomas (Wang et al., 2017b). The potential impact of autophagy modulators on the regulation of either endogenous NSPCs/neurogenesis [controversial in humans at this point, see Kempermann et al. (2018) and references therein] or the possible outcome of modulating autophagy in combination with NSPC transplantation strategies for the treatment of some of these diseases has received little attention. Autophagy may play a dual role in NSPCs and immature neurons, being adaptive and cytoprotective in basal conditions, or detrimental following exposure to ischemic environments or irradiation. On the other hand, the neurogenesis studies performed in animal models predict that inducing autophagy would favor the survival and maturation of the newly generated neurons in grafts. Thus, it is tempting to speculate that enhancing autophagy in neurodegenerative pathologies could be beneficial both for the damaged neurons and to improve the efficacy of cell replacement strategies, so we anticipate that future research in this convergence zone may yield promising results.



AUTHOR CONTRIBUTIONS

LC-C and HM wrote the first draft of the manuscript. IC-B organized the database. LC-C and IC-B prepared Figure 1. IC-B and LG-C wrote sections of the manuscript. All authors contributed to manuscript revision, read and approved the submitted version.



FUNDING

We thank Dr. Marçal Vilar for critically reading the manuscript. This work was supported by the Spanish Ministerio de Economía y Competitividad (Grant No. SAF2015-70433-R).



ABBREVIATIONS

ALP, autophagy-lysosomal pathway; Ambra1, activating molecule of Beclin 1-regulated autophagy; AMPK, AMP activated protein kinase; Atg, autophagy proteins; Beclin1, BCL-2 interacting moesin-like coiled-coil protein 1; DCX, doublecortin; GFAP, glial fibrillary acidic protein; HDAC6, histone deacetylase 6; IM, isolation membrane; LAMPs, lysosomal-associated membrane proteins; LC3, microtubule-associated protein light chain 3; MA, methyladenine; mTOR, mammalian target of rapamycin; NBR1, neighbor of BRCA1 gene 1; NSC, neural stem cell; NSPCs, neural stem and progenitor cells; OB, olfactory bulb; P, postnatal; PI3K, phosphatidylinositol 3 kinase; qNSC, quiescent neural stem cell; RAB7, ras-related protein; ROS, reactive oxygen species; RV, retroviral; SEZ, subependymal zone lining the lateral ventricles; SGZ, subgranular zone of the hippocampal dentate gyrus; SNAREs, soluble N-ethylmaleimide-sensitive fusion (NSF) attachment protein receptors; TFEB, transcription factor EB; TuJ1, beta tubulin III; Ub, ubiquitinated; ULK1, uncoordinated 51-like kinase 1; Vps, vacuolar protein sorting; VZ/SVZ, ventricular zone/subventricular zone.
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Major depressive disorder (MDD) is a common emotional cognitive disorder that seriously affects people’s physical and mental health and their quality of life. Due to its clinical and etiological heterogeneity, the molecular mechanisms underpinning MDD are complex and they are not fully understood. In addition, the effects of traditional drug therapy are not ideal. However, postmortem and animal studies have shown that overactivated microglia can inhibit neurogenesis in the hippocampus and induce depressive-like behaviors. Nonetheless, the molecular mechanisms by which microglia regulate nerve regeneration and determine depressive-like behaviors remain unclear. As the immune cells of the central nervous system (CNS), microglia could influence neurogenesis through the M1 and M2 subtypes, and these may promote depressive-like behaviors. Microglia may be divided into four main states or phenotypes. Under stress, microglial cells are induced into the M1 type, releasing inflammatory factors and causing neuroinflammatory responses. After the inflammation fades away, microglia shift into the alternative activated M2 phenotypes that play a role in neuroprotection. These activated M2 subtypes consist of M2a, M2b and M2c and their functions are different in the CNS. In this article, we mainly introduce the relationship between microglia and MDD. Importantly, this article elucidates a plausible mechanism by which microglia regulate inflammation and neurogenesis in ameliorating MDD. This could provide a reliable basis for the treatment of MDD in the future.
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INTRODUCTION

Major depressive disorder (MDD) is a common neuropsychiatric disorder with multiple contributing factors—both genetic and environmental—that now affects approximately 350 million people worldwide (Jo et al., 2015). In the past decades, many studies have focused on the monoamine hypothesis. The clinical use of tricyclic antidepressants (TCAs) or serotonin-selective reuptake inhibitors (SSRIs) is targeted at specific neurons and ignores the microenvironment of neurogenesis. Recently, there was a major breakthrough in our understanding of the mechanistic basis for MDD: “inflammatory hypothesis” (Dowlati et al., 2010). Cytokines are pleiotropic molecules with key roles in inflammatory responses and neuroinflammation is important not only in inflammatory responses but also in neurogenesis. Patients with MDD exhibit increased peripheral blood inflammatory biomarkers, including several inflammatory cytokines, such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α and IL-6 (Kim et al., 2007; Dowlati et al., 2010). Proinflammatory cytokines are closely associated with neurogenesis, in that proinflammatory receptors are highly aggregated in hippocampal regions with cognitive functions. For example, IL-1 receptors (IL-1Rs) are distributed in the central nervous system (CNS) of the human, mouse and rat, and they are modulated by various opposing factors including glucocorticoids and anti-inflammatory cytokines to ameliorate sickness behaviors (Parnet et al., 2002). Various studies suggest that proinflammatory cytokines exert harmful effects on cell survival and decrease neurite outgrowth and neural lineage commitment, and proinflammatory cytokines (MIP2, IL-1β, INOS and TNF-α) lead to microglial activation that reduce hippocampal neurogenesis (Monje et al., 2003; Farrell et al., 2016; Wang J. et al., 2018).

Microglial cells are the brain’s immune cells in the CNS. While other major cell populations in the CNS share a neuroepithelial origin, microglia derive from myeloid progenitors, being more closely related to peripheral macrophages than to neurons, neighboring astrocytes, or oligodendrocytes (Ginhoux et al., 2010). They play a role in phagocytes, recognizing and scavenging dead cells and pathogens (Ajami et al., 2007; Casano and Peri, 2015). The presence of neurotransmitter receptors in microglia illustrates their functional connection to neurons and this receptor activation could cause microglial cells to perform different activation phenotypes (Pocock and Kettenmann, 2007). They are involved in various neural activities and immunological functions. Under normal physiological conditions, microglia remain in the resting phenotype involved in neuronal activities such as synaptogenesis, neurogenesis and the release of neurotrophic factors (Bilbo and Schwarz, 2009; Ferrini and De Koninck, 2013; Sato, 2015). However, when the brain is injured and the homeostasis of the microenvironment is disturbed, microglial cells shift into active phenotypes that can secrete proinflammatory cytokines, chemokines, and reactive oxidants (Harry and Kraft, 2008; Lehnardt, 2010). Increases in proinflammatory mediators are likely to damage normal tissues, as the uncontrolled and sustained inflammatory alterations have detrimental effects and further exacerbate the neuronal injury, thus increasing the susceptibility to MDD.

Microglia are characterized by strong plasticity and a diversified morphology and are capable of influencing complex moods, synaptic plasticity, neurogenesis, and memory; hence, some types of depression could be considered as microglial disease (i.e., microgliopathy; Yirmiya et al., 2015). Therefore, analyzing microglia morphology would be a good approach to better understanding the pathogenesis of depression. Here, we first review the potential phenotypic transformation mechanism of microglia, and then describe the impact of their different activation types on neurogenesis as related to depression. Next, we proceed to highlight the interplay between inflammation–microglia and neurogenesis–depression. Lastly, we explain how the key factors impact microglial activation in chronic neurological disorders. Understanding how microglia respond to different stimulators will thus have important implications for controlling the reactivity of these cells in MDD, as well as for treating more chronic neurodegenerative diseases.



MICROGLIA, NEUROINFLAMMATION AND MDD


MDD and Inflammatory Factors

MDD is a serious disease that globally affects many people often accompanied by abnormal behavior, anorexia, lethargy, weight loss, severe feelings of guilt and more sleep (Capuron et al., 2009). Because of its clinical and etiological heterogeneity, the molecular mechanisms underpinning depression are complex and not clearly understood. Inflammatory mediators have been proposed as causal links to MDD. According to some cytokine profile, microglial activation and inflammation are also increased in the brains of MDD patients.

Bacterial endotoxin lipopolysaccharide (LPS), a potent activator of proinflammatory cytokines, was found to induce depressive-like behaviors (Medeiros et al., 2015). The sickness-related psychopathological symptoms during infection and inflammation are mediated by increasing multiple proinflammatory cytokines, namely IL-1ß, IL-6, TNF-α and IFN-γ. Intriguingly, an imbalance among them was detected in the serum of patients with MDD (Young et al., 2014; Mao et al., 2018). Some antidepressants have shown strong anti-inflammatory response, for example, selective serotonin and serotonin norepinephrine reuptake inhibitors (SSRI and SNRI, respectively) are the first choice pharmacological options for treating MDD. The transcription of TNF, IL11 and IL6 revealed significant expression differences at baseline and after escitalopram (SSRI antidepressant) treatment in depressed patients (Powell et al., 2013). Yet, it is increasingly apparent that these drugs also exert effects on inhibiting microglial activation (Tynan et al., 2012). The mechanism by which inflammation causes depressive-like behaviors likely involves one or more inflammatory molecules, such as C-reactive protein (CRP) or prostaglandin E2 (PGE2) and the hypothalamus–pituitary–adrenal (HPA) axis (Figure 1).
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FIGURE 1. Relationship between inflammation and major depressive disorder (MDD). Stress is an important factor in the occurrence of depression symptoms. There are four main occurrence mechanisms of MDD: (1) stress could lead to disorderly release of neurotransmitters, and then cause an imbalance in the level of neuroinflammatory factors; (2) stress could lead to abnormal intestinal flora and increase the levels of inflammatory factors from the peripheral nervous system and the central nervous system (CNS); (3) stress could lead to excessive activation of microglial cells, causing them to release toxic substances to disrupt the balance of inflammation and anti-inflammation; and (4) stress could lead the immune macrophage to release inflammatory cytokines, which indirectly cause neurological circuit disorders.



These observations suggest an interesting connection between microglial inflammatory responses and MDD.



Microglia Regulate Neuroinflammation in CNS

Although the level of inflammation in the brain is approximately as that in the peripheral areas, our work has shown that peripheral inflammation does not contribute to neuroinflammation in the CNS (You et al., 2011). The peripheral system is separated from the CNS by the blood–brain barrier (BBB), and although most cytokines spans have greater than 15 kDa, they cannot cross the BBB. Although the BBB’s permeability could change under pathological conditions, this condition is ephemeral and dose not last long (Henry et al., 2009). In contrast, MDD is a chronic and persistent psychological disorder. Hence, such permeability changes in the BBB seem insufficient to explain depression which is regulated by specific cells in the brain.

Microglia, the innate immune cells that settle in the brain, account for approximately 5%–20% of the total number of adult glial cells (Polazzi and Monti, 2010; von Bartheld et al., 2016). Microglial cells are bone marrow cells derived from the embryonic yolk sac, which migrate to the brain during early development, and they maintain their abundance in the brain by local self-renewal (Kierdorf et al., 2013; Hoeffel et al., 2015). An interruption in CNS homeostasis could induce a cascade of conserved adaptive responses in microglia. They have retractable branches to search and scan the brain for damage and infection. When parts of the brain are found to be damaged or infected, microglial cells trigger an alarm and a signaling cascade by secreting inflammatory signals (Norden et al., 2015). As more microglia receive these signals, more are recruited to the site of the injury, where they secrete more anti-inflammatory cytokines to resolve the inflammation and also secrete neurotrophic factors to repair the damage (Verney et al., 2010). Since microglia are characterized by diversity and plasticity, it becomes very meaningful to study the effect of differently activated microglia on MDD.



Microglial Activation and MDD

Microglial activities were recently linked to MDD’s pathological conditions; they have a detrimental effect on neurogenesis by causing neuroinflammation and exacerbating depression (Singhal and Baune, 2017). For example, some models of chronic stresses—such as chronic unpredictable stress, chronic restraint stress, and chronic social defeat stress—can trigger a loss in the number of endogenous hippocampal microglia and cause hippocampal microglial activation (Tong et al., 2017; Wang Y. L. et al., 2018). Many animal studies have shown that changes in microglia structure and function are associated with depressive-like behaviors (Franklin et al., 2018; Wang Y. L. et al., 2018; Wohleb et al., 2018).

Activated microglia have three prominent features: great numbers, an enlarged cell body, and fewer branches. The differently activated phenotypes of microglia are likewise found in the brains of a patient or mouse with depressive-like behaviors (Wang Y. L. et al., 2018). Microglial activation also occurs in MDD patients. Interestingly, autopsies of the anterior cingulate cortex in patients with MDD revealed an activation of microglia and change of inflammation (Steiner et al., 2011), and more activated microglia were found in the ventral prefrontal white matter of patients who had committed suicide after depression (Torres-Platas et al., 2014). In other work, activated microglia appeared in the dorsolateral prefrontal cortex, anterior cingulate cortex and hippocampus of patients with schizophrenia and depression (Steiner et al., 2008, 2011). The increased IBA1 gene expression measured in the white matter of depressed suicides may indicate further evidence for increased microglial priming, as this protein is expressed more highly in the “resting” stage of microglial cells (Imai and Kohsaka, 2002). In summary, together these studies suggest that microglia activation may be considered as an important marker of MDD.



Activated Phenotypes of Microglia

Due to their heterogeneity, microglia may be induced into several activation phenotypes to detect pathogenic substances and eliminate cell debris, and they can also contribute to nerve regeneration and tissue reconstruction (Li and Barres, 2018). Microglial phenotypes are divided into M1 (Li et al., 2014) and M2 (Almolda et al., 2015), with the latter divided into M2a, M2b and M2c (Franco and Fernández-Suárez, 2015). M1 and M2 microglia can transform each other depending on their activation pathway (Figure 2). Under the action of the IFN-γ cytokine derived from helper T cells (Th1), the resting microglia may turn into the M1 subtype induced by IFN-γ via the classic activation pathway (Prajeeth et al., 2014). Or, conversely, the cytokines IL-4 and IL-13 derived from Type 2 helper T cells (Th2) can induce the transformation of microglia cells into the M2 phenotype through the alternative activation pathway (Ghosh et al., 2016). Crucial participants in this process are interferon regulatory factors (IRFs; Hayakawa et al., 2014), nuclear factor (NF) kappa B (Zhang F. et al., 2017), activator protein 1 (AP1; Wang Y. et al., 2018), and peroxidase (pod) body growth-activated receptor (PPAR)-γ (Pan et al., 2015), which interact with each other to determine the microglial phenotype. The different microglial phenotypes play an important role in regulating the occurrence, development and cessation of inflammatory diseases. Based on the body of evidences, the M1/M2 polarization of microglia contributes significantly to how the production of neuroinflammation is governed in the CNS (Figure 1).
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FIGURE 2. Different microglial phenotypes are related with MDD. Some stimuli induce different types of microglia involving in different functions. Microglial phenotypes are divided into five main states: resting microglia (M0) is mainly to maintain a steady state of the brain’s environment under physiological state; classical activated microglia (M1) is with neurotoxic properties and can release inflammatory cytokines; alternative activated microglia (M2a) is involved in repair and regeneration; transitional activated microglia (M2b) is related to immune regulation; and acquired deactivated microglia (M2c) participate in neuroprotection and release some anti-inflammatory cytokines. Under chronic stress, microglial cells are induced to form the M1 type, releasing inflammatory factors that cause neuroinflammatory reactions.



In some chronic neurological diseases, microglial cells become activated and gradually change morphology and function. Microglia could enable the sustained release of proinflammatory mediators leading to the development of diverse neurodegenerative disorders via activating some innate immune signaling pathways, such as the NOD-, LRR- and pyrin domain-containing 3 (NLRP3) inflammasome and so on (de Rivero Vaccari et al., 2009; Adamczak et al., 2014; Heneka et al., 2014). We next argue that the mechanism of microglial activation is associated with MDD.



The Mechanism of Microglia Activation Associated With MDD

In clinical depression, how microglial activation occurs is a widely controversial topic that includes several possible mechanisms (Figure 3).


[image: image]

FIGURE 3. Microglial activation pathway. The activation of microglial cells is affected by many factors. The possible pathways of microglial activation as follows: (1) microglial cells respond to stress through releasing some inflammation, and inflammatory cytokines disrupt the neuronal network, causing MDD. (2) The hypothalamus–pituitary–adrenal (HPA) axis is involved in activated microglia. Intestinal flora could cause changes in the levels of inflammatory factors, which in turn affect the inflammation balance in the CNS and then activate microglia. (3) IL-1ß released from inflammasomes activates microglial cells. Inflammasomes release more inflammatory cytokines, which are amplified by cascade and then activate microglia. (4) Glucocorticoids induce microglia activation. Glucocorticoid-activated microglia respond to a range of immune challenges, including injury, trauma, or infection. (5) The norepinephrine system is also thought to be a stressor of activated microglia. (6) Physiological stress may also trigger the microglia activation directly, by releasing damage-associated molecular patterns (DAMPs) in the brain. (7) Some neurons could directly cause the microglial activation via CX3C receptor 1 (CX3CR1), CD200 and some cytokines.



(1) Microglial cells respond to stress through neuroinflammation. This “cytokine hypothesis of depression” proposes that inflammatory cytokines play a key role in the crosswalk of the neurochemical, neuroendocrine, and neurotrophic systems of depressive disorder. It is supported by the evidence that the administration of proinflammatory cytokines in both plasma and CSF have been found to influence the progression and severity of MDD in different populations (Young et al., 2014). Some central and peripheral conditions are closely correlated with the increased incidence of MDD, including stroke, stress, and multiple sclerosis (Anisman and Hayley, 2012). Conservative pathogen- and risk-associated molecular patterns are respectively responsible for the infectious or non-infectious inflammatory microglial response, and microglia are activated by inflammatory factors through humoral and neural pathways. Normally, the interaction between peripheral immune cells and microglia are regulated by the choroid plexus and the BBB. Under pathological conditions (such as viral infection, stroke and trauma), the BBB is weakened and immune cells infiltrate into the brain from the outside. Some damage signals directly stimulate microglia to become activated via their binding to specific receptors, causing them to secrete more inflammatory factors, which thus exacerbate the depression symptoms (de Pablos et al., 2014).

(2) The enteric-brain axis is a system involved in the activation of microglia. In depressed patients, antidepressant treatment has been associated with the dysregulation of the HPA axis (Khemissi et al., 2014). Antidepressant effects of SSRI treatment has been found to alleviate HPA axis dysregulation (Young et al., 2004). Additionally, antidepressant treatment resistance is associated with HPA axis dysfunction. However, the underlying mechanisms are poorly understood (Khemissi et al., 2014). A new article points that the P2X7 receptor antagonist reverses microglial activation and neuroendocrine dysregulation of an unpredictable chronic mild stress model in mice (Farooq et al., 2018). Intestinal flora are controlled under normal physiological conditions and can affect the structure, function, and migration of immune cells. Some studies have shown that gut flora disorders can lead to neurological, hormonal and behavioral changes. For example, hyperactivity of the HPA axis has been associated with higher rates of MDD relapse and chronicity. Moreover, the HPA axis changes tend to improve upon resolution of the depressive syndrome (Juruena, 2014). Depression symptoms were associated with greater cortisol levels and a more prolonged activation of the HPA axis and with an impaired from psychosocial stressors (Lopez-Duran et al., 2015). Under certain situations, stress can increases gut permeability, allowing the gut flora or their metabolites to cross the intestinal mucosa and stimulate the immune-brain system, eventually leading to the activation of immune cells (Feng et al., 2018), resulting in microglia activation that is accompanied by depressive-like behaviors (Depino, 2015).

(3) NLRP3 inflammasome activates microglial cells. Inflammatory processes have been implicated in both acute and chronic stress conditions. The molecular steps leading to IL-1β maturation and a caspase-activating complex take place in an intracellular complex termed the inflammasome (Martinon et al., 2002). NLRP3 (Nucleotide binding and oligomerization domain-like receptor family inflammasome) is a multiprotein complex consisting of NLRP3, pro-caspase-1, and the apoptosis-associated domain (CARD; ASC). There is emerging evidence in animal models that sustained inflammatory responses involving microglia and astrocytes activation contribute to disease progression (Glass et al., 2010). Microglia are the main cell type in the brain responsible for IL-1β and IL-18 secretion. in response to classical inflammasome stimuli (Gustin et al., 2015; Ślusarczyk et al., 2018). Thus microglia-dependent inflammasome activation plays a significant role in the brain and especially in neuroinflammatory condition.

(4) Glucocorticoids induce microglia activation. Most people with MDD showed elevated levels of inflammatory biomarkers. The HPA axis is a major endocrine system that regulates inflammatory responses. Although glucocorticoids are generally anti-inflammatory, they can promote inflammation under certain situations, especially when the brain homeostasis has been disrupted; in this case, glucocorticoids activated microglia respond to a range of immune challenges, including injury, trauma, or infection (Espinosa-Oliva et al., 2011). Glucocorticoid can induce microglia to express the leucine zipper and FK506 binding protein gene 51- itself, mediated by glucocorticoids; hence, these proteins aggravate the stress reaction and depression symptoms. Treatment with corticosterone inhibitor can increase microglial numbers, which further inhibit corticosterone production to eliminate depression symptoms (Nakatani et al., 2012). These results confirm that glucocorticoid can cause the activation of microglia.

(5) The norepinephrine system is also thought to be a stressor of activated microglia. Both social and psychological stress cause the release of norepinephrine, and these signals are released by various immune cells, including microglia. Primary microglia expressed beta(2) adrenergic receptor (AR) and norepinephrine and isoproterenol upregulated the expression of receptor mFPR2, a mouse homolog of human formyl peptide receptor FPR2 that activated beta(2) AR in microglia. Furthermore, the activation of beta(2) AR on microglia induced the expression of an insulin-degrading enzyme and increased the degradation of Aβ42 (Kong et al., 2010). In this way, norepinephrine evidently functions as a link between the neurons and microglia to orchestrate the host response to stress.

(6) Physiological stress may also trigger microglia activation directly by releasing damage-associated molecular patterns (DAMPs) in the brain. The DAMP acts on the toll-like receptor 4 (TLR4) receptor of microglia, producing dangerous signals that are further passed on and cause changes in microglia; specifically, acute stress induces the production of high mobility group box-1 protein (HMGB1) in the DAMP, which enables the microglia to secrete proinflammatory factors, leading to upregulate the gene expression of microglial matrix metal proteins (Kigerl et al., 2018). Stress can also change the expression level of 70 kilodalton heat shock proteins (HSP70) and affect the binding of its molecular partners BAG1, HSP70, and TLR4 receptors, all of which are related to the onset and prevalence of depression (Song et al., 2001).

(7) The activity of neurons causes the activation of microglia. Microglia are involved in synaptic pruning both in development and in the mature CNS. It is now known that, under certain conditions, microglia may adopt a proneurogenic phenotype, which involves the expression of neurotrophins and anti-inflammatory cytokines, such as insulin-like growth factor 1 (IGF-1), brain-derived neurotrophic factor (BDNF), and IL-4 (Ribeiro Xavier et al., 2015; Chen and Trapp, 2016). The physiological functions of microglia are important for maintaining neuronal integrity, network functioning, and neurogenesis in the brain. Stress usually leads to increased neuron activity, and microglial cells may be activated by strong neuronal signals while monitoring environmental changes. Given that the surfaces of microglia have numerous receptors, they can bind to many stress-related neurotransmitters, including glutamate, norepinephrine and serotonin. When faced with stress, threat, anxiety, or pain, we find that many microglial cells are activated and near neurons in the gray matter area of the brain (Hellwig et al., 2016). In addition, chronic mild stress is closely related to the activated microglia and neurons, and pharmacological inhibition of NMDA receptors can inhibit the activation of microglia (Wendt et al., 2016). Clearly then, the activity of neurons interacts with the activation of microglia.




MDD AND NEUROGENESIS

Because of the heterogeneity of MDD, its pathophysiological mechanism and biological basis remain unclear. Decades of research has clearly shown that a variety of neurotransmitters, especially monoamine neurotransmitters and neurotrophic factors, do contribute to MDD (Joca et al., 2015), which has also been linked to glutamate signaling (Cunningham and Watson, 2008). The hypothesis of depression is based on much related research; for example, brain imaging and postmortem studies in MDD patients indicated the apoptosis of mature neurons and a reduced hippocampal volume, and perhaps more interestingly, that the lag time of antidepressant drugs was approximately equivalent to the cycle of neurogenesis (Sahay and Hen, 2008). In addition, stress is a common risk factor for depression, and long-term stressful conditions can inhibit the neurogenesis of nonhuman primates but this is recoverable via antidepressant therapy. In rodents, inhibiting their hippocampal neurogenesis leads to depression, yet antidepressant drugs could promote neurogenesis. TCA-Imipramine, rarely used in neurogenesis studies, has been shown to increase the proliferation and survival of nerve precursor cells (Zhang et al., 2013). In addition, some drugs, although not approved for use in laboratory animals, did show antidepressant effects, such as CRF1 antagonists and V1B antagonists, which increased the proliferation of neural precursor cells (Henn and Vollmayr, 2004). Nondrug therapy that improves depressive-like behavior also has neurogenic effects. A single electroconvulsive stimulus (ECS), similar to electroconvulsive therapy used for severe depression in clinical practice, can significantly increase the number of newborn neurons that survive (Tang et al., 2016). The stimulation of an electric spasm can also restore to a certain extent the neurogenesis damaged by X-ray irradiation and also restore nerve injuries caused by chronic antidepressant treatments (Santarelli et al., 2003). In addition to influencing both spatial learning and memory, neurogenesis in the hippocampus is also associated with stress-induced depression-and anxiety-like behaviors. An enriched environment can promote the proliferation of nerve precursor cells and alleviate depression and anxiety-like symptoms (Wu et al., 2017). Since different types of antidepressant treatments can increase the proliferation and survival of vital neural precursor cells, this demonstrates that neurogenesis has a positive effect for resisting stress and antidepressant injury, thus suggesting that decreased neurogenesis in the adult hippocampus may be the pathological basis of MDD.



MICROGLIA AND NEUROGENESIS

According to the activation state of microglial cells, they have two potential functions: supporting or damaging neurogenesis in adult brains. The proinflammatory program (termed M1) microglia often release inflammatory mediators that severely result in the injured tissue (Ding et al., 1988), while the anti-inflammatory phenotypes of microglial cells are neuroprotective type in function and promote the survival of new neurons (Gemma and Bachstetter, 2013). In short, the inflammatory phenotypes of microglial cells often impede neurogenesis. Nonetheless, the effects of different microglial phenotypes on hippocampal neurogenesis are complex and slow.


Resting Microglia and Neurogenesis

In a healthy brain, most microglial cells are in a resting state. The morphology of resting microglia is poly-branched with many fine branches and a smaller cytoplasm. These cells use their fine branches to detect infections and damage in their environment. In the hippocampal area, resting microglia actively participate in adult neurogenesis through the process of phagocytosis (Sierra et al., 2010). Yet some studies have shown that phagocytic newborn neurons do not trigger microglial activation, indicating that incompletely activated microglial cells also have phagocytic functions. These findings suggest that resting microglia can also regulate, in part, neurogenesis (Sierra et al., 2014). Resting microglia could affect neurogenesis by regulating the function of the neural stem cells in vitro, as well as the proliferation and differentiation of neurons by releasing neurotrophic factors (Wadhwa et al., 2017). For example, a review article has shown that over time, the proportion of nerve cells in the subependymal tissue of mice were reduced when they were cultured separately from activated microglia (Shigemoto-Mogami et al., 2014). Another way that neurogenesis is affected is by the disfiguring of microglial receptors, such as ADP receptor P2Y1 (Stefani et al., 2018), vacuolar sorting protein 35 (VPS35; Appel et al., 2018), and CX3C receptor 1 (CX3CR1; Reshef et al., 2014). Thus, the body of work to date suggests that microglia can enhance neurogenesis by secreting unknown factors or via directing contact with neurons. Moreover, it is interesting to note that microglial cells extracted from young rats promoted significantly more neurogenesis than did those from old rats, indicating that the influence of microglial activity weakens with age (Boehme et al., 2014). Together, the evidence suggests that microglial cells support neurogenesis when not activated, thus giving us a better understanding of their functional role in the brain.



Classical Activation of Microglia on Neurogenesis

There is considerable evidence for the classical activation microglia having a negative effect on neurogenesis in the hippocampus. The bacterial endotoxin LPS can be injected into the CNS or whole body to simulate the inflammatory response in the brain, thereby inducing the classic activation of microglia cells (M1). This activation of microglia by LPS was found to decrease adult neurogenesis, specifically by inhibiting the proliferation or the survival of the new cells (Fujioka and Akema, 2010). LPS with TLR4 molecules induced the microglia activation, and the release of proinflammatory factors, namely IL-1ß, TNFα and IL-6 as well as some other inflammatory molecules (Zhang J. et al., 2017), and an LPS treatment reportedly induced the long-term impairment of hippocampal neurogenesis and memory (Valero et al., 2014). In addition, LPS significantly reduced the number of cells expressing the dual adrenal cortical hormone (DCX), proving that the application of LPS could limit the differentiation of new cells into neurons (Valero et al., 2014). In these studies, the survival of newborn neurons was negatively correlated with the number of microglia activated. In other animal experiments, minocycline, a microglia activity inhibitor, selectively prevented the M1 microglia polarization into a proinflammatory state, providing a basis for understanding the pathogeneses of many diseases accompanied by microglial activation (Kobayashi et al., 2013). Generally, a related report demonstrated that neuroinflammation inhibits neurogenesis in the hippocampus by reducing the differentiation and survival of new neurons (Wang and Jin, 2015). Systemic inflammation, induced by an LPS injection, was sufficient to alter inflammatory status and deregulate the ongoing process of neurogenesis in animals and increased the proliferation of microglia/microglial precursor cells (Smith et al., 2014). Because LPS stimulates M1 microglial activation and this decreased neurogenesis, this strongly suggests that microglial phenotypes are associated with neurogenesis (Zhang J. et al., 2017). Interestingly, over time, aging microglial cells may adopt a potent neurotoxic, proinflammatory “primed” (M1) phenotype when challenged with inflammatory or neurotoxic stimuli that hinder the brain’s own restorative potential and inhibit its endogenous neurorepair mechanisms, and microglia interact with neural stem progenitor cells (NSCs). Microglial subtypes are able to regulate NSCs differently; NSCs from the anti-inflammatory microglial subtype (M2) had better survival and increased migration when kept in a conditioned medium (Osman et al., 2017). This suggests that M2 microglial cells likely contribute to neurogenesis.



Alternative Activation of Microglia on Neurogenesis

The alternative activated microglia (M2) phenotype operates in both neuroprotection and reconstruction of neural networks in the brain. The M2 microglial cells are distinguished by the release anti-inflammatory mediators, such as IL-4, IL-10 and transforming growth factor-(TGF) ß (Almolda et al., 2015; Franco and Fernández-Suárez, 2015). These inflammatory cytokines inhibit the nonimmune cells from releasing proinflammatory factors. M2 microglia consist of three subtypes (M2a, M2b, M2c). M2a contribute to the repair of damaged tissue by expressing anti-inflammatory and neurotrophic factors; M2b constitute the deactivating phenotype and it also expresses anti-inflammatory mediators; M2c is characterized by its phagocytosis function and associated benefits from clearing out cell debris in the brain (Almolda et al., 2015). Moreover, the M2 microglia supernatant could activate the peroxisome proliferator-activated receptor (PPAR)γ signaling pathway to promote neurogenesis and differentiation of NSPCs (Yuan et al., 2017). Newer research is focusing on the effects of herbal medicines on neurogenesis. For example, naringin dihydrochalcone (NDC), a widely used dietary sweetener with strong antioxidant activity, reduced the abundance of activated microglia and inhibited neuroinflammation, which collectively reduced the neuronal damage (Yang et al., 2018). Salvianolic acid B (SalB), with its anti-inflammatory, antioxidant, and neuroprotective effects, significantly lowered the chronic middle stress (CMS)-induced apoptosis and microglia activation in the hippocampus and cortex (Zhang et al., 2016); it also promoted microglial M2-polarization and rescued neurogenesis in stress-exposed mice (Zhang J. et al., 2017). Indeed, there is compelling evidence that anti-inflammatory factors may promote neurogenesis. Positive correlations were found between the serum IFN-γ/IL-4 ratio and the levels of neurotrophic factors and neurogenesis in the hippocampus (Yang et al., 2016). It was recently revealed that microglial cells secreting IL-10 play a supporting role in the differentiation of neurons and the survival of new cells in cell cultures (Qi et al., 2017). Taken together, these results suggest that M2 microglia do promote neurogenesis differentiation.

Microglia can regulate brain circuit connectivity in multiple ways. During embryonic neurogenesis, they regulate the stem cell pool via their secretion of trophic factors and through phagocytosis (Cunningham et al., 2013). Microglia provide trophic support to neurons and endothelial cells, notably by producing BDNF, IGF-1/2 and TGF-ß such that disrupted growth factor production in microglia could interrupt cortical layer formation (Ueno et al., 2013). Microglial cells are inflammatory phenotypes initially associated with brain injury (Toshimitsu et al., 2018). After ischemic injury to the striatum, microglial cells displayed an M2 phenotype. In addition, this injury also caused new cells to accumulate in the subependymal (SVZ) region of the CNS, as many new cells migrated into the lesion site in the striatum. Prominent changes to microglia activation patterns mainly occur in the alternative activation of neuroprotective phenotypes. In the stroke model, microglial cells in the SVZ region modulate the expression of IL-1β, IL-6, TNF-α and IL-10 (Wang Q. et al., 2018), contributing to neurogenesis. This would suggest that the M2 microglia in particular contribute to the differentiation and migration of neurons. For this reason, microglial cells are now recognized as "gate-keepers" of a healthy brain’s microenvironment, where their disrupted functions adversely affect neurovascular integrity, neuronal homeostasis and network connectivity.




MICROGLIAL PHENOTYPE SWITCHING IS RELATED TO THE TREATMENT OF DEPRESSION

It has become increasingly evident that different internal or external triggers prompt activated microglia to exert their neurotoxicity or neuroprotection. However, which molecules synergistically interact to switch the states of activated microglia and which act in a gene-specific manner to alter later development of an opposing phenotype are not known. Several studies elucidate that in vitro, the former microglia phenotype affects the development of the latter phenotype by initially treating with LPS, IL-4, or IL-10, respectively and subsequently, switching the stimulators’ order (Gresa-Arribas et al., 2012). On one hand, applying an IL-10 pretreatment before administering LPS prevented the expression of TNF-α, IL-6 and COX2; on the other hand, treatment with LPS before an IL-10 introduction led to the expression of inflammation. Alternatively, while pretreatment with IL-4 before LPS failed to inhibit CD86, COX2, INOS and CD32, treatment with LPS before IL-4 prevented the loss of CD32 but did not decrease the M1 marker (Chhor et al., 2013). These contribute evidence for microglia displaying a morphological switch under different activators.

Evidence is mounting to suggest that PPARγ can inhibit microglial activation, promote M2 polarization and suppress inflammatory cytokines in inflammation-related diseases. Depending on the stimulus encountered, the activation profile of microglia transforms from classical activated (M1) to alternative activated (M2) cells (Cherry et al., 2014). In the case of multiple sclerosis, glatiramer acetate (GA) is a promising molecule capable of altering the inflammatory environment by recruiting Th2 T cells to the CNS, inducing the production of IL-4, which ameliorates depressive-like behaviors (Miki et al., 2018). Inflammatory signals may then act on the neuronal network via their neurotoxic activities or by directly influencing mood regulation. A number of inflammatory cytokines, such as IL-1β, TNF-α and IFN-γ, are known to inhibit serotonin transporter activity and ameliorate depressive-like behaviors (Janssen et al., 2010). Microglial cells can come into close contact with neuronal synapses and enhance neurogenesis, thus contributing to MDD.



THE KEY FACTORS TO MODULATE MICROGLIAL PHENOTYPE

Immune cells are needed to clear endogenous or exogenous factors and repair tissue damage, and most of them are resident myeloid cells-microglia. The microglial phenotype is significantly shaped due to the exogenous and endogenous factors.

Some marker molecules were specially expressed on the microglia in brain regions, such as Cd200r4 and Sirpa (Grabert et al., 2016), while Cx3cr1 was expressed uniformly on the macrophages and microglia (Kim et al., 2011). It is expected that different phenotypes of microglia depend on the communication with neurons. For example, CX3CR1–CX3CL1 signaling may control the microglial phenotype through the release of neuroinflammation; Mef2C and IL-4Rα are highly expressed by microglia in response to TGF-β (Butovsky et al., 2014). Mef2C, as a microglia "off" signal, can alter microglial transcriptome in the presence of type I interferon in aged mouse brain (Deczkowska et al., 2017; Figure 4). Altogether, some complex, spatially diverse cytokine is likely to be involved in controlling microglial activity.


[image: image]

FIGURE 4. The mechanism of microglial activation. Four major stimuli factors modulate microglial immune activity. These factors are as follows: (a) soluble factors modulate microglial immune responses, such as neurotransmitters and neurotrophic cytokines and so on. (b) Some special receptors are involved in interactions between microglia and neurons. (c) Inflammatory factors and chemokines relate to microglial migration and phagocytosis, such as IL-1ß, IL-10, IL-4 and CCL2, MCP-1 and CXCL1. (d) Some transcription factors (TFs) and microRNAs (miRNAs) affect microglial activation responsed to stress.



Several endogenous molecule stressors shifting the microglia activation phenotype have been identified, and some studies focus on the key microRNAs (miRNAs) and transcription factors (TFs) in microglia (Guedes et al., 2013; Butovsky et al., 2015). MiRNAs regulate gene expression and are major factors in molecular biology. Several studies indicate that miRNAs participate in the regulation of almost all the cellular processes and the changes in their expression are observed in diseases (Bushati and Cohen, 2007). MiRNAs mediate post-transcription to control cell fate, such as cellular activation and proliferation. An increasing number of studies have revealed that MiRNAs provide a genetic switch to activate target genes via regulating TFs (Arora et al., 2013). For example, CEBPα and PU.1 orchestrate microglial development altogether. CEBPα is being considered as the main regulator in hematopoietic stem cell differentiation (Fazi et al., 2005). MiRNAs are related to microglia activation phenotypes (Ponomarev et al., 2013; Porta et al., 2015); resting microglia cells are characterized by low expression levels of miR-155 and high expression of miR-124; M1 microglia increase the expression levels of miR-155 and decrease the level of miR-124; M2 microglia are distinguished by low expression levels of miR-124 and a high expression of miR-155. MiRNAs are also believed to modulate microglial inflammation stations that contribute to neurogenesis (Freilich et al., 2013; Guedes et al., 2013). Therefore, MiRNA-modulated microglial phenotype therapies could contribute to improve depressive-like behaviors.



CONCLUSION

Microglial cells have multiple activation states, namely M1 and M2, that have different effects on modulating neurogenesis in normal and disease conditions. For some, clinical depression is caused by decreasing neurogenesis. Understanding whether the approaches are able to regulate key factors to transform the microglial phenotype for treating MDD is still a great challenge. Much work remains to be done, but it is possible that a deeper understanding of the interplay between different activations of microglia and adult hippocampal neurogenesis may help to develop future strategies to treat MDD.



SUMMARY


1.   The review article elaborately discusses the fact that the activated microglia phenotypes are related to MDD and are helpful for precisely regulating microglia to explore the mechanism of treatment of MDD.

2.   The hypothesis of neurogenesis and inflammation, which complement the defects of monoamine hypothesis, gives us a better understanding of the pathogenesis of MDD. Changing the microglial structure and function may link the two hypotheses.

3.   The review further elucidates the relationship between inflammation–microglia and neurogenesis–depression symptoms. Such correlations might be of value in the development of a new generation of antidepressants.
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Multiple sclerosis (MS) is an autoimmune disease causing central nervous system (CNS) demyelination and axonal injury. In the last years the importance of astrocytes in MS is rapidly increasing, recognizing astrocytes as highly active players in MS pathogenesis. Usually the role assigned to astrocytes in MS lesions has been the formation of the glial scar, but now their implication during lesion formation and the immune response increasingly recognized. Since astrocytes are a heterogeneous cell population with diverse roles in the CNS, the aim of this study was to analyze the putative clonal response of astrocytes in a demyelinating scenario. To undertake this aim, we used the induced experimental autoimmune encephalomyelitis (EAE) as a murine model for MS in previously electroporated mice with in vivo multicolor lineage tracing system, the StarTrack methodology. Our data revealed a variety of morphological changes that were different among distinct clones. In many cases, cells of the same clone responded equally to the injury, while in other cases clonally-related cells responded differently to the injury. Therefore, whereas some clones exhibited a strong morphological alteration, other clones located at similar distances to the lesion were apparently unresponsive. Thus, at present there is no compelling evidences that clonal relationship influences the position or function of astrocytes in the EAE model. Further, the coexistence of different astroglial clonal responses to the bran injury reveals the significance of development to determine the astrocyte features that respond to brain injuries.

Keywords: progenitor, EAE, cortex, lesion, StarTrack, astrocyte, reactive


INTRODUCTION

Multiple sclerosis (MS) is a chronic, disabling autoimmune and neurological disorder targeting the white and gray matter of the central nervous system (CNS; Lassmann, 2012; Prins et al., 2015; van Munster et al., 2015). The loss of myelin and oligodendrocytes, axonal loss and glial scar formation in adult brain are the hallmarks for MS. In addition, activated microglia and astrocytes are also involved in the pathogenesis of MS, proliferating during MS progression (Correale, 2014; Correale and Farez, 2015; Ponath et al., 2018).

Current discoveries on the function of astrocytes in the brain in physiological and pathological conditions further highlighted the need to comprehensively evaluate the roles of these cells in all stages of MS (Brosnan and Raine, 2013; Ponath et al., 2018). Apart from the formation of the glial scar, astrocytes have other significant roles in pathogenesis, including a significant implication in the CNS innate immune response: they are a source of cytotoxic factors and provide support for oligodendrocytes and neurons (Brosnan and Raine, 2013).

Remarkably, reactive astrocytes suffer changes in both phenotype and gene expression in response to the distance to the injury, denoting a high degree of heterogeneity (Mathewson and Berry, 1985; Eddleston and Mucke, 1993; Ridet et al., 1997; Sofroniew, 2009). However, the heterogeneity in astrocytes is not exclusive to reactive cells. In fact, the concept of astrocyte heterogeneity emerged in the late nineteenth century based on morphological differences (Andrizen, 1893). During the last two decades, the development of new immunocytochemical, molecular and genetic techniques allowed researchers to identify differences between astrocytes originated/located in the same or different CNS regions (García-Marqués et al., 2010; Horii-Hayashi et al., 2010; Matyash and Kettenmann, 2010; García-Marqués and López-Mascaraque, 2013, 2017; Tabata, 2015; Bribián et al., 2016). In particular, we developed a multi-color lineage tracing system for astrocytes, the Star Track technology, based on the genomic incorporation of 12 plasmids encoding different fluorescent reporters driven by the GFAP promoter along with the transposase plasmid (García-Marqués and López-Mascaraque, 2013). Star Track provided in vivo evidence of the relationship between heterogeneity and lineage in astrocytes (García-Marqués and López-Mascaraque, 2013) as well as how groups of astrocyte clones respond differentially to cortical injury (Martín-López et al., 2013). Taking advantage of this technology, we analyzed the morphological response of clonally-related astrocytes to demyelinating lesions in murine myelin oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune encephalomyelitis (EAE), the most commonly used animal model that resembles immunopathological and neurobiological aspects of MS. The positional identity of astrocyte clones in this brain pathology represents a new approach to unraveling some unknown aspects of pathogenesis of MS. Our data show that most astrocytes are similarly distributed whether or not they share a clonal relationship, while a large diversity of morphological changes were different among different clones.



MATERIALS AND METHODS


Animals

Pregnant C57 mice from Janvier Labs were housed at the Universidad del País Vasco (UPV)-EHU animal facilities in standard cages, maintained under 12 h controlled light-dark cycles with food and water available ad libitum. This study was carried out in accordance with the recommendations of the ethical regulations on the use and welfare of experimental animals of the European Union (2010/63/EU) and the Spanish Ministry of Agriculture (RD 1201/2005 and L 32/2007). The protocol was approved by the Bioethical Committee at the UPV-EHU.

We analyzed cortical clones in two groups of mice: (1) nine adult StarTrack-electroporated mice (three sham and six EAE-induced mice); and (2) six adult StarTrack-electroporated animals (two sham and four EAE-induced mice). Sham animals were electroporated, with the exception of the fluid pulse.



StarTrack Mixture

Clonal analysis was performed with the StarTrack approach (García-Marqués and López-Mascaraque, 2013, 2017). Briefly, StarTrack is based on the genomic incorporation of 12 plasmids encoding six different fluorescent reporter proteins, localized cytoplasm or nucleus, under the GFAP promoter. To allow the genomic integration of these constructs, each plasmid incorporates inverted terminal repeat sequences recognized by the piggyBac transposase plasmid. This results in a unique color combination code detecting glial clones derived from single progenitors. This will allow following cell dispersion of the progeny from embryonic mice single progenitor cells and generated an inheritable mark in astrocyte lineages.



In utero Electroporation

Pregnant mice, at embryonic day 14 (E14), were deeply anesthetized by isofluorane inhalation (IsovaH vet, Centauro, 2 ml/L) and maintained at 37°C. After uterine horns were exposed, embryos were visualized by trans-illumination using an optical fiber. Using a glass micropipette, the plasmid mixture (2 ml, 2–5 mg DNA/ml containing 0.1% fast green) was injected into lateral ventricles (LV). Next, by using tweezer-type electrodes, one or two trains of five square pulses (35 V; 50 ms followed by 950 ms intervals) were delivered on each embryo. Uterine horns were placed back into abdominal cavity.

Finally, both abdominal and skin incisions, were sealed with absorbable polyglycolic acid (Surgicryl, Hünningen, BE) and silk (3/0 Lorca-Marin, Murcia, ES) sutures, respectively. Skin was cleaned with povidone-iodine and pregnant mice received a subcutaneous injection of both 5 mg/kg of the antibiotic enrofloxacin (Baytril; Bayer, Kiel, Germany) and 300 mg/kg of the anti-inflammatory/analgesic meloxicam (Metacam; Boehringer Ingelheim). Injected embryos were allowed to develop normally until they were born.



EAE Induction and Treatment

EAE was induced in electroporated C57BL/6 mice by immunization with the immunodominant epitope of MOG (MOG 35–55). Chronic, relapsing EAE was induced successfully induced in male and female animals as previously described (Matute et al., 2007; Pampliega et al., 2011). Although gender differences in susceptibility have been described in mice (Voskuhl and Palaszynski, 2001; Teuscher et al., 2006), we used both males and females in this and previous studies without observing any significant gender difference in the symptoms (Matute et al., 2007; Pampliega et al., 2011; Saab et al., 2016), to minimize the use of animals to comply with institutional regulations. Briefly, C57BL/6 mice, 8-week-old, were immunized with 300 μg of MOG (35–55) (200 μg; Sigma Aldrich) in incomplete Freund’s adjuvant supplemented with 8 mg/ml Mycobacterium tuberculosis H37Ra. Pertussis toxin (500 ng; Sigma) was injected on the day of immunization and again 2 days later.

Motor symptoms were recorded daily and scored as follows from 0 to 8: 0, no detectable changes in muscle tone and motor behavior; 1, flaccid tail; 2, paralyzed tail; 3, impairment or loss of muscle tone in hindlimbs; 4, hindlimb hemiparalysis; 5, complete hindlimb paralysis; 6, complete hindlimb paralysis and loss of muscle tone in forelimbs; 7, tetraplegia; and 8, moribund. Later, mice were fixed by perfusion with 4% paraformaldehyde in phosphate buffer, post-fixed in the same fixation solution, and stored in phosphate-buffered saline (PBS) plus azide at 4°C.



Histology and Immunohistochemistry

Brains were removed and vibratome sectioned in the coronal plane at 50 μm. After several washes in PBS-0.1% Triton (PBST), the sections were pre-incubated for 1 h at RT in 5% normal goat serum. Immunohistochemistry was performed by incubating the sections (overnight, at 4°C) with the following primary antibodies: Tomato Lectin (TL; 1:70, Sigma-Aldrich), and anti-Ki67 (1:500; ThermoScientific) diluted in PBST supplemented with 1% normal goat serum (NGS, Millipore). After washing, slices were incubated with the secondary antibody coupled to Alexa 633 (1:1,000, Invitrogen) in PBST for 2 h at RT.



Image Processing and Data Analyses

The image processing was performed as previously described (García-Marqués and López-Mascaraque, 2013; Figueres-Oñate et al., 2016). Briefly, first the fluorescent labeling was visualized under an epifluorescence microscope (Nikon, Eclipse E600) with the appropriate filter cubes (Semrock): UV-2A (FF01-334/40-25), Cerulean (FF01-405/10), GFP (FF01-473/10), YFP (FF01-520/15), mKO (FF01-540/15), mCherry (FF01-590/20) and Cy5 (FF02-628/40-25). Images were acquired on a Leica TCS-SP5 confocal microscope, capturing the different XFPs in separate channels with the 20× objective. The wavelength of excitation (Ex) and emission (Em) for each XFP were (in nanometers, nm): mT-Sapphire (Ex: 405; Em: 520–535), mCerulean (Ex: 458; Em: 468–480), EGFP (Ex: 488; Em: 498–510), YFP (Ex: 514; Em: 525–535), mKO (Ex: 514; Em: 560–580), mCherry (Ex: 561; Em: 601–620), and Alexa 633 (Ex: 633; Em: 650–760). Confocal laser lines were in-between 25% and 40% in all cases and the maximum projection images were created using confocal (LASAF Leica) and NIH-ImageJ software. Cortical astroglial clones were defined as those cells sharing the same fluorescent marks, based on the fluorescence intensity and specific cellular location of the fluorophores (nucleus or cytoplasm). Those clones were located surrounding the perivascular infiltrates and the enlarged perivascular compartments, identified with TL expression. For the quantifications, we analyzed 10 clones/per animal in three EAE Star-Track electroporated mice. Statistical analysis of the data and graphical representations were performed using R statistical software version 3.5.0 (R Core Team, 2018) and Sigma Plot version 14.0 (Systat Software, San Jose, CA, USA).




RESULTS


Identification of Cortical EAE Lesions

Although in the EAE MOG-induced model the main affectation is located in the spinal cord, EAE experiments in mice demonstrated that, as occurs in human MS, the cerebral cortex is also affected (Procaccini et al., 2015). In fact, neocortical lesions have previously been recognized to be present in MS (Stadelmann et al., 2008). In particular, chronic EAE induced by MOG peptide in mice showed, although with some variability, intracortical MS-like lesions characterized by diffused demyelination, astroglial and microglial activation, oligodendrocyte precursor cells (OPC) proliferation, and a low leukocyte/macrophage infiltrate (Girolamo et al., 2011; Mangiardi et al., 2011; Hasselmann et al., 2017).

Results presented in Figure 1 correspond to animals previously StarTrack electroporated, both EAE (Figures 1A,C–F) and sham mice (Figure 1B). We initially performed Tomato-lectin immunohistochemistry, in both MOG-induced (Figures 1A,C–F) and sham animals (Figure 1B) to visualize the presence of inflammatory infiltrates, microglial cells and blood vessels. Affected regions were determined by the presence of perivascular inflammatory infiltrates and larger perivascular compartments located throughout the rostro-caudal axis of cortical gray and white matter (Figures 1A,C–F) of MOG-injected animals, similar to our previous results in wildtype mice (Matute et al., 2007; Zabala et al., 2018). No perivascular cuffs were found in sham-electroporated mice brains (Figure 1B).
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FIGURE 1. Identification of cortical lesions. (A,B) Low magnification images of brain coronal sections labeled with tomato lectin (TL) to label the infiltrates surrounding the lesions. In experimental autoimmune encephalomyelitis (EAE)-induced mice (A) cell infiltrates were located along the brain, while in sham animals (B), no lesions or infiltrates were identified. In EAE animals, affected areas (boxed with dotted line) were subcortical white matter (C,E), cortical/subcortical area (C,D) and layer I (subpial, F). Scale bars: (A,B) 400 μm and (C–F) 100 μm.



We identified three types of cortical lesions: perivascular intracortical lesions, cortico/subcortical lesions (Figures 1A,C–E) and subpial lesions accompanied by meningeal inflammation (Figure 1F), which was more evident in those animals with higher clinical score. These data support that the inflammation of meninges is important in the induction and propagation of cortical pathology in MS (Lassmann, 2012). Even some infiltrates were located in the striatum (Figure 2A), we focused on the cerebral cortex since most StarTrack labeled cells were located in cortex.


[image: image]

FIGURE 2. Cortical clonal dispersion in Star Track IUE-adult mice. (A) Low magnification image of a coronal cortical brain section of an EAE-induced adult mice in utero electroporated at E14. Analysis was restricted to the labeled sibling astrocytes surrounding the cortical lesion (dashed square). The injured area was determined by the presence of infiltrates close to the enlarge perivascular space (stained with TL, in white). Most clonal groups display protoplasmic morphologies throughout the cortical layers, but some clones of fibrous astrocytes were located in the subcortical white matter (arrowheads). (B) Low magnification image of a coronal cortical brain section of a sham adult mice in utero electroporated at E14. (C) Clinical score of both EAE groups (red) and controls (black) in StarTrack-electroporated mice. (D) StarTrack labeled protoplasmic astrocytes in a sham brain. (E) StarTrack labeled fibrous sibling astrocytes in a sham brain. (F) StarTrack labeled vascular sibling astrocytes in a sham brain. (G,H) Hypertrophic astrocytes in an EAE myelin oligodendrocyte glycoprotein (MOG)-injected electroporated mice. (I) Hypertrophied astrocytes around the wounded area of an StarTrack electroporated mice lesioned with the model of fine-needle cortical injury (Martín-López et al., 2013). (J,K) Image of a typical protoplasmic astrocyte (J of a hypertrophied astrocyte K). (L,M) Graphs show the quantification of the number of primary ramifications (L), and soma diameter (M) of non-reactive astrocytes and reactive astrocytes in EAE electroporated mice (***P < 0.001). Scale bar: (A,B) 200 μm; (D,G) 20 μm; (E) 30 μm; (F,I) 50 μm; (H) 40 μm and (J,K) 25 μm.





Astrocytes Display Different Morphologies Depending on the Localization of Perivascular Infiltration in EAE-Mice

In utero electroporated mice with the StarTrack mixture were divided in two groups: one EAE induced with MOG35−55 peptide at 8 weeks of age in complete Freund’s adjuvant on day 0, and a sham group (Figures 2A,B; see “Materials and Methods” section). Both clinical signs and score were monitored up to day 21 and 24, respectively, in each of the two EAE experiments (Figure 2C). Even there was some variability in the intensity of the symptoms among mice, the analysis of all tissues was done around the peak of the disease (Figure 2C). Mice began to show neurological deficits between days 10–13, reaching a maximum score (hindlimbs symptoms characterized by loss of muscle tone to hemiparalysis) around days 17–22 (Figure 2C). Although many types of cells reacted in EAE lesions, we focused on the analysis of StarTrack-labeled astrocytes to identify the astroglial clones. StarkTrack method allowed the analyses of the astrocyte clones heterogeneity, based on their morphology and localization.

To perform the clonal analysis, we selected cortical regions where the StarTrack labeled cells were located close to the EAE affected areas identified by the accumulation of perivascular inflammatory infiltrates and the presence of enlarge perivascular compartments (Figure 2A). In electroporated sham animals, the protoplasmic astrocytes located in the gray matter, displayed more primary processes and a higher degree of branching (Figures 2B,D,J) compared to fibrous astrocytes with small elongated cell bodies and long processes located in the white matter (Figure 2E). Further, vascular clones of astrocytes were also found surrounding blood vessels (Figure 2F) in the electroporated sham mice. In EAE–electroporated mice, astrocytes closer to the infiltrate evidenced the typical hypertrophic morphology (Figures 2A,G,H,K), characterized by an increment in the number of their cellular processes (Figure 2L) and by an enlargement of the cell soma (Figure 2M). Remarkably, EAE-reactive astrocytes (Figures 2A,G,H) appeared morphologically different than those we previously reported (Martín-López et al., 2013) after fine-needle cortical injury model (Figure 2I). In that model, reactive astrocytes displayed an asymmetric hypertrophy with thinner and longer processes pointing out to the injury core (Figure 2I), even though both models exhibited enlarged somas than in non-injured brains.

In all the cases, reactive astrocytes were identified by their characteristic reactive morphology (Figure 3). Reactive sibling astrocytes were analyzed in serial sections to decipher their morphology and precise clonal cell dispersion, independently of the lesion size. Astroglial clones located close to or within the subcortical white matter were exclusively composed of reactive fibrous astrocytes (Figures 3A,B), while those clones within the gray matter lesions were entirely composed of protoplasmic sibling astrocytes (Figures 3A,E,F). Astroglial clones related to subpial lesions were composed of a mix of both fibrous and protoplasmic astrocytes (Figure 3D). In addition, astrocytes with the same color code of fluorophores composition were assigned as sibling-cells defining the astrocyte clones (Figures 3E,F). The vast majority of the astroglial clones were composed by reactive astrocytes (Figure 3G). Further, the total number of hypertrophic and non-hypertrophic sibling astrocytes was quantified in relation to the distance from the inflammatory infiltrate (Figure 3H), showing a higher number of reactive astrocytes within 100 μm away from the inflammatory infiltrate.
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FIGURE 3. Astrocyte exhibit different reactive morphologies after EAE. (A) Low magnification of the clonal labeling in an EAE-StarTrack electroporated mouse. Perivascular inflammation in the subcortical white matter (B, dashed square), subcortical/intracortical areas (C, dotted square) and pia matter (D). (B) Higher magnification of the boxed area in (A) shows hypertrophic fibrous astrocytes within the subcortical white matter. (C) Higher magnification of the dotted area in (A) shows protoplasmic astrocytes radially orientated embracing an enlarge perivascular compartment occupying several cortical layers. (D) A subpial infiltrate bordered by both pial and protoplasmic astrocytes clones. (E,F) Higher magnification of sibling reactive astrocytes with hypertrophic morphology showing thicker processes and soma. Qualitative clonal cell analysis based on the color combination and fluorophore cell location (nuclear or cytoplasmic) of clonally related astrocytes in the white circles. (G) The graph shows the quantification of the percentage of reactive and non-reactive astrocytes in Star-Track labeled clones. (H) Histogram showing the percentage of reactive and reactive astrocyte within the clones depending on their location with the lesion. Scale bar: (A) 400 μm; (B,C) 150 μm; (D) 80 μm; (E,F) 25 μm.





Clonal Analysis of Cortical Astrocytes in EAE-Induced Mice

To decipher how clonally-related cortical astrocytes respond in StarTrack electroporated EAE-induced mice, we performed a clonal analysis of cortical astrocytes surrounding the perivascular inflammatory areas. Astrocytes that were clonally-related displayed the same color-codes (Figures 3E,F, 4A–G).
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FIGURE 4. Clonally-related astrocytes targeted by IUE with StarTrack respond to EAE lesions. (A,C) Low magnification images of an EAE-electroporated mice. A protoplasmic astrocyte clone (white rectangle) surrounding a perivascular cuff in serial sections. (B,D) Qualitative cell analysis based on the color combination and fluorophore cell location (nuclear or cytoplasmic). Different clonal color-codes detailed by the expression of each fluorescent reporters: YFP, mKO, mCerulean, mCherry, mT-Sapphire and GFP. Sibling cells (pink circle), displaying a hypertrophic morphology and located close to the perivascular space. Sibling astrocytes located further (blue circle) displayed the typical protoplasmic morphology. (E–G) Clonally-related astrocytes with different morphologies depending on their location from the inflammatory infiltrate and their color-code. Scale bar: (A,C) 200 μm; (B,D), inset (E–G) 20 μm and (E–G) 100 μm. (H) Radar plots showing the quantification of reactive and non-reactive astrocytes within 30 individual clones at different distances from the lesion.



Most clonally-related cortical astrocytes remained close to an inflammatory area and displayed hypertrophic morphologies, with enlarged cytoplasm and thick cellular processes and soma (Figures 4A–G). We analyzed individual clones in the EAE electroporated brains showing non-reactive astrocytes were mostly located far apart of the limit of the infiltrate (Figure 4H), while hypertrophic astrocytes were mainly located in the core of the infiltrate or really close to it (Figure 4H). The cumulative distribution of both populations, reactive and non-reactive astrocytes, is different according to the non-parametric Kolmogorov–Smirnov test (D = 0,528, p < 0.0001). In addition, it is worth to mention that 50% were composed exclusively by hypertrophic astrocytes, 20% by non-reactive astrocytes and 30% correspond to mixed clones (Figure 4H, reactive and non-reactive astrocytes in the same clone). Further, the presence of dividing cells was critically related to the lesion, we performed immunohistochemistry for the proliferation marker Ki67. However, not all StarTrack-labeled astrocyte in a specific area were positive for Ki67, just a low proportion of cells surrounding the lesions (33.4 ± 4.5%) was positive for this marker.

Additionally, astrocyte clones with reactive morphologies (Figure 5) were located in areas without the presence of clearly identified inflammation or enlarged blood vessels (Figures 5A,C,E). Hypertrophied sibling cortical astrocytes (Figure 5C) were disposed in columnar disposition with different morphologies across the layers (Figure 5C). Within the subcortical white matter, clonally-related astrocytes displayed hypertrophied morphologies with enlarged soma and thicker processes (Figure 5E), On the contrary, in sham-StarTrack electroporated animals (Figures 5B,D,F) none hypertrophied astrocytes were found across the brain, neither in gray matter (Figure 5D) nor in subcortical white matter (Figure 5F). These data indicate that the inflammatory environment triggered in the EAE model also affects morphology and behavior of astrocytes in the cerebral cortex.
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FIGURE 5. Hypertrophic clonally-related astrocytes are present out from the parenchymal inflammation infiltrates. (A) IUE-EAE StarTrack electroporated brain section stained with TL. (B) IUE-StarTrack sham electroporated brain section stained with TL. (C) Representative clonally-related cortical astrocytes with a reactive morphology arranged in a columnar manner in an IUE-EAE StarTrack electroporated mouse brain. (D) Representative clonally-related cortical astrocytes with the typical protoplasmic morphology in a sham StarTrack electroporated mouse. (E) Representative clonally-related fibrous astrocytes within a subcortical white matter in an IUE-EAE StarTrack electroporated mouse brain. (F) Representative clonally-related fibrous astrocytes in a sham StarTrack electroporated mouse. Scale bar: (A) 100 μm; (B) 200 μm; (C,E) 50 μm and (D,F) 100 μm.



Since different type of astrocytes develop from specific progenitor cells, we expected that sibling astrocytes responded similarly to the brain damage. Nevertheless, these results revealed different clonal responses. Although the vast majority of the reactive clones acquired hypertrophic morphologies in relation to distance to the injury, others did not modify their morphologies, even at the same distance. We also provide evidence that not all the cells of a clone respond equally, but rather other factors, as distance or localization, are probably involved in their response.




DISCUSSION

Here, we report a heterogeneous behavior of sibling astrocytes in response to cortical damage induced by a demyelinating EAE-induced mice model. Whereas some cortical clones displayed all sibling astrocytes with reactive morphology, other clones, located at equivalent distances, did not display altered cell morphologies. In other cases only those astrocytes of a clone, closer to the core of the perivascular infiltration, showed hypertrophic cytoplasm. Additionally, most astroglial clones acquired hypertrophic morphologies in relation to the injury distance, suggesting a role of the environment in the response of the adjacent astrocytes. Thus, astroglial clones in the EAE model exhibited a varied response with some becoming hypertrophic, while other other clones located similar distances from the lesion were unresponsive as we previously described after a mechanical brain injury (Martín-López et al., 2013).

Astrocytes are the most abundant cell-type of the human brain playing a variety of roles in brain homeostasis and synaptic maturation (Sofroniew and Vinters, 2010; Pekny et al., 2016). After brain damage astrocytes suffer dramatic pathological changes, such as reactive gliosis and glial scar formation, including abnormal hypertrophy and massive proliferation of astrocytes. However, the molecular identity and cues that dictate the structural changes in reactive astrocytes remain unclear (Sofroniew and Vinters, 2010; Liddelow and Barres, 2017). Further, astrocytes must be considered another potential therapeutic target for MS, although few studies focused on the cortical gray matter (Ponath et al., 2017, 2018). However, no study to date addressed the clonal astrocytic response to these lesions.

In this study using MOG-induced EAE model, we showed that astrocytes displayed a reactive morphology displaying thicker cellular processes and soma (Brosnan and Raine, 2013; Correale and Farez, 2015; Eilam et al., 2018). Conversely, in this model hypertrophic astrocytes did not show the asymmetric morphology with cellular processes pointing the core of the lesion, as described after a mechanical brain injury (Martín-López et al., 2013). Likewise, in EAE-model the StarTrack labeled reactive astrocytes were located surrounding enlarged blood vessels and perivascular inflammatory cuffs, while other reactive astrocytes were located away from the perivascular inflammatory infiltrates. In fact, both types of injuries activate a cascade of cellular and molecular events aimed to restore the CNS homeostasis, minimizing the brain damage. While after traumatic injuries astrocytes are involved in the generation of the glial scar (Fawcett and Asher, 1999), in the EAE-induced model, astrocytes actively participate in both lesion development and repair (Brosnan and Raine, 2013; Correale and Farez, 2015; Ponath et al., 2018). In this regard, although reactive astrocytes share common properties, they also display unique cellular and molecular features that are specific to different neuropathologies (Pekny et al., 2016; Ponath et al., 2018). This large astrocyte heterogeneity, in response to injury, validates the importance to design selective strategies to promote CNS repair.

With the StarTrack methodology, which allows to target single embryonic progenitors, we provided the first in vivo evidence of the clonal response of astrocytes in a demyelinating scenario and their capacity to respond to an injury. Clonally-related astrocytes (sibling astrocytes) responded in a heterogeneous manner to the perivascular inflammatory cortical environment of EAE induced animals. Whereas in some clones all sibling cells exhibited the typical hypertrophic morphology of reactive astrocytes, other clones, located at similar distances, did not exhibit altered cell morphologies. In addition, several astrocyte clones with hypertrophic morphologies were located away from the perivascular/parenchymal inflammatory infiltrates. This suggest that EAE induction could generate a widespread neural inflammation that affects all the cortical astrocytes. These results resembled very closely those previously described in a traumatic brain injury model (Martín-López et al., 2013).

Further, astrocytes contribute to the innate immune response in MS, playing a critical role in both oligodendrocyte damage and axonal degeneration (Sofroniew and Vinters, 2010; Correale and Farez, 2015). In fact, reactive astrocytes are categorized as types A1 or A2 (in analogy to the “M1” and “M2” phenotype categories for macrophages) according to their transcriptome profiles and their role in inflammation/immune response (Liddelow and Barres, 2017). A1-type astrocytes, induced by inflammation, are abundant in MS and other neurodegenerative diseases, including Alzheimer/Parkinson diseases, whereas A2-type astrocytes, induced by ischemia, express neurotrophic factors (Liddelow and Barres, 2017; Liddelow et al., 2017). It is likely that, distinct astrocytic phenotypes concur during different phases of a pathological process: first, reactive astrocytes produce pro-inflammatory cytokines combined with hypertrophy and proliferation; and, in a second phase, they promote anti-inflammatory functions and neurodegeneration (Colombo and Farina, 2016). Actually, in MS lesions the reactive astrocytes drive inflammatory and neurotoxic responses, reduce inflammation and promote neuroprotection and lesion repair (Correale and Farez, 2015; Ponath et al., 2018). Furthermore, astrocytes contributed to the development of MS lesions and by extension to the progression of the disease, which highlights their critical role as early and active players in lesion pathology (Ponath et al., 2018). These data are in agreement with our results, even we just analyzed the astrocyte response in the peak score of the acute EAE phase, when probably just a subpopulation of astrocyte clones is reactive. Further clonal analyses at other stages of the disease (onset, remission) would reveal whether different lineages or cell clones are activated depending on the progression of the disease.

Our results also show that in some cases there is a distinct response of sibling cells to the inflammation. This could be related to the distance to the perivascular infiltrate or perivascular compartment, but it also could be due to the gradual expression of molecules within the lesion. There are many molecules and genes that are known to be expressed in MS lesions that affect the remyelination and also the progression of the lesion (Clemente et al., 2011; Piaton et al., 2011; Zeis et al., 2018). Several diffusible molecules could be implicated in this process, including basic fibroblast growth factor (bFGF), anosmin 1 or class 3 semaphorins (Clemente et al., 2011; Piaton et al., 2011). It is possible that, these molecules could affect those astrocytes located close to the lesion, in addition to other molecular cues secreted by both the inflammatory infiltrates and astrocytes (Legroux and Arbour, 2016).

The variability in the clonal response to brain damage clearly indicates that the heterogeneity of reactive astrocytes could be probably determined early in CNS development, but also by environmental cues present in the injured brain. Nevertheless, our findings showed a high heterogeneity in the astroglial response to inflammation that could be influenced by the signals received from the environment, their location respect to the affected brain area and factors during development. In fact, astroglial clonal response provides in vivo evidence of how brain development leaves a fingerprint of heterogeneity in astrocyte roles during the course of MS lesions. Further, these responses to brain injury could contribute to the inflammatory response, promoting lesion repair. Additionally, the presence of intrinsic factors, determined during the embryonic development and related to the cell lineage, could affect the astrocyte response. All these evidences should be taken into account for the further design of strategies and treatments for neurological diseases.
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Degenerative retinopathies are the leading causes of irreversible visual impairment in the elderly, affecting hundreds of millions of patients. Müller glia cells (MGC), the main type of glia found in the vertebrate retina, can resume proliferation in the rodent adult injured retina but contribute weakly to tissue repair when compared to zebrafish retina. However, postnatal and adult mouse MGC can be genetically reprogrammed through the expression of the transcription factor (TF) Achaete-scute homolog 1 (ASCL1) into induced neurons (iNs), displaying key hallmarks of photoreceptors, bipolar and amacrine cells, which may contribute to regenerate the damaged retina. Here, we show that the TF neurogenin 2 (NEUROG2) is also sufficient to lineage-reprogram postnatal mouse MGC into iNs. The efficiency of MGC lineage conversion by NEUROG2 is similar to that observed after expression of ASCL1 and both TFs induce the generation of functionally active iNs. Treatment of MGC cultures with EGF and FGF2 prior to Neurog2 or Ascl1 expression enhances reprogramming efficiencies, what can be at least partially explained by an increase in the frequency of MGCs expressing sex determining region Y (SRY)-box 2 (SOX2). Transduction of either Neurog2 or Ascl1 led to the upregulation of key retina neuronal genes in MGC-derived iNs, but only NEUROG2 induced a consistent increase in the expression of putative retinal ganglion cell (RGC) genes. Moreover, in vivo electroporation of Neurog2 in late progenitors from the neonatal rat retina, which are transcriptionally similar to MGCs, also induced a shift in the generation of retinal cell subtypes, favoring neuronal differentiation at the expense of MGCs and resuming the generation of RGCs. Altogether, our data indicate that NEUROG2 induces lineage conversion of postnatal rodent MGCs into RGC-like iNs in vitro and resumes the generation of this neuronal type from late progenitors of the retina in vivo.

Keywords: retina, müller glia cells, induced neurons, lineage-reprogramming, neurogenin2, Ascl1, retina ganglion cells


INTRODUCTION

The retina is a unique tissue with highly organized architecture, known to be one of the most energetically demanding systems in the nervous system (Wong-Riley, 2010). Due to oxidative stress, trauma, or genetic mutations, gradual and irreversible cell death affects specific neuronal types in the retina (Athanasiou et al., 2013). For instance, retinal ganglion cells (RGCs) and their axons degenerate in glaucoma, a neurodegenerative disease associated with increased intraocular pressure, eventually leading to blindness (Kimura et al., 2017). In the last 5 years almost 65 million people worldwide were diagnosed with glaucoma (Gill et al., 2016; Liang et al., 2017), which is the leading cause of visual impairment in developed countries (WHO). Still, despite the social and economic burden of such disease, therapeutic approaches are limited. Recent progress in cell-based therapy may, nonetheless, provide novel means to restore vision in glaucoma patients (Abu-Hassan et al., 2015; Chamling et al., 2016).

Cell lineage-reprogramming techniques, which allow the direct conversion of a non-neuronal cell into neurons, offer a powerful strategy to regenerate neuronal cells in the injured retina. In fact, expression of the bHLH neurogenic transcription factor (TF) Achaete-scute homolog 1 (ASCL1) in vitro induced the reprogramming of mouse Müller glia cells (MGC) into bipolar cells and, to a lesser extent, amacrine cells (Pollak et al., 2013). Following NMDA-mediated injury in postnatal mouse retina, ASCL1 expression reprogrammed MGCs into neurons expressing markers of bipolar cells, amacrine cells and photoreceptors (Ueki et al., 2015). Notably, when combined with the inhibitor of histone deacetylases trichostatin A, expression of ASCL1 elicited the conversion of some MGC into bipolar (~18%) and amacrine (~3%) cells in the injured adult retina (Jorstad et al., 2017). These findings demonstrate that regenerative effects of transgenic expression of ASCL1 in the adult mouse Müller glia are more limited as compared to the regenerative response observed in non-mammalian vertebrates (Wilken and Reh, 2016). Moreover, ASCL1 expression is not sufficient to reprogram MGCs into RGCs either in vitro or in vivo (Pollak et al., 2013; Ueki et al., 2015; Jorstad et al., 2017).

During development, expression of ASCL1 defines a subset of retinal progenitor cells (RPCs) that generate all neuronal types in the retina, except RGCs (Brzezinski et al., 2011). In contrast, expression of the bHLH TF Neurogenin 2 (NEUROG2) defines a separate set of RPCs, co-expressing the POU Class 4 Homeobox 1 and 2 (Pou4f1/Brn3a and Pou4f2/Brn3b) and contributing to the generation of RGCs (Hufnagel et al., 2010; Brzezinski et al., 2011). Interestingly, knocking down the expression of Pou4f2/Brn3b in MGCs cultured in conditions to induce stem cell-like properties hampers the differentiation into RGCs (Singhal et al., 2012; Song et al., 2013; Wu et al., 2016).

Here we report that forced expression of NEUROG2 is sufficient to convert postnatal rodent MGC into a neurogenic state. Either ASCL1 or NEUROG2 elicited induced neurons (iNs) that express genes of bipolar, horizontal and amacrine cells, as well as photoreceptors. However, only forced expression of NEUROG2 led to the generation of iNs expressing hallmarks of RGCs. We also show that treatment with epidermal growth factor (EGF) and basic fibroblast growth factor (FGF-2) during the expansion of MGCs affects lineage-conversion efficiencies and iN-fate specification. Finally, we provide evidence for an instructive role of NEUROG2 in the specification of RGC fate in late retinal progenitors that are not competent to generate this cell type in vivo (Young, 1985; Turner et al., 1990; Rapaport et al., 2004; He et al., 2012). Collectively, our results indicate that NEUROG2 can regulate the specification program of both late retinal progenitors and MGC to generate RGCs, and, therefore, might be an interesting candidate for gene-based therapies to treat retinal degenerations.



MATERIALS AND METHODS


Animals

C57BL/6 mice were obtained from the Biotério Setorial do Instituto do Cérebro (BISIC). All experiments were approved by and carried out in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Federal University of Rio Grande do Norte (license number #048/2014).



Müller Glial Cell (MGC) Culture

MGCs were purified from postnatal day (P)7-9 mice according to previously described protocols (de Melo Reis et al., 2008). Briefly, retinas were dissected out and chemically dissociated with TrypLE (Life Technologies) for 10 min at 37°C. Isolated cells were counted using a Neubeuer chamber and plated onto T75 culture flasks with DMEM F12 (Gibco) plus 10% fetal bovine serum (Gibco), 3.5 mM glucose (Sigma), 4.5g/L GlutaMax (Gibco), 100 U/mL penicillin/streptomycin (Gibco), either with or without 10 ng/mL of epidermal growth factor (EGF, Gibco) and 10 ng/mL of fibroblast growth factor 2 (FGF2, Gibco). Half of the medium was changed once a week during the period of MGCs expansion.



Plasmids

Plasmids contain the internal chicken β-actin promoter fused with a cytomegalovirus enhancer (pCAG), the coding sequence for either Ascl1 or Neurog2, an internal ribosomal entry site (I) and coding sequences for either DsRed or GFP (pCAG-Ascl1-I-DsRed, pCAG-Neurog2-I-DsRed and pCAG-Neurog2-I-GFP). Control plasmids encode only DsRed or GFP (pCAG-I-DsRed or pCAG-I-GFP).

Plasmid stocks were prepared in Escherichia coli and purified using an endotoxin-free Maxiprep plasmid kit (Invitrogen). DNA concentration was adjusted to 1 μg/μL in endotoxin free TE buffer, and plasmids were stored at −20°C.



Nucleofection

After confluence, MGCs were chemically detached from T75 culture flasks with TrypLE enzyme at 37°C, and ~3 × 105 cells were mixed with P3 solution (Lonza) and 1 μg of plasmids encoding for either NEUROGENIN2 (pCAG-Neurog2-IRES-DsRed) or ASCL1 (pCAG-Ascl1-IRES-DsRed) or only reporter protein DSRED (pCAG-IRES-DsRed). These solutions were placed in a special cuvette and electroporated using Nucleofector 4D (Lonza) with the P3 primary cell program. Next, 8 × 104 cells were plated onto glass-coverslips (100013-Knittel) previously coated with laminin (L2020–SIGMA) and Poly-D lysine (Sigma) containing pre-warmed DMEM F12, 10% fetal bovine serum, 3.5 mM glucose, 4.5g/L GlutaMax and 100U/mL penicillin/streptomycin. After 24h, medium was replaced with differentiation medium containing DMEM F12, 3.5 mM glucose, 4.5 g/l GlutaMax, 100 U/ml penicillin/streptomycin and 2% B27 (Gibco).



In vivo Electroporation

In vivo electroporation was performed as previously described (Matsuda and Cepko, 2004, 2007). Briefly, P0 Lister hooded rats were anesthetized by placing on ice. One microliter of DNA mix (6.5 μg/μL) containing 0.1% Fast Green dye (Sigma) prepared in HBSS saline was injected into the subretinal space with a Hamilton syringe equipped with a 33G blunt end needle. Five 99 V pulses were administered for 50 ms at 950 ms intervals, using a forceps-type electrode (Nepagene, CUY650P7) with Neurgel (Spes Medica). The electrodes were oriented such that the positive pole electrode was placed over the injected eye and the negative pole electrode was placed over non-injected eye to ensure that the electrical field is oriented correctly to drive the injected DNA solution from the subretinal space into progenitors. Fast Green in the DNA mix is an injection tracer, which facilitates observation of the spread of the injection solution into the subretinal space (de Melo and Blackshaw, 2018). In addition, the efficiency of electroporation was verified 10 days after electroporation when GFP positive cells were observed in freshly dissected retinas. Retinas were then fixed by immersion in 4% paraformaldehyde in PBS for 16 h. Serial transversal sections of cryoprotected material (10 μm) were mounted on either Poly-L-lysine (300 μg/mL) or silane (6%, Sigma)-treated microscope slides.



Immunocytochemistry

Cell cultures were fixed in 4% paraformaldehyde (PFA) in PBS for 15 min at room temperature. The cells were incubated overnight at 4°C, with primary antibodies diluted in PBS, 0.5% Triton X-100 and 5% goat serum, washed and incubated for 2 h at room temperature, with species-specific secondary antibodies conjugated to Alexa fluorophores. To stain the nuclei, cells were incubated for 5 min with 0.1 μg/mL DAPI (4'6'-diamino-2-phenylindone) in PBS 0.1 M. Coverslips were mounted onto glass slides with Aqua Poly/Mount mounting medium (Polysciences, Warrington, PA). Primary antibodies and respective dilutions were: chicken anti-Green Fluorescent Protein (Aves Labs, cat#GFP-1020, 1:1000), rabbit anti-Red Fluorescent Protein (Rockland, cat#600-401-379, 1:1000), mouse anti-microtubule associated protein (Sigma, cat#M1406, 1:500), mouse anti-βIII-TUBULIN (TUBB3; Biolegend, cat#MMS-435P, 1:1000), rabbit anti-RBPMS (PhosphoSolutions, cat#1830; 1:100), mouse anti-SYNAPSIN 1 (Synaptic Systems, cat#106001, 1:2000), mouse anti-PARVALBUMIN (SIGMA, cat#p3088, 1:1000), mouse anti-CRALBP (ABCAM, cat# ab15051, 1:500), rabbit anti-GFAP (DakoCytomation, cat#z0334, 1:4000) rabbit anti-SOX2 (ABCAM, cat# ab97959, 1:500), rat anti-BrdU (ABCAM, cat# ab6326 1:500), rabbit anti-phospho-histone 3 (Millipore, cat#06-570, 1:1000), mouse anti-PAX6 (Millipore, cat#MAB5552, 1:500) and mouse anti-NESTIN (Millipore, cat#mab353, 1:200 millipore).



Calcium Imaging

Calcium imaging was done on MGC cultures at 2–3 weeks post-nucleofection, using Oregon green 488 BAPTA-1 (Invitrogen, 10μM). Imaging was performed in a physiological solution containing 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, 10 mM glucose, and 6 mM sucrose, and pH 7.35. Images were acquired every 10 ms with virtually no intervals using a scientific CMOS camera (Andor). The microscope was controlled by Micro-Manager software together with the image processor ImageJ. Changes in fluorescence were measured for individual cells using the time series analyzer plugin v3.0 in ImageJ v1.37. The average of the first ten time-lapse images for each region of interest (ROI) was defined as initial fluorescence (F0), and the variation of fluorescence (ΔF) in each frame (n) was calculated as Fn-F0/F0.



Quantitative RT-PCR

MGC cultures were harvested at 13 days after nucleofection, and mRNA was isolated from all cells, including non-transfected MGCs. RNA was extracted using RNeasy Mini Kit (QIAGEN, CA, USA), which includes a genomic DNA elimination step, and the purity and quantity of total RNA was estimated using a ND8000 spectrophotometer (Thermo Scientific NanoDrop Products, DE, EUA). Extractions were carried out of cells from each group (Control, Neurog2 or Ascl1), detached chemically with TrypLE and washed with nuclease free PBS, following the manufacturer's protocol. The first-strand cDNA was synthetized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, NY, USA) in accordance with the manufacturer's instructions, using 900 ng of extracted RNA per sample. Conditions for each cycle of amplification were as follows: 10 min at 25°C; 120 min at 37°C, 5 min at 85°C. The final cDNA products were amplified using RT2 Real-Timer SyBR Green/ROX PCR Mix (QIAGEN, CA, USA) in 25 μL of a reaction mixture pipetted into each well of a 96-well in a Mouse RT2 Profiler Custom PCR Array. The array was designed to simultaneously examine mRNA levels of 18 genes commonly expressed in retina cell types (RLBP1, GLUL, NRL, RHO, RCVRN, PDE6G, PROX1, LHX1, VSX2, SLC32A1, TH, CHAT, SLC17A6, POU4F1, CALB2, RBFOX3, SYN1, and PVALB) and 2 housekeeping genes (GAPDH and RPL19), following the manufacturer's protocol. Real-time PCR was performed using a two-step cycling program, with an initial single cycle of 95°C for 10 min, followed by 40 cycles of 95° C for 15 s, then 60°C for 1 min, in an ABI ViiA 7 Real-Time PCR System (Applied Biosystems, NY, USA) with Sequence Detector System software v1.2. The ramp rate was adjusted to 1°C/s following manufacturer's instruction. A first derivative dissociation curve was built (95°C for 1 min, 65°C for 2 min, then ramped from 65°C to 95°C at a rate of 2°C/min). The formation of a single peak at temperatures higher than 80°C confirmed the presence of a single PCR product in the reaction mixture.

For data analysis the 2(−ΔΔCt) method (Livak and Schmittgen, 2001) was implemented using normalized threshold cycle (Ct) values provided by two independent experiments of nucleofection. Furthermore, we applied experiments using mRNA pool of two independent transfection experiments and used the Ct data to perform normalization and follow the 2(−ΔΔCt) method (Livak and Schmittgen, 2001), considering the sensitivity, specificity, and reproducibility expected of real-time PCR using RT2 Profiler PCR Array System from QIAGEN. Endogenous gene control used in the normalization was the average of the mouse GAPDH and RPL19. A positive value indicates gene up-regulation and a negative value indicates gene down-regulation.

To confirm that genes upregulated in MGCs could indicate the acquisition of a retinal neuron-like phenotype in MGC-derived iNs, we performed the same analysis using cerebellum astroglia cell cultures 13 days after nucleofection with either Neurog2 or Ascl1 (Chouchane et al., 2017).



Bioinformatics

Dataset raw count table and published metadata were obtained from GSE63472 accession code. A modified Seurat pipeline was used to re-analyze single-cell RNAseq data. First, we excluded from our analysis genes that were not expressed in at least 10 cells. Next, we selected cells expressing 500 to 5,000 genes, and < 5% of mitochondrial genes (n = 21,494 cells). Metadata variables as number of genes and percentage of mitochondrial expression were also used to regress out some unnecessary clustering bias. Based on PCElbowPlot, we used 30 PC's in FindClusters (resolution = 2) and RunTSNE Seurat's functions. After that, using old assigned clusters and markers found by FindAllMarkers function (Macosko et al., 2015), new assigned clusters were labeled. Retinal cell types (n = 21,176 cells) were classified according to the levels of expression of genes in Müller glia cells, astrocytes, amacrine cells, bipolar cells, horizontal cells, cones, rod cells, and ganglion cells (Macosko et al., 2015). Cones and rod cells were merged in a single-group (Photoreceptors).



Quantifications

To characterize MGC cultures we examined 20 fields at 40 × magnification for CRALBP and GFAP, and 20 fields at 20 × magnification for Nestin, Pax6, and PH3 proteins. To quantify the reprogramming process, cells were examined for colocalization of DSRED and TUBB3 immunoreactivity at 13 days post nucleofection (dpn), in 20 fields at 20x magnification, and the same was done for MAP2 protein. For all protocols of quantification, we counted immunoreactive cells in 3 independent experiments.

To estimate a neuronal polarization index, we divided the neurons into 4 quadrants and measured the axial distribution of neuronal processes. Nineteen neurons were analyzed for the condition MGC with EGF/FGF + Neurog2, 31 neurons for MGC without + Neurog2, 26 neurons for MGC with EGF/FGF + Ascl1 and 21 neurons for MGC without EGF/FGF + Ascl1.

Distribution of GFP+ cells in the P10 rat retinas following in vivo electroporation at P0 in Lister-hooded pups was examined in 26 sections from 5 control-electroporated retinas and 27 sections from 5 Neurog2-electroporated retinas. The outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) were identified using DAPI counter-staining. MGCs were identified by their radial morphology and expression of CRALBP.



Statistical Analysis

All statistical data are presented as the mean ± standard error of the mean (SEM) of at least three independent experiments. Statistically significant differences were assessed using unpaired t-test, one-way or two-way analysis of variance (ANOVA). Confidence interval is 95%.




RESULTS


Properties of Cells Expanded in the Presence or Absence of EGF/FGF2

Enrichment of MGCs was done according to a previously described method (Hicks and Courtois, 1990). Using this method we (de Melo Reis et al., 2008) and others (Das et al., 2006) have shown that virtually all cells after 2–3 weeks in culture express the MGC markers vimentin, glutamine synthetase (GS), cellular retinaldehyde-binding protein (CRALBP). Based on the previously reported use of selected growth factors to expand astroglial populations for lineage reprogramming into iNs (Berninger et al., 2007; Heinrich et al., 2010; Chouchane et al., 2017), we cultured cells either with or without EGF/FGF2. After expansion, virtually all cells in cultures obtained using both protocols expressed the MGC protein CRALBP (Figures 1A,B). A high percentage of cells also expressed glial acid fibrillary protein (GFAP), which is upregulated in MGC cultures (Das et al., 2006). No significant difference was observed between the two expansion conditions (Figures 1A,B).
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FIGURE 1. Characterization of MGC cultures expanded with or without EGF/FGF2. (A) Representative photomicrographs of MGC cultures showing the expression of CRALBP (green) and GFAP (red) 21 days after expansion in the absence (top) or presence (bottom) of EGF/FGF2. (B) Frequencies of CRALBP and GFAP positive cells in enriched MGC cultures. (C) Immunolabeling for NESTIN, PAX6, and BRDU (red) in MGCs expanded in the absence (top) or presence (bottom) of EGF/FGF2. (D) Frequencies of MGCs immunolabeled for NESTIN, SOX2, PAX6, BrdU, and PH3 prior to lineage reprogramming (*p < 0.05; ***p < 0.001; Unpaired t-test). Scale bars: 20 μm.



MGCs and late-progenitors in the retina share the expression of several proteins, including NESTIN, sex determining region Y (SRY)-box 2 (SOX2) and Paired box 6 [PAX6; (Karl et al., 2008; Lin et al., 2009; Bhatia et al., 2011)], what has led to the suggestion that MGCs may have neural stem cell-like properties (Das et al., 2006; Lawrence et al., 2007; Nickerson et al., 2008; Giannelli et al., 2011). Accordingly, we found that more than 97% of cells expressed NESTIN and this percentage was slightly increased in the presence of EGF/FGF2 (Figures 1C,D; 97.02 ± 0.95% vs. 99.05 ± 0.32%, p = 0.0466, unpaired t-test. N = 3 independent experiments). Similarly, expression of SOX2 was also higher among MGCs expanded in the presence of EGF/FGF2 (Figure 1D; 78.71 ± 3.21% vs. 98.20 ± 0.48%, p < 0.0001, unpaired t-test. N = 3 independent experiments). In contrast, the proportion of MGCs expressing PAX6 was higher in the absence of EGF/FGF2 (Figures 1C,D; 34.87 ± 2.60% vs. 27.20 ± 1.58%, p = 0.013, unpaired t-test. N = 3 independent experiments).

To examine the proliferative potential of enriched MGCs, we added the thymidine analog BrdU to the cultures at day 20. The percentage of MGCs labeled with BrdU (BrdU+) after 36 h of incubation was slightly higher with, rather than without EGF/FGF2 (Figures 1C,D; 65.54 ± 2.97% vs. 75.41 ± 3.94%, p = 0.047, unpaired t-test. N = 3 independent experiments). However, the percentage of phospho-histone labeled (PH3+) mitotic MGCs was similar in both conditions (Figure 1D; 8.40 ± 0.72% vs. 7.98 ± 0.69%, p = 0.70, unpaired t-test. N = 3 independent experiments), which could be explained by a selective lengthening of the S-phase upon EGF/FGF2 treatment. Collectively, these observations support the interpretation that cells enriched in our cultures are presumptive MGCs that retain some properties observed in late-progenitors of the developing retina. However, we never observed spontaneous neurogenesis in these cultures, suggesting that a potential progenitor state of presumptive MGCs in culture is associated with a glial-fate restriction.



Expression of Either NEUROG2 or ASCL1 Is Sufficient to Convert MGCs Into iNs

Next, we tested whether the expression of NEUROG2 may reprogram enriched MGCs into iNs, as compared with ASCL1 as previously described (Pollak et al., 2013). Expanded MGCs were harvested and transfected with control-I-GFP, Neurog2-I-GFP (Figure 2B), Neurog2-I-DsRed (Figures 2D,F) or Ascl1-I-DsRed plasmids (Figures 3A,C), and maintained for 13 days (1 day in growth medium + 12 days in differentiation medium; Figure 2A). At the end of this period, cells transfected with control plasmids maintained both their typical glial morphology and the content of the glia-specific protein GFAP (Figure 2C). In contrast, a substantial fraction of NEUROG2-containing cells underwent robust morphological changes, characterized by reduction of the cell body and extension of thin and long primary processes (usually 2 or 3) with small ramifications, similar to the morphology of neuronal cells in culture (Figures 2B,D,F). Accordingly, these cells also contained the neuron-specific proteins TUBB3 (Figure 2D) and microtubule associated protein 2 (MAP2) (Figure 2F), indicating that NEUROG2 led to conversion of cultured MGCs into iNs. The frequency of iNs was significantly higher in cultures containing MGCs expanded in the presence, as compared with the absence of EGF and FGF2 (71.0 ± 4.1 vs. 26.4 ± 5.1%; p < 0.001; Tukey's multiple comparison test; Figure 2E), suggesting that these growth factors facilitate reprogramming. Additionally, about 90% of iNs also expressed MAP2 (Figures 2F,G) independently of mitogenic factors during enrichment, further suggesting the acquisition of a neuronal phenotype.
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FIGURE 2. Expression of NEUROG2 converts MGCs into iNs. (A) Experimental design. Note that EGF/FGF2 are used only during MGC expansion. (B–B') Overview of MGC cultures 13 days post nucleofection (dpn) with Neurog2-I-GFP showing the presence of GFP+ cells (green) adopting a neuronal-like morphology (white inset, magnified in B'). (C) Representative photomicrographs of MGC cultures at 13 dpn with control-I-GFP, showing GFP+ cells (green) that maintain glial morphology and contain GFAP (white). (D) Immunolabeling of the neuronal protein βIII-TUBULIN (TUBB3, green) in DsRed (red) cells at 13 dpn with Neurog2-I-DsRed in MGCs cultures expanded either without (top) or with (bottom) EGF/FGF2. (E) Frequencies of DsRed+/TUBB3+ iNs amongst total DsRed+ cells at 13 dpn (***p < 0.001; Tukey's multiple comparison test). (F) Immunolableing for the neuronal protein MAP2 (green) in DsRed (red) cells at 13 dpn with Neurog2-I-DsRed in MGCs expanded either without or with EGF/FGF2. (G) Frequencies of DsRed+MAP2+ iNs amongst all DsRed+ iNs. Photomicrographs in (C,D,F) are single confocal Z stacks. Nuclei are stained with DAPI (blue). Scale bars: 20 μm.
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FIGURE 3. Expression of ASCL1 converts MGCs into iNs. (A) Representative photomicrographs of MGC cultures expanded without or with EGF/FGF2 at 13 dpn with Ascl1-I-DsRed, showing DsRed+ cells (red) immunolabeled for βIII-TUBULIN (TUBB3, green) (B) Frequencies of DsRed+/TUBB3+ iNs amongst total DsRed+ cells at 13 dpn (*p < 0.05; ***p < 0.001; Tukey's multiple comparison test). (C) Immunolabeling of the neuronal protein MAP2 (green) in DsRed (red) cells at 13 dpn with Ascl1-I-DsRed in MGCs expanded without or with EGF/FGF2. (D) Frequencies of DsRed+MAP2+ iNs amongst all DsRed+ iNs. Photomicrographs in (A,C) are single confocal Z stacks. Nuclei are stained with DAPI (blue). Scale bars: 20 μm.



Lentiviral-mediated expression of ASCL1 reportedly induced the conversion of about 30% of cultured MGCs into neuronal-like cells (Pollak et al., 2013). In our model, nucleofection of ASCL1 led more than half of cultured MGCs to convert into iNs (Figures 3A,B). The proportion of iNs was higher among MGCs previously expanded in the presence, rather than in the absence of EGF and FGF2 (68.1 ± 4.9 vs. 53.7 ± 5.5%; p < 0.05; Tukey's multiple comparison test; Figure 3B), and 97% of iNs also expressed MAP2 (Figure 3D). Collectively, our data indicate that the expression of either NEUROG2 or ASCL1 is sufficient to lineage-reprogram MGCs into iNs, as well as that previous exposure of MGCs to EGF and FGF2 facilitates reprogramming.



Functional and Morphological Differentiation of MGC-Derived iNs

To evaluate whether iNs derived from lineage reprogrammed cultured MGCs develop features of mature functional neurons, we performed calcium imaging using a genetically encoded calcium indicator (GCAMP5) and a fluorescent dye (Oregon green BAPTA-1). MGC cultures nucleofected with either Ascl1 or Neurog2 expression plasmids were maintained for 15 days, and then treated with Oregon green BAPTA (see Materials and Methods). Fast fluctuations of intracellular calcium levels leading to sudden fluorescence changes, likely produced by an abrupt aperture of voltage-gated calcium channels mediated by synaptic activity (Bonifazi et al., 2009; Yang and Yuste, 2017), were detected in more than half of iNs (Neurog2 with EGF/FGF2: 12/20; Neurog2 without EGF/FGF2: 13/18; and Ascl1 with EGF/FGF2: 11/20; Ascl1 without EGF/FGF: 12/19) (Figure 4 and Supplementary Videos). In contrast, non-transfected MGCs showed slow calcium fluctuations (Figure 4).
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FIGURE 4. MGC-derived iNs display fast calcium transients. (A–D) Photomicrographs show examples of MGC-derived iNs at 13 days dpn with Neurog2-I-DsRed expressing DsRed (A,C), and labeled with Oregon Green Bapta (B,D). Red and orange arrows point to DsRed+ MGC-derived iNs, whereas green arrows point to non-transfected MGCs randomly selected within the same fields of observation. Top (A,B) and bottom (C,D) images were obtained from MGCs expanded in the presence of absence of EGF/FGF2, respectively. (E,F) Representative traces of calcium-transients in cells indicated by colored arrows in (A,E) and (C,F). Calcium responses were calculated as the change in fluorescence (ΔF) over the initial fluorescence (F0). Note that only iNs indicated by the red arrows displayed fast calcium-transients as indicated by rapid variations in the fluorescence (raising interval between 10 – 30 ms). In contrast, non-transfected MGCs (green arrows) have only slow calcium-transients as indicated by gradual changes in fluorescence levels (raising interval > 1s), suggestive of metabotropic responses. DsRed+ cells indicated by the orange arrows did not show any significant fluctuation in fluorescence levels during the period of observation. Scale bar: 20 μm.



We also examined the morphology of MGC-derived iNs in the various experimental groups (Figure S1). Expression of either Neurog2 or Ascl1 leads to the generation of diverse iNs (Figures S1A,B). Notwithstanding, whereas three-quarters of Neurog2-converted iNs were either unipolar or bipolar, Ascl1-converted iNs had approximately equal proportions of either multipolar or uni/bipolar morphologies (Figure S1C). These observations suggest that Neurog2 and Ascl1 iNs may acquire distinct phenotypes.



MGC-Derived iNs Express Key Genes of Retinal Neurons

It has been suggested that the origin of reprogrammed astroglial cell lineages affects the phenotype of induced neurons (Chouchane et al., 2017). We tested whether MGC-derived iNs show hallmarks of bona fide retina neurons, after lineage conversion induced by either ASCL1 or NEUROG2 (Figure 5). First, we took advantage of single-cell transcriptomes available in the literature (Macosko et al., 2015) to identify molecular signatures of the major retinal cell types (Figure 5A and Figure S2). Based on single-cell RNA sequence of adult mouse retina cells (Macosko et al., 2015), we defined a small set of transcripts with enriched expression in MGCs (RLBP1 and GLUL), astrocytes (GFAP), photoreceptors (NRL, RHO, RCVRN, and PDE6G), horizontal cells (PROX1 and LHX1), bipolar cells (VSX2), amacrine cells (PAX6, SLC32A1, GAD1, GAD2, TH, and CHAT) and RGCs (RBPMS, SLC17A6, POU4F1, CALB2, RBFOX3, SYN1, TUBB3, and PVALB). Next, we used qRT-PCR to compare the expression of these molecular markers in MGC cultures expanded in the presence or absence of EGF/FGF2, and nucleofected with either Neurog2 or Ascl1 (Figures 5B,C). Despite the small number of iNs amongst the total population of MGCs (~1–2%), we detected an increase in the expression of several genes commonly expressed by retina neurons in MGC cultures nucleofected with Neurog2 or Ascl1 (Figures 5B, C), but not among cerebellum astroglial cells nucleofected with the same plasmids (Figure S3), which are known to adopt mostly a GABAergic iN phenotype (Chouchane et al., 2017). Interestingly, differences were observed among cells converted through each of the two expansion protocols. While MGC-derived iNs, induced by expression of either ASCL1 and NEUROG2 grown in the absence of EGF/FGF2 upregulated key genes of photoreceptors, genes of amacrine cells were expressed only in iNs derived from MGCs expanded in the presence of growth factors. In contrast, increased levels of genes commonly expressed by horizontal and bipolar cells were detected in all experimental conditions. Surprisingly, we also found that many genes commonly expressed by RGCs were upregulated in MGC-derived iNs, in particular the specific RGC genes SLC17A6 and POU4F1 (Quina et al., 2005; Martersteck et al., 2017), but the same was not observed in cerebellar astroglia-derived iNs (Figure S3). This effect was much more robust after expression of NEUROG2 (Figure 5B), independently of the expansion protocol. Altogether, the transcriptome panel suggests that either Neurog2 or Ascl1 may induce distinct, but partly overlapping retina neuronal phenotypes in MGC-derived iNs, but Neurog2 seems to induce a more complete RGC-like phenotype.


[image: image]

FIGURE 5. Expression of either NEUROG2 or ASCL1 induces upregulation of key retina neuron genes in MGC-derived iNs. (A) Expression levels of selected genes used to identify different classes of retina neurons using scRNAseq data available in the literature (Macosko et al., 2015) (see also Figure S2). Dot sizes and colors (green-low to red-high) represent the percentage of cells expressing the gene and its average scaled expression, respectively. Observe that the expression of Slc17a6 and Pou4f1 are specific for a high percentage of cells assigned as RGCs. (B,C) Graphics showing the relative expression levels (log10) of genes enriched in Müller glia (Rlbp1, Glul), photoreceptors (Rho, Rcvrn, Pde6g), horizontal (Prox1, Lhx1), bipolar (Vsx2), amacrine (Slc32a1, Chat, Th) and retina ganglion cells (Pou4f1, Slc17a6, Calb2, Rbfox3, Syn1, Pvalb, Rbpms), as shown in (A), in MGC cultures nucleofected with either Neurog2 (B) or Ascl1 (C). White and black bars indicate that MGC were expanded in the absence or presence of EGF/FGF2, respectively, prior to the expression of Neurog2 or Ascl1.





Neurog2-Induced RGC-Like Phenotypes

To further test for the acquisition of RGC features by MGC-derived iNs, we immunolabeled markers of retina neurons in individual iNs (Figure 6). NEUROG2-converted neurons contained RNA Binding Protein mRNA Processing Factor (RBPMS; Figures 6A–C), a selective marker of RGCs in the mammalian retina (Rodriguez et al., 2014), as well as TUBB3 (Figures 2, 6D–F), PARV (Figures 6G–I) and SYN1 (Figures 6J–L), all of which are enriched in RGCs in vivo (Figure 5A). These findings, together with the qRT-PCR data, support the interpretation that NEUROG2 is sufficient to induce a RGC-like phenotype in MGC-derived iNs.


[image: image]

FIGURE 6. Expression of NEUROG2 induces the acquisition of RGC-like phenotypes in MGC-derived iNs. (A–L) Immunolabeling of the RGC proteins RBPMS (red, A–C), βIII-TUBULIN (green, D–F), PARV (red, G–I) and SYN1 (green, J–L) in MGC converted into iNs at 15 days post-nucleofection with either Neurog2-I-GFP (green, A–C and G–I) or Neurog2-I-DsRed (red, D-F and J-L). Scale bars: 20 μm.





Overexpression of NEUROG2 Resumes RGC Generation in the Neonatal Retina in vivo

Finally, we tested whether the expression of NEUROG2 in late retinal progenitors induces de novo generation of RGCs. To that effect, sub-retinal injections of either pCAG-I-GFP or pCAG-Neurog2-I-GFP plasmids were followed by electroporation in P0 rats (Figure 7). Late progenitors are transcriptionally similar to MGCs and also have restricted neurogenic potential (Cepko, 1999; Blackshaw et al., 2004; Ooto et al., 2004; Jadhav et al., 2009; Nelson et al., 2011; He et al., 2012; Karl and Reh, 2012; Loffler et al., 2015). Both late progenitors and MGCs are not competent to generate RGCs in the rodent retina. As previously described (Matsuda and Cepko, 2004), 10 days after in vivo electroporation the vast majority (~80%) of GFP+ cells in control-electroporated retinas settled in the outer nuclear layer (ONL) and differentiated into rod cells, while the remaining cells located mostly in the inner nuclear layer (INL) and differentiated into bipolar, MGCs or amacrine cells (Figures 7A,E). Also consistent with the literature (Matsuda and Cepko, 2004), a negligible number of GFP+ cells was found in the ganglion cell layer (GCL) of control-electroporated animals (2 cells in one animal out of 1,254 GFP+ cells counted from 5 animals−26 × 250 μm sections), whereas a significant proportion of cells in all animals displayed radial morphologies and expressed CRALBP (Figure S4), indicating the acquisition of a MGC phenotype (10.71 ± 0.69 %, n = 5 animals, 1,487 GFP+ cells). In sharp contrast, in retinas electroporated with pCAG-Neurog2-I-GFP plasmid, we failed to detect any cell with a radial morphology or expression of CRALBP (1,340 GFP+ cells analyzed from 5 animals). About 65.5% of GFP+ cells settled in the ONL and 33% in the INL, but a significant fraction (17 cells in 5 animals out of 1340 GFP+ cells counted from 5 animals−27 × 250 μm sections) of cells was found in the GCL (Figures 7C–I). Quantification of the number of GFP+ cells in 250 μm of 27 sections of 5 retinas showed that the mean number of GFP+ cells in the GCL was significantly increased in Neurog2-electroporated animals as compared to controls, suggesting that NEUROG2 expression resumed the generation of RGCs (Figure 7F). Accordingly, we also found that GFP+ cells in the GCL expressed classical markers of RGCs, such as RBPMS (Figures 7 G–I) and TUBB3 (Figure S5) and extended thin axonal processes that reached the optic nerve (Figure 7J). Some GFP-expressing cells within the GCL also extended processes toward the inner plexiform layer, consistent with the morphology of RGCs (Figures 7G, 8). Moreover, GFP+ cells within the GCL also displayed varied patterns of dendrite stratification (Figure 8), consistent with distinct RGC morphologies in the rodent retina (Sanes and Masland, 2015). Altogether, these data support the hypothesis that the expression of NEUROG2 endows late retinal progenitors with the potential to generate RGCs, while it inhibits the differentiation of MGCs in vivo.
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FIGURE 7. Forced-expression of NEUROG2 resumes the generation of RGCs in the developing retina in vivo. (A–D) Representative images of P10 rat retinas after electroporation with control-I-GFP (A,B) and Neurog2-I-GFP (C,D) plasmids at P0. Note the presence of GFP+ radial fibers typical of MGCs (arrows in B) and the complete absence of GFP+ cells in the GCL in controls. Observe also the decrease of GFP+ cells in the ONL and the presence of GFP+ cells in the GCL of Neurog2-electroporated retina (arrow in D). (E) Frequencies of GFP+ cells in the ONL, INL e GCL of the retina of control- and Neurog2-electroporated animals. (F) Mean numbers of GFP+ cells within the ONL, INL or GCL per 250 μm longitudinal section (***p < 0.001; Two-way ANOVA, Bonferroni post-hoc test). (G–I) Expression of RBPMS (red) in GFP+ cells (green) within the GCL of Neurog2-electroporated retinas. White arrow points to the axon-like process of the GFP+ cell observed within the GCL. Dashed box (G) is amplified in H and I to show the co-localization of GFP and RBPMS in a single confocal Z-stack. (J) Axon-like GFP+ processes (arrows) reaching the optic nerve in a Neurog2-electroporated retina. Nuclei are stained with DAPI (blue). Scale bars: A-D and J: 50 μm; G: 25 μm; H-I: 12,5 μm.
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FIGURE 8. Representative examples of GFP+ cells within the GCL of Neurog2-electroporated retinas. (A–H) Images show GFP+ cells (green) within the GCL of P10 rats after electroporation with Neurog2-I-GFP at P0. Nuclei are stained with DAPI (blue, A–D). Note the distinct positions and dendrite stratifications of GFP+ cells (E-H), resembling bona fide subtypes of rodent RGCs (Sanes and Masland, 2015). Scale bar: 25 μm.






DISCUSSION

Here we show that cells isolated in culture and expressing several hallmarks of Müller cells, the main type of glia found in the vertebrate retina, can be reprogrammed into neurons when transduced with plasmids encoding either of the basic Helix loop Helix (bHLH) transcription factors Neurog2 or Ascl1. Cell–lineage reprogramming is affected by treatment with EGF and FGF2 during MGC enrichment, and led to the expression of typical neuronal markers, MAP-2 and TUBB3. Induced neurons expressed clusters of genes consistent with the profile of retinal cells, suggesting that distinct retinal neuron phenotypes are elicited in MGC-derived iNs. Notably, only iNs generated after expression of NEUROG2 upregulated a set of genes compatible with the acquisition of a possible RGC identity. A role for NEUROG2 in the induction of RGC fate was also observed in late progenitors of the neonatal mouse retina in vivo, suggesting that Neurog2 is a good candidate for gene therapies aiming at the regeneration of RGCs in the adult injured retina.

Lineage reprogramming of astroglial cells into neurons has been heralded as a possible treatment for degenerative or traumatic brain disorders, and recent studies showed evidence of conversion of glial cells into functional neurons with high efficiency in the murine brain, induced by virally delivered transcription factors (Torper and Gotz, 2017). Astroglial cells isolated from the postnatal rodent cerebral cortex (Berninger et al., 2007; Heinrich et al., 2010) and cerebellum (Chouchane et al., 2017), as well as retinal MGCs (Singhal et al., 2012; Pollak et al., 2013; Song et al., 2013; Ueki et al., 2015; Wu et al., 2016; Jorstad et al., 2017) have been reprogrammed into neurons.

Lentiviral gene transfer of the proneural factor Ascl1 partially reprogrammed P11/12 Müller glial cells in vitro into retinal progenitors 3 weeks after infection (Pollak et al., 2013), a process facilitated by microRNA miR-124-9-9* (Wohl and Reh, 2016). Combination of Ascl1 and miR-124-9-9* led to a peak of 50–60% reprogrammed iNs, whereas Ascl1 alone reached 30–35% (Wohl and Reh, 2016). The latter is lower than what we found following expression of Ascl1, which may be due to the earlier age of the mice from which cells were isolated in our study (P7-9). Indeed, in our hands, MGCs isolated from P21 retina failed to reprogram into iNs upon expression of either ASCL1 or NEUROG2 (data not shown), similar to what has been described for astroglia isolated from the adult mouse cerebral cortex (Heinrich et al., 2010) or even for astroglia isolated from the postnatal cerebral cortex or cerebellum, and maintained in differentiation conditions for several days before ASCL1 or NEUROG2 expression (Masserdotti et al., 2015; Chouchane et al., 2017). This resistance to lineage conversion in astrocytes isolated at late developmental stages is likely explained by the epigenetic changes occurring in these cells during differentiation from an immature to mature state (Masserdotti et al., 2015). According to this interpretation, ASCL1-mediated lineage reprogramming of MGCs into iNs in adult mouse retina requires co-treatment with histone deacetylase-inhibitors (Jorstad et al., 2017).

Our data also showed that the presence of mitogenic factors EGF and FGF2 during MGC expansion substantially increased the efficiency of conversion into iNs, suggesting that exposure to those growth factors endows MGCs with higher plasticity. It has been shown that FGF2 induces methylation of Lysine 4 and suppresses methylation of Lysine 9 of histone H3 at the signal transducer and activator of transcription (STAT) binding site (Song and Ghosh, 2004), whereas EGF affects chromatin architecture at the regulatory element of cyclin D1, through a process involving Cre-binding protein (CBP), Histone deacetylase 1 (HDAC1) and Suv39h1 histone/chromatin remodeling complex (Lee et al., 2012). It is conceivable that such effects of EGF/FGF2 upon MGCs may facilitate the binding of NEUROG2 and ASCL1 to their target genes and, therefore, increases the efficiency of conversion. The effect was more pronounced for NEUROG2 than ASCL1; the latter has a known role in the remodeling of the chromatin landscape by itself, which increases its own accessibility to target genes (Raposo et al., 2015). In addition, expression of ASCL1 in NMDA-injured retinas of adult mice was sufficient to lineage reprogram only about 20% of MGCs into Otx2+ neurons, but this effect was enhanced by 2-fold in animals receiving concomitant treatment with trichostatin-A, a potent inhibitor of histone deacetylase (Jorstad et al., 2017).

Alternative explanations for the effects of EGF/FGF2 upon MGC-lineage conversion into iNs are rooted on the roles of these growth factors in cell proliferation (Todd et al., 2015) and survival (Rolf et al., 2003; Nickerson et al., 2011), dedifferentiation and possibly reprogramming, reviewed in Hamon et al. (2016). Recent work in the adult mouse retina demonstrates that genetic lineage reprogramming of MGCs into photoreceptors in vivo requires previous activation of cell proliferation trough activation of the beta-catenin pathway (Yao et al., 2018). Here, we observed a larger fraction of NESTIN+, SOX2+, and BrdU+ cells in MGC cultures grown in the presence of EGF/FGF2, suggesting an increase in cell proliferation. However, this effect was much smaller than that observed in lineage-reprogramming efficiencies, indicating that the increased number of iNs observed in cultures treated with EGF/FGF2 cannot be exclusively explained by an increase in MGC proliferation. Thus, the explanation that reprogramming is facilitated by EGF/FGF2 through effects upon chromatin structure remains a likely explanation, although further studies are needed to support this hypothesis.

A critical question in cell reprogramming is whether iNs acquire either single or multiple neuronal phenotypes (Amamoto and Arlotta, 2014; Heinrich et al., 2015). Recent work in our laboratory has shown that the origin of astroglial cells, either from cerebral cortex or cerebellum, affects the phenotype of iNs lineage-converted by either ASCL1 or NEUROG2 (Chouchane et al., 2017). Notably, most iNs generated from astroglia from either cerebellum or neocortex showed central hallmarks of neurons commonly observed in those regions, suggesting that a “molecular memory” in the astroglial cells contributes to the acquisition of specific neuronal phenotypes in iNs (Chouchane and Costa, 2018).

This notion is supported by our current finding that MGC-derived iNs upregulate several genes expressed in retinal neurons. Consistent with previous work (Pollak et al., 2013; Wohl and Reh, 2016; Jorstad et al., 2017), we found that ASCL1-converted MGCs generated iNs which express genes of horizontal and bipolar cells, but few genes commonly observed in photoreceptors, amacrine cells and RGCs, suggesting that these phenotypes are rare and/or incomplete in the converted cells. In contrast, expression of NEUROG2 converted MGCs into iNs accompanied by up-regulation of several genes of photoreceptors, amacrine cells and RGCs. Importantly, the latter phenotype is supported by the expression of two RGC-specific genes, namely Pou4f1 and Scl17a6 (Quina et al., 2005; Martersteck et al., 2017), as well as four other genes highly enriched in RGCs (Syn1, Parv, Calb2 and Tubb3). Immunolabeling confirmed the increased content of three of these markers (TUBB3, SYNAPSIN 1, PARVALBUMIN). Moreover, expression of the selective RGC marker RBPMS (Rodriguez et al., 2014) in MGC nucleofected with Neurog2 further suggests the acquisition of a RGC-like phenotype in iNs. These observations are particularly important, because previous attempts to lineage reprogram MGCs into iNs, both in vitro and in vivo, have failed to generate iNs with RGC-like phenotypes (Pollak et al., 2013; Wohl and Reh, 2016; Jorstad et al., 2017). Future experiments should address whether the expression of NEUROG2 in MGCs in the intact or injured adult retina are sufficient to lineage convert these cells into RGCs. Nevertheless, our observations in post-natal retinas indicate that NEUROG2 has an important instructive role for the RGC phenotype in vivo.

Altogether, our study corroborates previous evidence of the potential of MGC to reprogram into iNs following expression of ASCL1 (Pollak et al., 2013; Wohl and Reh, 2016; Jorstad et al., 2017), and provides compelling evidence that NEUROG2 expression is also sufficient to convert MGCs into iNs expressing several features of RGCs. Our results may thus contribute to develop new strategies of gene therapy aiming at the regeneration of retinal neurons in patients with glaucoma and other neurodegenerative retinopathies.
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Figure S1. Polarized morphologies are more common in Neurog2- than Ascl1-iNs. (A) Morphologies of iNs derived from MGCs nucleofected with either Neurog2 or Ascl1. (B) Cartesian plot representing the orientations of primary dendrites in iNs generated in different conditions (Neurog2 without GF = 31 iNs; Neurog2 with GF = 19 iNs; Ascl1 without GF = 21 iNs; Ascl1 with GF = 26 iNs). (C) Frequencies of iNs showing unipolar, bipolar, or multipolar morphologies according to the TF used (Neurog2 = 50 iNs; Asc1 = 47 iNs). Observe the higher number of uni/bipolar among Neurog2-induced neurons (p < 0.05; Chi-square test).

Figure S2. Identification of major retina cell types using single-cell transcriptomes. (A) Clustering of 21,176 single-cell expression profiles into 39 retinal cell populations using available dataset (Macosko et al., 2015). The plot shows a two-dimensional representation (tSNE) of global gene expression relationships among 21,176 cells. (B) Annotation of the same cells into the 7 major retinal cell types, according to the expression of cell-type specific genes. (C) List of some differently expressed genes used to classify the 7 major retina cell types and also used to identify the phenotypes of iNs in this study (RT-qPCR and immunocytochemistry).

Figure S3. Gene expression in cerebellar astroglia cells nucleofected with Neurog2 or Asc1. Graphic showing the relative expression levels (log10) of genes used to identify presumptive retina cell phenotypes (Figure 5) cerebellar astroglia cell cultures nucleofected with either Neurog2 (white bars) or Ascl1 (black bars). Observe that genes commonly observed in cerebellar neurons (Prox1, Vsx2, Slc32a1, Chat, Rbfox3, and Syn1) are upregulated, whereas genes whose expression is restricted to retinal neurons (Nrl, Rho, Pou4f1, Slc17a6) are not up regulated in cerebellar astroglia-derived iNs.

Figure S4. Expression of CRALBP in MGCs generated in the postnatal retina electroporated with control-I-GFP. (A–C) Coronal section of a P10 rat retina after electroporation with Control-I-GFP at P0, immunolabeled for GFP (green) and CRALBP (red). Images are single confocal Z-stacks and show the co-localization of GFP and CRALB in MGC fibers (arrows). Scale bar: 25 μm.

Figure S5. Expression of βIII-TUBULIN in RGCs generated in the postnatal retina following Neurog2-electroporation. (A) Coronal section of a P10 rat retina after electroporation with Neurog2-I-GFP at P0, immunolabeled for GFP (green) and βIII-TUBULIN (TUBB3, red). Nuclei are stained with DAPI (blue). Image is a Z-projection of 8 confocal Z-stacks. Dashed box delimits a GFP+ cell within the ganglion cell layer (GCL). (B,C) Magnification of the dashed box in A showing the co-localization of GFP and βIII-TUBULIN in a single confocal Z-stack. Scale bars: A: 50 μm; B,C: 25 μm.

Supplementary Video 1. MGC expanded in the presence of EGF/FGF2 and lineage reprogrammed into iNs by NEUROG2 show fast calcium transients. Movie shows 600 frames taken with 10 ms exposure time and no interval. Observe the fast fluorescence intensity increase in the MGC-derived iN indicated by a red arrow in Figures 4A,B. MGCs in the same field show slow oscillations in fluorescence.

Supplementary Video 2. MGC expanded in the absence of EGF/FGF2 and lineage reprogrammed into iNs by NEUROG2 show fast calcium transients. Movie shows 600 frames taken with 10 ms exposure time and no interval. Observe the fast fluorescence intensity increase in the MGC-derived iN indicated by a red arrow in Figures 4C,D. MGCs in the same field show slow oscillations in fluorescence.
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The adult mammalian brain can produce new neurons in a process called adult neurogenesis, which occurs mainly in the subventricular zone (SVZ) and in the hippocampal dentate gyrus (DG). Brain-derived neurotrophic factor (BDNF) signaling and cannabinoid type 1 and 2 receptors (CB1R and CB2R) have been shown to independently modulate neurogenesis, but how they may interact is unknown. We now used SVZ and DG neurosphere cultures from early (P1-3) postnatal rats to study the CB1R and CB2R crosstalk with BDNF in modulating neurogenesis. BDNF promoted an increase in SVZ and DG stemness and cell proliferation, an effect blocked by a CB2R selective antagonist. CB2R selective activation promoted an increase in DG multipotency, which was inhibited by the presence of a BDNF scavenger. CB1R activation induced an increase in SVZ and DG cell proliferation, being both effects dependent on BDNF. Furthermore, SVZ and DG neuronal differentiation was facilitated by CB1R and/or CB2R activation and this effect was blocked by sequestering endogenous BDNF. Conversely, BDNF promoted neuronal differentiation, an effect abrogated in SVZ cells by CB1R or CB2R blockade while in DG cells was inhibited by CB2R blockade. We conclude that endogenous BDNF is crucial for the cannabinoid-mediated effects on SVZ and DG neurogenesis. On the other hand, cannabinoid receptor signaling is also determinant for BDNF actions upon neurogenesis. These findings provide support for an interaction between BDNF and endocannabinoid signaling to control neurogenesis at distinct levels, further contributing to highlight novel mechanisms in the emerging field of brain repair.
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INTRODUCTION

Constitutive neurogenesis occurs in the adult mammalian brain where NSPC are able to differentiate into three neural lineages, neurons, astrocytes and oligodendrocytes (Gage, 2000; Gross, 2000). These multipotent cells exhibit properties of self-renewal and cell proliferation that allow the maintenance of their own pool (Ma et al., 2009). Neurogenesis occurs mainly in two brain areas, the subventricular zone (SVZ) and the subgranular zone (SGZ) within the DG of the hippocampus. These regions are packed with NSPC that originate neuroblasts which migrate toward their final destinations, where they differentiate into mature neurons and are integrated into the neuronal circuitry (Lledo et al., 2006; Zhao et al., 2008; Ming and Song, 2011).

Adult neurogenesis and the neurogenic niches are highly regulated by several factors (intrinsic and extrinsic factors) that control the NSPC rates of proliferation, lineage differentiation, migration, maturation and survival (Ming and Song, 2011). Knowing and understanding the actions of these factors will further contribute to develop new therapeutic strategies useful for brain repair and regeneration. However, there is still a lack of knowledge regarding the key factors that regulate each step of postnatal neurogenesis.

The role of neurotrophins and, in particular, brain-derived neurotrophic factor (BDNF) in adult neurogenesis has been the subject of many studies (Henry et al., 2007; Chan et al., 2008; Vilar and Mira, 2016). BDNF is expressed in both SVZ and SGZ neurogenic niches (Galvão et al., 2008; Li et al., 2008) but its precise role in adult neurogenesis is still not consensual. In fact, some studies suggest that BDNF is important to positively regulate DG cell proliferation and survival (Chan et al., 2008; Li et al., 2008) while others report no BDNF-induced changes in DG neurogenesis (Choi et al., 2009). In SVZ, most studies depict that BDNF does not promote any significant changes in cell proliferation and survival (Henry et al., 2007; Galvão et al., 2008), despite having a role in the migration of SVZ-derived cells (Snapyan et al., 2009; Bagley and Belluscio, 2010). Despite the available contradictory data, BDNF, through TrkB signaling, was shown to have an essential role in the regulation of dendritic complexity as well as synaptic formation, maturation and plasticity of newborn neurons (Chan et al., 2008; Gao et al., 2009; Wang et al., 2015).

Besides expressing BDNF, NSPC present in the neurogenic niches were shown to express all the elements of the endocannabinoid system (Aguado et al., 2005; Arévalo-Martín et al., 2007), including the main cannabinoid receptors type 1 (CB1R) and type 2 (CB2R) receptors (Rodrigues et al., 2017). They are both present in the CNS, although CB2R expression is relatively higher in the immune system (Galve-Roperh et al., 2007). In recent years, the role of cannabinoids in neurogenesis has been of particular interest given their multiplicity of neuromodulatory functions (Mechoulam and Parker, 2013). Cannabinoid receptors modulate adult neurogenesis by acting at distinct neurogenic phases (Prenderville et al., 2015). Importantly, activation of type 1 (Xapelli et al., 2013) or type 2 cannabinoid receptors (Palazuelos et al., 2006) by selective agonists was found to regulate cell proliferation, neuronal differentiation and maturation (Rodrigues et al., 2017).

Several studies have provided molecular and functional evidence for a crosstalk between BDNF and endocannabinoid signaling (Maison et al., 2009; Zhao et al., 2015). Synergism between BDNF and CB1R has been observed both in vitro and in vivo (De Chiara et al., 2010; Galve-Roperh et al., 2013). In particular, BDNF was shown to regulate striatal CB1R actions (De Chiara et al., 2010). Moreover, evidence for BDNF-TrkB signaling interplay with CB1R has been shown to trigger endocannabinoid release at cortical excitatory synapses (Yeh et al., 2017). Importantly, genetic deletion of CB1R was shown to promote a decrease in BDNF expression (Aso et al., 2008) while induction of BDNF expression contributed to the protective effect of CB1R activity against excitotoxicity (Marsicano, 2003; Khaspekov et al., 2004). Moreover, CB1R activity can enhance TrkB signaling partly by activating MAP kinase/ERK kinase pathways (Derkinderen et al., 2003) but also by directly transactivating the TrkB receptors (Berghuis et al., 2005). Δ9-THC, the principal active component of cannabis, was shown to promote upregulation of BDNF expression (Butovsky et al., 2005) whereas increased levels of BDNF were shown to rescue the cognitive deficits promoted by Δ9-THC administration (Segal-Gavish et al., 2017). Interestingly, clinical data suggests that acute and chronic intermittent exposure to Δ9-THC alters BDNF serum levels in humans (D’Souza et al., 2009).

Given the evidence that BDNF and cannabinoid signaling can affect neurogenesis as well as the fact that BDNF may interact with cannabinoid receptors, we hypothesized that cannabinoid receptors could act together with BDNF signaling to fine-tune neurogenesis. We show for the first time that endogenous BDNF is crucial for the cannabinoid-mediated effects on SVZ and DG neurogenesis to happen. Moreover, we demonstrate that CB2R has a preponderant role in regulating some of the BDNF actions on neurogenesis. Taken together, our results suggest an important crosstalk between BDNF and cannabinoid signaling to modulate postnatal neurogenesis.



MATERIALS AND METHODS

Ethics

All experiments were performed in accordance with the European Community (86/609/EEC; 2010/63/EU; 2012/707/EU) and Portuguese (DL 113/2013) legislation for the protection of animals used for scientific purposes. The protocol was approved by the “iMM’s institutional Animal Welfare Body – ORBEA-iMM and the National competent authority – DGAV (Direcção Geral de Alimentação e Veterinária).” The work was performed with biological material obtained from rat pups and subsequently maintained in vitro. The pups were handled according to standard and humanitarian procedures to reduce animal suffering.

SVZ and DG Cell Cultures

SVZ and DG neurospheres were prepared from early postnatal (P1-3) Sprague-Dawley rats. SVZ and DG fragments were dissected out from 450 μm-thick coronal brain slices, digested with 0.05% Trypsin-EDTA (Life Technologies, Carlsbad, CA, United States) in Hank’s balanced saline solution (HBSS, Life Technologies), and mechanically dissociated with a P1000 pipette. The originated cell suspension was then diluted in serum-free medium (SFM), composed of Dulbecco’s modified Eagle’s medium/Ham’s F-12 medium with glutaMAX (DMEM+GlutaMAX, Life Technologies) supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin (Pen/Strep; Life Technologies), 1% B27 (Life Technologies) and growth factors (for SVZ cells: 20 ng/mL epidermal growth factor (EGF; Life Technologies); for DG cells: 20 ng/mL epidermal growth factor (EGF; Life Technologies) and 10 ng/mL fibroblast growth factor-2 (FGF-2; Life Technologies) (proliferative conditions). SVZ cells were then plated on uncoated Petri dishes and allowed to develop for 6 days, whereas DG cells were allowed to develop for 10 days, both in a 95% air-5% CO2 humified atmosphere at 37°C. Six-day-old SVZ neurospheres and 10-day-old DG neurospheres were adhered for 24 h onto glass coverslips coated with 0.1 mg/mL poly-D-lysine (PDL, Sigma-Aldrich, St. Louis, MO, United States) in SFM devoid of growth factors (differentiative conditions). Two days after plating, the medium was renewed with or without (control) a range of pharmacological treatments (see Table 1).

TABLE 1. Pharmacological treatments used.
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Pharmacological Treatments

To investigate the crosstalk between CB1R, CB2R and BDNF on cell-fate, cell proliferation and neuronal differentiation CB1R selective agonist (ACEA, 1 μM), CB2R selective agonist (HU-308, 1 μM), non-selective cannabinoid receptor agonist WIN55,212-2 (1 μM) or BDNF (30 ng/mL) were incubated in SVZ and DG cell cultures. Moreover, selective antagonists for CB1R (AM251, 1 μM) and CB2Rs (AM630, 1 μM) or scavenger for BDNF (TrkB-Fc, 2 μg/mL) were used (Table 1). TrkB-Fc chimera consists of an extracellular domain of human TrkB fused to the C-terminal Fc region of human IgG1 used to bind to BDNF, therefore, removing available BDNF in the media. The ligand concentrations used in the studies were selected from previous published work (Rodrigues et al., 2017).

To study cell-fate, a Sox2 cell-pair assay was performed as described by Xapelli et al. (2013), where dissociated SVZ and DG cell suspensions obtained during the cell culture procedure were plated on poly-D-lysine coated glass coverslips at a density of 12800 cells/cm2 and 19200 cells/cm2, respectively. After seeding, SVZ and DG cells were grown, respectively, in SFM supplemented with 10 ng/mL EGF (low EGF) and in SFM supplemented with 10 ng/mL EGF and 5 ng/mL FGF-2 (low EGF/FGF-2). Moreover, plated cells were treated for 24 h with the drugs that modulate CB1R and CB2R and, BDNF (Table 1).

To study cell proliferation, plated neurospheres in differentiative conditions were allowed to develop for 48h in the absence (control) or presence with the aforementioned drugs (Table 1).

Neuronal differentiation was assessed by allowing neurospheres to develop for 7 days in the absence (control) or presence of the drugs (Table 1).

Whenever cultures needed to be co-treated with a combination of drugs, treatment with selective antagonists for CB1Rs and CB2Rs or TrkB-Fc was performed 30 min prior to the treatment with the CB1R or CB2R selective agonists or BDNF.

Cell Commitment Study (Cell-Pair Assay)

Dissociated SVZ or DG cells that were treated for 24 h with the drugs were fixed in phosphate-buffered saline (PBS) containing 4% paraformaldehyde (PFA) for 30 min and the stained for Sox2 (Table 2), a marker of NSPC with the ability to self-renewal. Cell pairs resulting from the division of a single NSPC were counted and categorized in 3 groups according to their Sox 2 expression: in both daughter cells (Sox2 +/+ cell pairs), in only one of the daughter cell (Sox2 +/- cell pairs) and no expression (Sox2 -/- cell pairs). Sox2 expression in the daughter cells characterizes the response of cells to the pharmacological treatment applied, ultimately reflecting the cell-fate of the pool of NSPC, namely expansion (symmetrical self-renewal), maintenance (asymmetrical self-renewal) or extinction (symmetrical commitment) (Xapelli et al., 2013).

TABLE 2. Antibodies used for immunocytochemistry.
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Cell Proliferation Study

To investigate the effect of the different pharmacological treatments on cell proliferation, SVZ and DG cells were exposed to 10 μM 5-bromo-2′-deoxyuridine (BrdU) (Sigma-Aldrich), a synthetic thymidine analog able to substitute thymidine in the DNA double chain synthesis occurring in dividing cells, for the last 4 h of each specific pharmacological treatment (48 h). Then, SVZ and DG cells were fixed in 4% PFA for 30 min and rinsed with PBS at room temperature (RT). Subsequently, BrdU was unmasked by permeabilizing cells in PBS 1% Triton X-100 at RT for 30 min and DNA was denaturated in 1 M HCl for 40 min at 37°C. Following incubation in PBS with 0.5% Triton X-100 and 3% bovine serum albumin (BSA) to block non-specific binding sites, cells were incubated overnight with the anti-rat BrdU antibody (Table 2). After an additional rinse in PBS, nuclei counterstaining and mounting were performed as described previously.

Cell Differentiation Study

SVZ and DG neurosphere-derived cells treated for 7 days with the drugs were fixed for 30 min in 4% PFA in PBS, permeabilized and blocked for non-specific binding sites for 1h30 with 0.5% Triton X-100 (Sigma-Aldrich) and 6% BSA in PBS. Cells were then incubated overnight at 4°C with the antibody anti-neuronal nuclei (NeuN), a marker of mature neurons (Table 2) in 0.1% Triton X-100 and BSA 0.3% (w/v) in PBS, and then for 1 h at RT with the appropriate secondary antibody (Table 2) in PBS. Nuclei were stained with Hoechst 33342 (6 μg/mL in PBS, Life Technologies). The final preparations were mounted using Mowiol fluorescent medium.

Microscopy

Fluorescence images were captured using an AxioCamMR3 monochrome digital camera (Carl Zeiss Inc., Göttingen, Germany) mounted on an Axiovert 200 inverted widefield fluorescence microscope (Carl Zeiss Inc.), with a 40x objective. Images were recorded using the software AxioVision 4 (Carl Zeiss Inc.). The pixel size in the object space was 0.25 μm and the captured image size was 1388 × 1040 pixels. Images were stored and analyzed in an uncompressed 8-bit Tiff format.

Statistical Analysis

In all experiments, measurements were performed at the border of SVZ and DG neurospheres, where migrating cells form a pseudo-monolayer of cells. In every independent experiment, each condition was measured in triplicate, i.e., in three different coverslips. Percentages of Sox2 cell pairs were obtained from counting 60 cell pairs for each condition obtained from 5-9 independent cultures. Percentages of BrdU and NeuN immunoreactive cells were calculated from cell counts in five independent microscopic fields per coverslip with a 40x objective (approximately 200–400 cells per field).

All experiments were analyzed in a double-blind fashion and obtained data was normalized to each corresponding control. Data are expressed as mean ± standard error of the mean (SEM). Statistical significance was determined using one-way analysis of variance followed by Bonferroni’s-multiple comparison test, with P < 0.05 considered to represent statistical significance.



RESULTS

Neurospheres were used as a model to study postnatal neurogenesis dynamics. They consist of spheroid clones of NSPCs that express both Sox2 and Nestin (markers expressed by self-renewing neural precursor cells) and that are able to differentiate into neurons, expressing immature neuronal markers, such as doublecortin and βIII tubulin and mature neuronal markers, such as NeuN (Rodrigues et al., 2017). Furthermore, during neuronal differentiation, these cells start to express phenotypic markers such as vesicular GABA transporter (VGAT, marker for GABAergic neurons) and tyrosine hydroxylase (TH, marker for dopaminergic neurons) in the case of SVZ-derived neurons and VGAT and Vesicular Glutamate transporter 1 (VGlut1, marker for glutamatergic neurons) in the case of DG-derived neurons (Rodrigues et al., 2017). Importantly, SVZ and DG neurospheres were shown to express both CB1R and CB2R throughout the process of differentiation at DIV 1 and DIV 7 as well as in adult tissue (Rodrigues et al., 2017).

BDNF-CB2R Interaction Regulates Self-Renewal in SVZ Cell Cultures

To investigate the ability of BDNF and cannabinoid receptor ligands to modulate the cell-fate of SVZ cells, a Sox2 cell-pair assay was performed in SVZ cells plated for 24 h in medium supplemented or not (control) with receptor ligands (Figure 1A). Cell pairs resulting from the division of a single NSPC were counted and categorized in 3 groups according to their Sox 2 expression: Sox2+/+ cell pairs indicative of pool expansion through symmetrical self-renewal, Sox2+/- cell pairs, indicative of pool maintenance through asymmetrical self-renewal and Sox2-/- cell pairs, indicative of pool extinction through symmetrical commitment. In SVZ cells, neither selective agonists for CB1R (ACEA, 1 μM) or CB2R (HU-308, 1 μM), nor the non-selective cannabinoid receptor agonist, WIN 55,212-2 (1 μM), modified the percentages of either Sox2+/+ cell pairs (Figure 1B).
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FIGURE 1. BDNF-CB2R interaction regulates SVZ self-renewal. BDNF treatment promoted an increase in self-renewing capacity of SVZ cells which was blocked by CB2R antagonism, albeit cannabinoid receptor activation had no effect. (A) Schematic representation of the experimental protocol used to study cell-fate. Day 0 represents the day of cultures where the SVZ cell suspension was treated with the drugs for 24 h. (B–D) Bar graphs depict the percentage of Sox2+/+, Sox2+/–, Sox2–/– cell pairs expressed as percentage of total cells per culture. Data are expressed as mean ± SEM. n = 3–9. ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 using Dunnett’s multiple comparison test. ns, non-significant.



SVZ cells treated with BDNF (30 ng/mL) showed a significant increase in the percentages of Sox2+/+ cell pairs (66.2 ± 1.78% [95% CI: 62.1–70.3%]; n = 9, p < 0.001 vs. control) with a concomitant decrease in the percentage of Sox2-/- cell pairs (29.4 ± 2.33% [95% CI: 24.1–34.8%]; n = 9, p < 0.001 vs. control) (Figures 1C,D), indicating that BDNF is promoting self-renewal of SVZ cells. We next evaluated whether the action of BDNF depends on cannabinoid receptors. SVZ cells were treated with either the CB1R antagonist, AM251 (1 μM), or the CB2R antagonist, AM630 (1 μM), 30 min prior to BDNF treatment and then grown for 24 h in the presence of BDNF (30 ng/mL). The presence of the CB1R antagonist did not block the BDNF-induced effect on SVZ cell-fate (Figure 1C). Remarkably, the increase in the percentage of Sox2+/+ SVZ cell pairs promoted by BDNF treatment was blocked by the presence of the CB2R selective antagonist, AM630 (1 μM) (50.1 ± 7.18% [95% CI: 30.1–70.0%]; n = 5, p < 0.05 vs. BDNF alone). Similarly, CB2R blockage abolished BDNF-mediated decrease in the percentage of Sox2-/- cell pairs (44.7 ± 6.14%, [95% CI: 27.6–61.7%]; n = 5, p < 0.05 vs. BDNF alone) (Figure 1D), showing a preponderant role of CB2R in modulating the BDNF actions upon SVZ cell fate. Treatment with selective receptor antagonists alone did not alter SVZ cell-fate (Figures 1C,D).

Altogether, the above data indicate that CB2R modulation interferes with BDNF signaling in regulating SVZ cell-fate.

CB1R-Induced SVZ Cell Proliferation Is Dependent on Endogenous BDNF

Next it was investigated whether CB1R/CB2R activation and BDNF could modulate SVZ cell proliferation. For that SVZ cells were treated with selective ligands for 48 h and BrdU was added during the last 4h of the culture to label SVZ cells that went through S-phase. After fixation, incorporated BrdU was immunolabeled and the percentage of positive nuclei was determined (Figure 2A).
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FIGURE 2. CB1R-induced SVZ proliferation is dependent on endogenous BDNF. SVZ proliferation was increased by CB1R activation and treatment with BDNF. BDNF was required for CB1R-mediated effect to occur. Conversely, BDNF-mediated effect was independent of CB1R or CB2R modulation. (A) Schematic representation of the experimental protocol. Day 0 represents the day of cultures; at Day 6 SVZ neurospheres were plated for 48 h and at Day 8 cells were exposed to pharmacological treatments for further 48 h (Day 10). (B,C,E,F) Bar graphs depict the number of BrdU-positive cells. Values were normalized to the control mean for each experiment and are represented as mean ± SEM. Control was set to 100%. n = 3-19. ∗p < 0.05 and ∗∗∗p < 0.001 using Dunnett’s multiple comparison test. ns, non-significant. (D) Representative fluorescent digital images of cells immunopositive for BrdU (in red) and Hoechst 33342 staining (blue nuclei). Scale bar = 50 μm.



As previously described by our group (Rodrigues et al., 2017), treatment of SVZ cells with CB1R agonist ACEA (1 μM) promoted a substantial increase in the number of BrdU-positive cells when compared to control cultures (control: 100.5 ± 0.53% [95% CI: 99.4–101.7%]; ACEA 1 μM: 134.3 ± 6.96% [95% CI: 119.5–149.2%]; n = 16, p < 0.001) whereas treatment with CB2R agonist HU-308 (1 μM) and cannabinoid non-selective receptor agonist WIN 55,212-2 (1 μM) induced no significant alterations in the number of BrdU-positive cells when compared to control cultures (Figures 2B,D).

We next sought to investigate the combined actions of BDNF and cannabinoid receptor activation on SVZ cell proliferation. We observed that incubation with exogenous BDNF promoted a significant increase in the number of SVZ BrdU-positive cells (BDNF 30 ng/mL: 146.9 ± 9.17% [95% CI: 127.6–166.2%]; n = 19, p < 0.001) and that this increase was maintained when co-incubating with cannabinoid non-selective receptor agonist WIN 55,212-2 (BDNF 30 ng/mL+WIN 55,212-2 1 μM: 121.9 ± 10.9% [95% CI: 74.8–168.8%]; n = 3), although incubation with WIN 55,212-2 per se did not affect SVZ cell proliferation (Figures 2C,D).

To evaluate the influence of endogenous BDNF on cannabinoid-mediated SVZ cell proliferation, we used a BDNF scavenger (TrkB-Fc chimera, 2 μg/mL). The incubation with the scavenger alone caused a significant decrease in the percentage of BrdU-positive cells (TrkB-Fc 2 μg/mL: 67.6 ± 3.85% [95% CI: 51.1–84.3%]; n = 3, p < 0.05 vs. control) (Figure 2E), indicating a preponderant role of endogenous BDNF upon cell proliferation. The presence of the scavenger abolished the enhancement in BrdU-positive cells caused by CB1R agonist, ACEA (1 μM) (Figure 2E), indicating not only that SVZ cell proliferation is modulated by CB1R but that this modulation is dependent on endogenous BDNF.

Interestingly, in the presence of the selective CB1R or CB2R antagonists (AM251 and AM630, respectively) the increase in cell proliferation mediated by BDNF was not changed (p > 0.05 vs. BDNF, Figure 2F). These data suggest that BDNF plays a crucial role in regulating SVZ cell proliferation and that endogenous BDNF availability is required for CB1R actions upon this process. However, the effect mediated by BDNF in SVZ cell proliferation is not dependent on CB1R or CB2R.

BDNF Crosstalk With Cannabinoid Receptors Modulates Neuronal Differentiation at SVZ

To evaluate the effects on SVZ neuronal differentiation, SVZ cells were treated with the test drugs in serum-free medium devoid of growth factors for 7 days (Figure 3A). As previously reported (Rodrigues et al., 2017), treatment of SVZ cells with selective agonists for CB1R and/or CB2R as well as treatment with non-selective cannabinoid receptor agonist, WIN 55,212-2, induced a significant increase in the number of NeuN-positive cells when compared to control cultures (Figures 3B–D). While testing the action of exogenous BDNF, we observed a significant increase in the percentage of NeuN-positive cells upon incubation with BDNF (163.0 ± 11.78% [95% CI: 138.4–187.6%]; n = 20, p < 0.001 vs. control) (Figures 3C,D). This effect persisted when cultures were co-incubated with BDNF together with non-selective cannabinoid agonist WIN 55,212-2 (147.1 ± 11.02% [95% CI: 121.7–172.5%]; n = 9, p < 0.05 vs. control) (Figures 3C).
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FIGURE 3. Cannabinoid receptor crosstalk with BDNF modulates SVZ neuronal differentiation. Cannabinoid receptor activation promoted SVZ neuronal differentiation, an effect dependent on the presence of endogenous BDNF. Similarly, BDNF effect upon SVZ neuronal differentiation was abolished by CB1R or CB2R antagonism. (A) Schematic representation of the experimental protocol. Day 0 represents the day of cultures; at Day 6 SVZ neurospheres were plated for 48h and at Day 8 cells were exposed to pharmacological treatments for further 7 days (Day 15). (B,C,E–H) Bar graphs depict the number of NeuN-positive cells. Values were normalized to the control mean for each experiment and are represented as mean ± SEM. Control was set to 100%. n = 5–24. ∗p < 0.05 and ∗∗∗p < 0.001 using Dunnett’s multiple comparison test. (D) Representative fluorescent digital images of cells immunopositive for NeuN (in red) and Hoechst 33342 staining (blue nuclei). Scale bar = 50 μm.



Remarkably, in the presence of the BDNF scavenger (TrkB-Fc) none of the cannabinoid receptor agonists affected the percentage of NeuN-positive cells (p < 0.001 vs. agonists alone, Figures 3E–G). BDNF chimera scavenger (TrkB-Fc) alone was devoid of effect (p > 0.05 vs. control) (Figures 3E–G). These data indicate that endogenous BDNF is necessary for the actions of CB1R and CB2R upon SVZ neuronal differentiation.

Interestingly, the effect promoted by BDNF on SVZ neuronal differentiation was blocked when cells were co-incubated with either the CB1R selective antagonist AM251 (BDNF 30 ng/mL+AM251 1 μM: 113.3 ± 10.6% [95% CI: 89.2–137.4%]; n = 10, p < 0.01 vs. BDNF) (Figure 3H) or with the CB2R selective antagonist AM630 (BDNF 30 ng/mL+AM630 1 μM: 101.5 ± 10.8% [95% CI: 67.1–135.9%]; n = 4, p < 0.01 vs. BDNF) (Figure 3H). No significant alterations were found when incubating cultures with selective antagonists alone (Figure 3H).

Altogether the above results indicate that the effect of BDNF on SVZ neuronal differentiation is dependent on both CB1R and CB2R, while the effect of CB1R and CB2R is dependent on endogenous BDNF.

BDNF-CB2R Interaction Regulates Self-Renewal in DG Cell Cultures

Since effects in SVZ may differ from effects on DG, both neurogenic niches having different functions (Bond et al., 2015), we repeated the above-mentioned experiments, but using DG cell cultures (Figure 4A). We firstly observed that although CB1R selective activation promoted no significant changes in the percentages of either Sox2+/+ or Sox2-/- cell pairs, CB2R selective activation with HU-308 or non-selective cannabinoid activation with WIN 55,212-2 induced a significant increase in the percentage of Sox2+/+ cell pairs (control: 53.70 ± 1.212% [95% CI: 50.5–56.8%]; HU-308 1 μM: 65.17 ± 1.35% [95% CI: 61.4–68.9%]; WIN 55,212-2 1 μM: 62.94 ± 2.02% [95% CI: 57.3–68.5%]; n = 3–5, p < 0.001) (Figure 4B), with a concomitant decrease in the percentage of Sox2-/- cell pairs (control: 45.35 ± 0.86% [95% CI: 42.9–47.7%]; HU-308 1 μM: 33.82 ± 1.23% [95% CI: 30.3–37.2%]; WIN 55,212-2 1 μM: 33.28 ± 2.31% [95% CI: 26.8–39.7%]; n = 3–5, p < 0.001 vs. control) (Figure 4B). This suggests modulation of DG cell-fate by CB2R selective activation, which was further tested by co-incubation with selective antagonists for CB1R and CB2R. Corroborating the involvement of CB2R, we observed that the effect mediated by CB2R selective agonist or by the non-selective CB1R/CB2R agonist in DG self-renewal was blocked by co-incubation with a CB2R selective antagonist, AM630 (1 μM), but not with a CB1R selective antagonist, AM251 (1 μM) (Supplementary Figure S1).
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FIGURE 4. BDNF-CB2R crosstalk regulates DG self-renewal. CB2R selective and non-selective activation increased DG self-renewal capacity, an effect abrogated by endogenous BDNF removal. Conversely, BDNF-mediated increase in DG self-renewal was dependent on CB2R, but not CB1R, modulation. (A) Schematic representation of the experimental protocol used to study cell-fate. Day 0 represents the day of cultures where the DG cell suspension was treated with the drugs for 24 h. (B–F) Bar graphs depict the percentage of Sox2+/+, Sox2+/–, Sox2–/– cell pairs expressed as percentage of total cells per culture. Data are expressed as mean ± SEM. n = 3–7. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 using Dunnett’s multiple comparison test. ns, non-significant.



The presence of the BDNF scavenger, TrkB-Fc (2 μg/mL), abrogated both the increase in the percentage of Sox2+/+ cell pairs, and the concomitant decrease of Sox2-/- cell pairs, induced by either the CB2R selective agonist, HU-308 (1 μM; Figure 4C) or the CB1R/CB2R agonist, WIN 55,212-2 (1 μM; Figure 4D). This data clearly indicates that endogenous BDNF is important for CB2R-mediated control of DG cell-fate.

Exogenously added BDNF (30 ng/ml) increased the percentage of Sox2+/+ cell pairs (control: 50.31 ± 1.28% [95% CI: 47.17–53.45%]; BDNF 30 ng/mL: 62.25 ± 1.58% [95% CI: 58.38–66.12%]; n = 7, p < 0.001), and concomitantly decreased in the percentage of Sox2-/- cell pairs (control: 45.66 ± 1.85% [95% CI: 41.12–50.21%]; BDNF 30 ng/mL: 34.70 ± 1.79% [95% CI: 30.31–39.09%]; n = 7, p < 0.001) (Figures 4E,F). Remarkably, the action of BDNF on DG cell-fate was blocked by co-incubation with the CB2R selective antagonist AM630 (Figure 4F), but not by the CB1R selective antagonist AM251 (Figure 4E). No significant changes were found when incubating cultures with the selective receptor antagonists alone (Figures 4E,F). Overall, these data suggest that both BDNF and CB2R have a leading role in modulating DG cell-fate and that they reciprocally regulate each other actions.

BDNF-CB2R Interaction Regulates Cell Proliferation in DG Cell Cultures

To assess the effects on DG cell proliferation, as we did before for SVZ cell proliferation, DG cells were treated with selective ligands for 48 h, incorporated BrdU was immunolabeled and positive nuclei percentage was determined (Figure 5A).
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FIGURE 5. BDNF-CB2R interaction modulates DG cell proliferation. CB1R activation together with CB2R activation promoted DG cell proliferation, an effect dependent on the presence of BDNF. CB2R, but not CB1R, blockage abrogated BDNF-mediated increase in DG cell proliferation. (A) Schematic representation of the experimental protocol. Day 0 represents the day of cultures; at Day 10 DG neurospheres were plated for 48 h and at Day 12 cells were exposed to pharmacological treatments for further 48 h (Day 14). (B,C,E,F) Bar graphs depict the percentage of BrdU-positive cells. Values were normalized to the control mean for each experiment and are represented as mean ± SEM. Control was set to 100%. n = 6–17. ∗p < 0.05 and ∗∗∗p < 0.001 using Dunnett’s multiple comparison test. (D) Representative fluorescent digital images of cells immunopositive for BrdU (in red) and Hoechst 33342 staining (blue nuclei). Scale bar = 50 μm.



We could confirm (Rodrigues et al., 2017) that CB1R or CB2R selective activation with ACEA (1 μM) and HU-308 (1 μM), respectively, did not promote DG cell proliferation (Figures 5B,D). Interestingly, upon co-incubation with both selective cannabinoid receptor agonists (ACEA+HU-308) or with non-selective cannabinoid receptor agonist WIN 55,212-2 (1 μM), there was a significant increase in the number of BrdU-positive cells (ACEA 1 μM+HU-308 1 μM: 161.4 ± 31.85% [95% CI: 79.5–243.3%]; WIN 55,212-2 1 μM: 155.4 ± 8.89% [95% CI: 136.5–174.3%]; n = 13–17, p < 0.01 and p < 0.001 vs. control, respectively) (Figures 5B–D). These findings suggest that there is the need of a positive interaction between CB1R and CB2R for cannabinoids to affect cell proliferation at the DG.

Concerning the influence of exogenous BDNF, we observed a significant increase in the percentage of BrdU-positive cells upon incubation with BDNF (30 ng/mL; 160.4 ± 10.90% [95% CI: 137.0–183.8%]; n = 15, p < 0.001 vs. control) (Figures 5C,D) which persisted when co-incubation with the non-selective cannabinoid receptor agonist was performed (BDNF 30 ng/mL + WIN 55,212-2 1 μM: 145.2 ± 15.02% [95% CI: 103.5–186.9%]; n = 5, p < 0.05 vs. control) (Figure 5C).

Importantly, endogenous BDNF withdrawal from the media with TrkB-Fc blocked the WIN 55,212-2-mediated increase in BrdU-positive cells (WIN 55,212-2 1 μM + TrkB-Fc 2 μg/mL: 120.5 ± 9.21% [95% CI: 96.8–144.2%]; n = 6, p < 0.05 vs. WIN 55,212-2 alone) (Figure 5E) indicating that BDNF plays an important role on cannabinoid receptor-mediated DG cell proliferation. Interestingly, and similarly to what happens with DG cell-fate, the use of a CB2R selective antagonist was able to block the BDNF-mediated effect on DG cell proliferation (BDNF 30 ng/mL + AM630 1 μM: 107.3 ± 16.80% [95% CI: 53.8–160.8%]; n = 4, p < 0.05 vs. BDNF alone) (Figure 5F) while CB1R blockade did not affect the increase in BrdU-positive cells promoted by BDNF (BDNF 30 ng/mL+AM251 1 μM: 174.6 ± 17.84% [95% CI: 132.4–216.8%]; n = 8, p < 0.05 vs. BDNF alone) (Figure 5F). This suggests that CB2R plays an important role in modulating BDNF actions on DG cell proliferation, and that this action is independent of CB1R.

BDNF Crosstalk With Cannabinoid Receptor Activation Modulates DG Neuronal Differentiation

Treatment of DG cells with all cannabinoid receptor agonists for CB1R and/or CB2R (Figure 6A) promoted a significant increase in the number of NeuN-positive cells when compared to control cultures (ACEA 1 μM: 170.4 ± 11.95% [95% CI: 143.4–197.5%]; HU-308 1 μM: 161.4 ± 11.42% [95% CI: 135.0–187.7%]; ACEA 1 μM+ HU-308 1 μM: 160.1 ± 26.07% [95% CI: 93.08–227.1%]; WIN 55,212-2 1 μM: 198.80 ± 16.74% [95 CI: 163.6–234%]; n = 9–19, p < 0.05, p < 0.01 or p < 0.001 vs. control) (Figures 6B–D), corroborating our previous data on the effects of cannabinoids on DG neuronal differentiation (Rodrigues et al., 2017).


[image: image]

FIGURE 6. BDNF crosstalk with cannabinoid receptors tightly regulates DG neuronal differentiation. DG neuronal differentiation was increased upon cannabinoid receptor activation. BDNF was required for cannabinoid receptor-mediated effect on DG neuronal differentiation. CB2R, but not CB1R, antagonism blocked the effect promoted by BDNF upon SVZ neuronal differentiation. (A) Schematic representation of the experimental protocol. Day 0 represents the day of cultures; at Day 10 DG neurospheres were plated for 48 h and at Day 12 cells were exposed to pharmacological treatments for further 7 days (Day 19). (B,C,E–H) Bar graphs depict the percentage of NeuN-positive cells. Values were normalized to the control mean for each experiment and are represented as mean ± SEM. Control was set to 100%. n = 6–19. ∗p < 0.05 and ∗∗∗p < 0.001 using Dunnett’s multiple comparison test. (D) Representative fluorescent digital images of cells immunopositive for NeuN (in red) and Hoechst 33342 staining (blue nuclei). Scale bar = 50 μm.



We then investigated the role of exogenous BDNF administration in modulating DG neuronal differentiation. BDNF was shown to promote a significant increase in the number of NeuN-positive cells (173.0 ± 15.42% [95% CI: 140.1–205.9%]; n = 16, p < 0.001 vs. control) (Figures 6C,D), an effect that was maintained after co-treatment with non-selective cannabinoid receptor agonist (BDNF 30 ng/mL + WIN 55,212-2 1 μM: 205.9 ± 37.41% [95% CI: 114.4–297.4%]; n = 7, p < 0.001 vs. control).

Endogenous BDNF seems to be necessary for the actions cannabinoids upon DG neuronal differentiation, since the enhancement caused by CB1R or CB2R agonists in the percentage of NeuN-positive cells was prevented by co-incubation with the BDNF scavenger (Figures 6E–G).

Finally, we have observed that the effect promoted by BDNF on DG neuronal differentiation was blocked when cells were co-incubated with the CB2R selective antagonist AM630 (BDNF 30 ng/mL+AM630 1 μM: 84.3 ± 14.7% [95% CI: 20.8–147.8%]; n = 3, p < 0.05 vs. BDNF alone) (Figure 6H) but not with the CB1R selective antagonist AM251 (Figure 6H), indicating that CB2R is preponderant to modulate the action of BDNF on DG neuronal differentiation.



DISCUSSION

The present work reveals a yet not described interaction between BDNF and cannabinoid receptors (CB1R and CB2R) responsible to modulate several aspects of SVZ and DG postnatal neurogenesis. BDNF was shown to be an important modulator of SVZ and DG postnatal neurogenesis, its actions being under control of cannabinoid receptors. The relevance of each cannabinoid receptor to control the action of BDNF upon neurogenesis is different in the two neurogenic niches. While CB2R has a preponderant role in modulating BDNF actions on DG, BDNF-mediated SVZ postnatal neurogenesis is modulated by both CB1R and CB2R. A constant and clear finding in both neurogenic niches is that BDNF is required for cannabinoid actions to occur. It thus appears that a reciprocal cross-talk between cannabinoids and BDNF exist to modulate postnatal neurogenesis.

BDNF is a neurotrophin important in the regulation of several neuronal processes such as neuronal branching, dendrite formation and synaptic plasticity (Dijkhuizen and Ghosh, 2005; Gómez-Palacio-Schjetnan and Escobar, 2013). In line with this evidence, several studies have shed light on the actions of BDNF in the survival and differentiation of newborn neurons (Benraiss et al., 2001; Henry et al., 2007; Chan et al., 2008; Snapyan et al., 2009). Our findings now demonstrate that BDNF is able to affect early steps of postnatal neurogenesis, such as cell-fate, cell proliferation and neuronal differentiation of SVZ and DG cultures. We observed that BDNF promoted self-renewal of SVZ- and DG-derived cells as observed by an increase in self-renewal divisions, i.e., an increase in the percentage of Sox2+/+ cell-pairs. BDNF-CBR crosstalk has been reported to control several processes at the synaptic level (Zhao and Levine, 2014; Zhong et al., 2015) and we now extended these findings toward very early stages of postnatal neurogenesis. Interestingly, the increase in the SVZ and DG pool of stem/progenitor cells mediated by BDNF was fully abolished in the presence of CB2R antagonist but not CB1R antagonist. An exception is the influence of BDNF upon SVZ cell proliferation, which is not affected by CB1R or CB2R selective antagonism. In what concerns neuronal differentiation, both CB1R and CB2R are required for BDNF actions on SVZ whereas at the DG, only CB2R seem to affect BDNF-promoted neuronal differentiation. Overall, cannabinoid receptor blockade appears to influence more BDNF-induced actions upon early stages of DG neurogenesis in comparison to SVZ, highlighting the fact that cannabinoids distinctly modulate the effects promoted by BDNF in SVZ and DG neurogenesis.

It was previously known that the endocannabinoid system and cannabinoid receptors are important modulators of several stages of neurogenesis (Palazuelos et al., 2012; Xapelli et al., 2013; Prenderville et al., 2015; Rodrigues et al., 2017). In accordance with our previous data, SVZ and DG cells were differently affected by the same cannabinoid pharmacological treatments (Rodrigues et al., 2017). Considering cell fate, we observed that selective activation of CB2R activation promotes self-renewal of DG cells, but not of SVZ cells. This is consistent with several pieces of evidence showing a regulation of cell fate promoted by the activation of several signaling pathways [such as mitogen-activated protein kinase (MAPK) family (ERK, JNK and p38) and the phosphoinositide-3 kinase (PI3K)/AKT pathways] triggered by CBR activation (Molina-Holgado et al., 2007; Gomez et al., 2010; Soltys et al., 2010; Compagnucci et al., 2013).

On the other hand, our results reveal, for the first time, a role of cannabinoid receptors (CB1R and CB2R) in regulating DG cell commitment.

Considering cell proliferation, it is promoted by CB1R but not CB2 at SVZ, while at DG cell proliferation was only induced by co-activation of CB1R and CB2R. These results are in accordance with previous reports that have shown an increase in SVZ cell proliferation promoted by CB1R selective activation (Trazzi et al., 2010; Xapelli et al., 2013) and an increase in DG cell proliferation triggered by CB1R/CB2R non-selective activation (Aguado et al., 2005; Rodrigues et al., 2017). Importantly, while we also detected an effect with the non-selective CB1R/CB2R agonists, none of the selective agonists when applied in the absence of the other agonist were effective to promote cell proliferation in the DG, highlighting the need of caution while interpreting negative results with each of those agonists separately.

Regarding neuronal differentiation, our data indicate that in SVZ and DG neurogenic niches both subtypes of cannabinoid receptors are able to promote neuronal differentiation. These data are in accordance with previous reports in which cannabinoid receptor activation enhanced neuronal differentiation of NSPC by CB1R- (Compagnucci et al., 2013) or CB2R-dependent (Avraham et al., 2014) mechanisms.

The most important finding in the present work is that most of the cannabinoid-induced effects upon cell proliferation and neuronal differentiation depend on the presence of BDNF, suggesting the existence of a BDNF-endocannabinoid feedback loop responsible for regulating these processes. Previous reports have shed light on the existence of a putative interaction between BDNF and cannabinoid receptors (Howlett et al., 2010), but none focused upon neurogenesis. De Chiara et al. (2010) have identified a novel mechanism by which BDNF mediates the regulation of striatal CB1R function. Moreover, others have suggested that BDNF can regulate neuronal sensitivity to endocannabinoids through a positive feedback loop important for the regulation of neuronal survival (Maison et al., 2009). Evidence also shows the involvement of BDNF in the actions mediated by cannabinoids against excitotoxicity (Khaspekov et al., 2004), in synaptic transmission and plasticity (Klug and van den Buuse, 2013; Zhao et al., 2015; Yeh et al., 2017) and in several behavioral outputs (Aso et al., 2008; Bennett et al., 2017). Previous animal studies have shown that acute (Derkinderen et al., 2003) and chronic (Butovsky et al., 2005) Δ9-THC (major psychoactive constituent of cannabis; CB1R and CB2R agonist) administration is associated with an increase in BDNF gene expression. Moreover, it was shown that overexpression of BDNF is able to rescue cognitive deficits promoted by Δ9-THC administration in a mouse model of schizophrenia (Segal-Gavish et al., 2017). In human studies it was found that Δ9-THC increased serum BDNF levels in healthy controls, but not in chronic cannabis users (D’Souza et al., 2009). In fact, cyclic AMP response element-binding protein (CREB) may be the common linking element because it is an important regulator of BDNF-induced gene expression (Finkbeiner et al., 1997), and has been reported to control several steps of the neurogenic process in the adult hippocampus (Nakagawa et al., 2002) and SVZ (Giachino et al., 2005). Consistently, cannabinoids have been shown to induce CREB phosphorylation (Isokawa, 2009) and also to promote changes in BDNF and CREB gene expression (Grigorenko et al., 2002). In addition, the work done by Berghuis et al. (2005) showed that endocannabinoids stimulate TrkB receptor phosphorylation during interneuron morphogenesis. Most importantly, in the same study, the authors observed by co-immunoprecipitation the formation of heteromeric complexes in PC12 cells expressing TrkB receptors and CB1R (Berghuis et al., 2005). Our study brings new and relevant information on the interaction between cannabinoid receptors and BDNF in controlling SVZ and DG neurogenesis, and clearly highlights that this interaction is reciprocal. In fact, neurogenesis promoted by cannabinoid receptor activation depends on the presence of endogenous BDNF, while the effects mediated by BDNF upon neurogenesis are directly regulated by modulation of CB1R or CB2R.

Although our study is based on an in vitro approach, the neurosphere assay, it represents a highly relevant model. In vitro systems of NSPC allow an easier access and better control of experimental variables as well as a thorough analysis of mechanisms happening at cellular and molecular level providing useful information to be further validated in vivo (Singec et al., 2006). Moreover, the heterogeneous composition of the NSPC grown in neurospheres is extremely relevant because it holds some of the features, such as close contact with neighboring cells (newly generated neuroblasts, astrocytes and oligodendrocytes), that resemble those of the physiological niche (Casarosa et al., 2014). These well-established advantages (Aguado et al., 2007; Agasse et al., 2008; Azari et al., 2010) are the reason why we have used this in vitro approach to study the intrinsic properties of NSPC and to understand the interaction between BDNF and cannabinoids in modulating neurogenesis. It is, however, important to mention that the mechanisms governing the regulation of neurosphere dynamics might be different from the ones regulating in vivo adult neurogenesis (Casarosa et al., 2014). Indeed, further in vivo studies will be required to comprehensively understand the role of BDNF in regulating the actions of cannabinoid receptors on postnatal neurogenesis.

Taken together, our data highlight a novel level of complexity for the regulatory mechanisms involved in NSPC dynamics, which involve the interplay of multiple signaling cues, and where BDNF and cannabinoids may play a relevant role. Further in vitro studies are required to detail the molecular mechanisms involved, as well as in vivo studies to determine the functional consequences of the BDNF/cannabinoid crosstalk to control neurogenesis. Nevertheless, our study provides evidence for the need of integrative strategies whenever focusing on NSPC for brain repair.
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FIGURE S1. CB2R modulation regulates DG cell-fate. Non-selective cannabinoid receptor activation or selective CB2R activation increased DG self-renewing capacity and these effects were dependent on CB2R. (A–D) Bar graphs depict the percentage of Sox2+/+, Sox2+/-, Sox2-/- cell pairs expressed as percentage of total cells per culture. Data are expressed as mean ± SEM. n = 5–7. ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 using Dunnett’s multiple comparison test.
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Δ9-THC, Δ9-tetrahydrocannabinol; BDNF, brain-derived neurotrophic factor; CB1R, cannabinoid receptor type 1; CB2R, cannabinoid receptor type 2; CNS, central nervous system; DG, dentate gyrus; EGF, epidermal growth factor; FGF-2, fibroblast growth factor-2; NSPC, neural stem/progenitor cells; SGZ, subgranular zone; SVZ, subventricular zone.
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Methyl 3,4-Dihydroxybenzoate Induces Neural Stem Cells to Differentiate Into Cholinergic Neurons in vitro
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Neural stem cells (NSCs) have been shown as a potential source for replacing degenerated neurons in neurodegenerative diseases. However, the therapeutic potential of these cells is limited by the lack of effective methodologies for controlling their differentiation. Inducing endogenous pools of NSCs by small molecule can be considered as a potential approach of generating the desired cell types in large numbers. Here, we reported the characterization of a small molecule (Methyl 3,4-dihydroxybenzoate; MDHB) that selectively induces hippocampal NSCs to differentiate into cholinergic motor neurons which expressed synapsin 1 (SYN1) and postsynaptic density protein 95 (PSD-95). Studies on the mechanisms revealed that MDHB induced the hippocampal NSCs differentiation into cholinergic motor neurons by inhibiting AKT phosphorylation and activating autophosphorylation of GSK3β at tyrosine 216. Furthermore, we found that MDHB enhanced β-catenin degradation and abolished its entering into the nucleus. Collectively, this report provides the strong evidence that MDHB promotes NSCs differentiation into cholinergic motor neurons by enhancing gene Isl1 expression and inhibiting cell cycle progression. It may provide a basis for pharmacological effects of MDHB directed on NSCs.
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INTRODUCTION

Neural stem cells (NSCs) have the ability of self-renewal and to differentiate into multiple specialized neural cell types, such as neurons, astrocytes and oligodendrocytes, thus serving as the common source of these fundamental components of the CNS (Gage, 2000). Consequently, NSCs can furnish an unlimited source of cells for cell transplantation therapy to supplement degenerating cells (Ager et al., 2015; Reidling et al., 2018). Facing this potential, some defects, such as the uncontrollability of stem cell differentiation pathway and immune rejection for stem cell therapy, can be surmounted. At present, NSCs have been proved to exist not only in the embryonic mammal nervous system, but also in the nervous system of most adult mammals (Goncalves et al., 2016). In adulthood, the main neurogenic niches are the sub-granular zone (SGZ) of hippocampal dentate gyrus (DG) as well as the sub-ventricular zone (SVZ), both of which continuously generate newborn neurons with potential functions their contribution to behavior, and their relevance to disease (Zhao et al., 2008).

Glycogen synthase kinase 3s are serine/threonine kinases in receptor tyrosine kinase. Wnt/Frizzled signaling pathway is originally confirmed as important regulatory enzymes in glucose metabolism (Hur and Zhou, 2010; Mussmann et al., 2014). There are two subtypes(GSK3α and GSK3β) encoded by different genes, which are overall 85% homologous to each other, with 95% identity in the kinase domains. Kim et al. (2009) showed that the phosphorylation levels of β-catenin, target of GSK3β, are increased at later stages in development when stem cell proliferation is declining and cholinergic neuronal differentiation predominates (Ming and Song, 2009). Degradation of β-catenin by activation of GSK3β will inhibit cell proliferation and increase cell differentiation. These finding demonstrate that the activation of GSK3β increases cell differentiation (Kuwabara et al., 2009).

Cholinergic neurons are located in extensive regions of the CNS, which regulates complicated behaviors (Hangya et al., 2015). The cholinergic neurotransmission system adjusts the effects of several key factors that are strongly expressed in all cholinergic neurons, termed cholinergic pathway genes (Saunders et al., 2015). Understanding the gene regulatory mechanisms that monitor the expression of cholinergic pathway genes in different groups of cholinergic neurons will provide crucial insights into the process of cholinergic fate specification in CNS diseases (Cho et al., 2014). Previous studies found that seven regulators controlled the identity of cholinergic neuron types. Three LIM homeobox genes (lim-4/Lhx6/8, lim-11/Lhx1, and ceh-14/Lhx3/4) and two Prox-type homeobox genes (unc3/EBF, unc-42/Prd) control cholinergic identity of cholinergic neuron types, including sensory neurons, interneurons and motor neurons in Caenorhabditis elegans. Pitx-type homeobox gene (unc-30/Pitx) control the identity of the PVP interneurons (in conjunction with lin-11) and POU homeobox gene (unc-86/Brn3) controls cholinergic identity of the URX, RIH and male-specific CEM neurons (Duerr et al., 2008). lim-7 (Isl1), a specific cholinergic identity in the spinal cord and forebrain in the C. elegans, has a function as a cholinergic fate determinant in vertebrate CNS (Cho et al., 2014; Zhang et al., 2018).

Methyl 3,4-dihydroxybenzoate (MDHB, C8H8O4), with a molecular weight of 168.15 (CAS), is a small molecular compound extracted from the traditional herbs. Previous researches have described that MDHB has the effect of antioxidant (Cai et al., 2016). In addition, studies in our laboratory have shown that MDHB could accelerate the neurite outgrowth of primary cortical neurons in vitro by inducing brain-derived neurotrophic factor (BDNF) expression (Zhang Z. et al., 2015), protect the primary cortical neurons against Aβ(25-35)-induced apoptosis by mitochondria pathway (Zhou et al., 2013), as well as prolong the lifespan of C. elegans (Zhang et al., 2014).

In this study, we found that MDHB can specifically induce neuronal differentiation in vitro and promote excitatory cholinergic motor neuron differentiation. Additionally, MDHB can increase the activity of tyrosine-phosphorylated GSK3β, and then the activated GSK3β promotes phosphorylation of β-catenin, resulting in the degradation of β-catenin. Subsequently, cell cycle and Tacc3 gene controlled neuronal differentiation can be inhibited. Isl1 gene controlled cholinergic neuronal differentiation will be up-regulated. In summary, we showed that the expression of neuronal differentiation transforming acidic coiled-coil 3 (Tacc3) gene and cell cycle are inhibited and cholinergic neuronal differentiation gene Isl1 are up-regulated by MDHB.



MATERIALS AND METHODS

Animals and Ethics Statement

This study was carried out in accordance with the recommendations of the Animal Research Committee of the School of Medicine of Jinan University (Approval Number: 20170607002). The protocol was approved by the Animal Research Committee of the School of Medicine of Jinan University.

Isolation and in vitro Culture of NSCs

Rat NSCs were derived and cultured as described previously by others (Rietze and Reynolds, 2006). Briefly, the hippocampi of several postnatal rats were chopped, mechanical digested by 0.25% trypsin (Gibco) in a humidified 5% CO2 incubator at 37°C for 10 min and triturated. The cell suspension was added into an equal volume of DMEM/F12 (Gibco) supplemented with 10%fetal bovine serum (Lonsera) and 0.1 mg/ml DNase I (Sigma), afterward filtered through a 70 μm microfiltration membrane and centrifuged for 5 min. The cells cultured in DMEM/F12 containing 10 ng/mL basic fibroblast growth factor (Proteintech), 20 ng/mL EGF (Proteintech), 1%penicillin and streptomycin (Sigma) and 2% B27 (Gibco) without vitamin A were seeded in 6 well plate in a humidified 5% CO2 incubator at 37°C. Within 3–5 days, the cells grew into free floating neurospheres which were then gathered by centrifugation and passaged after mechanical, dissociation by pipetting.

NSCs Differentiation

For NSCs differentiation, neurospheres (passage 2–3) were dissociated into a NSC by stem cell digestive enzyme (Gibco) and NSCs were seeded in 0.0125 mg/ml poly-D-lysine (PDL, Sigma) and 10 ng/ml laminin (Sigma)-coated glass cover slips at the density of 35,000 cells/cm2 directly in DMEM/F12 supplemented with 1%FBS (Gibco) and 1%penicillin and streptomycin. When cells were completely adherent in the plate after 2 h, DMEM/F12 containing 1%FBS was replaced by rat NSCs differentiation medium (NeuroCult Differentiation Kit, Catalog #05700). The cultures were then treated with MDHB (0, 8, 16, and 32 μM) which was dissolved in DMSO (Sigma). The culture treated with MDHB was changed every second day.

Immunofluorescence Staining

Treated cells were fixed with 4% paraformaldehyde (PFA) for 45 min at room temperature, washed with phosphate-buffered saline (PBS, pH7.6) and blocked with super blocking solution containing 0.5% goat serum, 1%fish serum, 0.5% donkey serum and 0.5% bovine serum in 0.3% Triton X-100 PBS at room temperature for 60 min. Subsequently cells were incubated with primary antibodies at 4°C for 16 h overnight. The primary antibodies were mouse anti-Nestin (1:100, Millipore), mouse anti-neuron-specific class III beta-tubulin (Tuj-1, 1:1000, Sigma), mouse anti-microtubule-associated protein 2 (MAP2, 1:500, Sigma), and rabbit anti-glial fibrillary acidic protein (GFAP, 1:1000, Abcam), rabbit anti-PSD95 (1:500, Abcam), Mouse anti-CAMKII (1:500, Abcam), rabbit anti-Ki67 (1:500, Abcam), mouse anti-ChAT (1:500, Sigma), mouse anti- VGluT1 (1:500, Millipore), mouse anti-TPH (1:500, Millipore), rabbit anti-Gad67 (1:500, Sigma), rabbit anti-TH (Millipore), goat anti-Isl1 (1:500, Abcam), chicken anti-MAP2 (1:2000, Sigma), rabbit anti-Tbr1 (1:500, Sigma), rabbit anti-Prox1(1:500, Abcam), rat anti-Ctip2 (1:500, Millipore), mouse anti-Cux1(1:500, Sigma), rabbit anti-NeuN (1:1000, Abcam). The cells were washed three times with 0.3% PBST and incubated with Alexa Fluor 488, CY3, 647-conjugated secondary antibody (1:1000, Earthox) at room temperature for1h. To visualize nuclei, cells were counterstained with 1 ng/ml 4′,6-diamidino-2-phenylindole (DAPI, 1 ng/ml, Sigma) for 5 min. Finally, all images were captured with a confocal microscope (Zeiss, LSM700) and then processed via Image J software (NIH, Bethesda, MD, United States). The number of Nestin, Tuj-1, MAP2, GFAP, Nestin, ChAT, NeuN, Cux1, Ctip2, Tbr1 and Prox1 positive cells and cell nuclei were counted in each of seven random fields per well.

Western Blot Analysis

Cells differentiate for 5 days in differentiation medium in the presence of MDHB and then collected. Cells were washed with pre-cooling phosphate-buffered saline (pH7.6) added with the lysis buffer, and then they were homogenized via ultrasonication and centrifuged at 12000 g for 10 min at 4°C. The protein concentration in the supernatant was detected by a BCA assay kit (Beyotime Institute of Biotechnology). Then the supernatants were blended with loading buffer in a ratio of 1:1 and boiled for 5 min at 100°C, and then subjected to SDS page (12% and 10% acrylamide gels, 120 V, 1.5 h). The separated proteins were transferred to poly-vinyli dene fluoride (PVDF) membranes (100 V, 85 min) and blocked with 5% skimmed milk dissolved in 0.05%TBST. After three times rinsing in 0.05%TBST, the proteins were incubated with primary antibodies overnight at 4°C. The membrane was exposed to either HRP- rabbit or mouse secondary antibody for 1 h at room temperature. The fluorescent signal of the blots was collected by ALLIANCE 4.7 apparatus and quantified with the Quantity One software. The expressions of β-III-tubulin, GFAP, AKT (CST), p-AKT (CST), GSK3β (CST), p-ser9-GSK3β (CST), p-try-GSK3β (Thermofisher) and β-catenin (CST) were determined via calculating their density ratio to the GAPDH band.

Cell Collection and mRNA Preparation

Cells were collected after differentiating for 5d in differentiation medium in the presence of MDHB. Total RNA was isolated using Trizol Reagent (Invitrogen), in combination with RNAase-free DNAase to eliminate the potential DNA contamination (TAKARA). The concentration and purity of RNA were measured by Nanodrop 2000C Spectrophotometer.

Transcriptome Analysis of MDHB-Induced Differentiation

The RNA-seq technique was used to analyze the gene expression profiling in MDHB-induced NSCs differentiation (SRA accession:PRJNA505930). The cDNA fragments were purified using a QIAquick PCR extraction kit following the manufacturer’s protocol. Next, the cDNA fragments were enriched by PCR to construct the final cDNA, which was sequenced by Illumina sequencing platform (IlluminaHiSeqTM 2500).

Gene Expression Validation by qRT-PCR

Reverse transcription was performed into cDNA using the PrimeScript TMRT reagent Kit with gDNA Eraser following the manufacturer’s protocol. Real-time PCR was performed with a SYBR® Premix Ex TaqTM II detection System. The primer sequences are shown as follows (Table 1):

TABLE 1. The primer sequences.
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Statistical Analysis

The data are expressed as mean ± SEM. Statistical analyses were performed by using a Test or ANOVA followed by Boferonni’s test, using the Prism software (GraphPad, San Diego, CA, United States). A value of P < 0.05 was considered as significantly different from the control.



RESULTS

Neural Stem Cells, Culture and Identification

To extract primary hippocampal NSCs, neurospheres were passaged in vitro (Reynolds and Rietze, 2005). Experimental materials were prepared from the second or the third generation of NSCs. The third generation of NSCs (Figure 1B) were most suspended neurospheres. Nestin and DAPI were used to stain single neural stem cell (Figure 1C) from digested neurospheres by immunofluorescence (Figure 1A). Analysis showed that the purity of the primary cells were most NSCs (Figure 1D), and DCX (neurons marker) and GFAP (astrocytes marker) were immunonegative of primary NSCs (Figures 1E,F).


[image: image]

FIGURE 1. The morphological and purity identification of primary neurospheres and neural stem cells. (A) Nestin and DAPI fluorescent staining of primary neurospheres composed of neural stem cells; (B) The morphological status of primary neurospheres in vitro; (C) Nestin and DAPI fluorescent staining of scattered primary NSCs; (D) The purity statistics of primary NSCs; (E) DCX and DAPI staining of scattered primary NSCs; (F) GFAP and DAPI staining of scattered primary NSCs.



MDHB Promotes the Differentiation of NSCs Into Neurons

To determine the effects of different concentrations of MDHB on neuronal differentiation of NSCs, neurospheres were dissociated into a single NSC, which was treated in the presence of the following concentrations: 0 μM MDHB, 8 μM MDHB, 16 μM MDHB, 32 μMMDHB. After 5 days, we observed that the cell bodies of different concentrations of MDHB groups had neuronal morphological features (Figures 2A–D). The expressions of Tuj1 (immature neuron) and GFAP (astrocyte) were detected by western blot (Figures 2E,J,K). The results revealed that MDHB increased the expression of Tuj1 and inhibited the expression of GFAP in the differentiation of NSCs. Neuronal marker Tuj1 and astrocyte marker GFAP were used to identify cells (Ray et al., 2018) (Figures 2F–I). The DMSO group had more GFAP positive cells, while MDHB treated group (8, 16, and 32 μM) had more Tuj1 positive cells. Above results indicated that MDHB enhanced the differentiation of NSCs into neurons (Figure 2J) and inhibited NSCs differentiation into astrocytes (Figure 2K).
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FIGURE 2. MDHB promotes NSCs differentiation into neurons. (A) The solvent control group (DMSO); (B–D) Low dose (8 μM MDHB), middle dose (16 μM MDHB), and high dose (32 μM MDHB) groups. (E) Western blot analysis for Tuj1 (immature neuron) and GFAP (astrocyte) on differentiation of NSCs. (F–I) After 5 days of NSCs differentiation induced by MDHB, new cells were fluorescently stained, the cells with neuronal marker Tuj1 were dyed red; with glial marker GFAP dyed green; and all cell nuclei with nuclear marker DAPI were dyed blue. (J,K) Quantification of protein blots is shown, GAPDH serves as protein loading control. (L) The statistical results of neurons differentiated by MDHB-induced NSCs. (M) The statistical results of astrocytes differentiated by MDHB-induced NSCs (∗P < 0.05, ∗∗∗P < 0.001, compared with DMSO group, n = 3).



MDHB-Induced Immature Neurons Form Mature Neurons

Next, we examined whether immature neurons in MDHB-induced differentiation can form mature neurons. After 9 days using different doses of MDHB presenting on NSCs, cells were stained with MAP2 and NeuN marker which are specific markers of mature neurons (Figures 3A–F). The result showed that MAP2 positive cells were significantly increased in a MDHB dose-dependent way, and NeuN positive cells were also promoted by MDHB-induced NSCs differentiation. Thus, MDHB can promote NSCs differentiation into mature neurons (Figures 3G,H).
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FIGURE 3. MDHB-induced immature neurons form mature neurons. (A–F) After 9 days of NSCs differentiation induced by MDHB, the new cells were fluorescently stained, the cells with MAP2 and NeuN were dyed red and the cell nuclei with DAPI was dyed blue; (G,H) the statistical results of mature neurons differentiated by MDHB-induced NSCs (∗∗∗P < 0.001, compared with DMSO group, n = 3).



MDHB Promotes the Differentiation of NSCs Into Cholinergic Neurons

Here, we investigated neuronal subtypes based on neurotransmitters they contain. We first found that the majority of MDHB-induced neurons were immunopositive for cholinergic neurons marker ChAT (Figure 4A) and motor neurons marker Isl1 (Figure 4F). A small fraction of the converted neurons was immunopositive for glutamatergic neurons marker VGluT1 (Figure 4E). On the other hand, the MDHB-induced neurons were immunonegative for GABAergic neurons marker GAD67 (Figure 4B), dopaminergic neurons marker TH (Figure 4C), and serotonergic (5-HT) neurons marker TPH (Figure 4D). The quantitative analyses of the neuronal subtypes were shown in Figure 4F (n = 3 batches). These results suggested that the cholinergic motor neurons were the major subtype of MDHB-induced neurons.
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FIGURE 4. The types analysis of MDHB-induced neurons. (A) The cholinergic neurons with ChAT and MAP2 were respectively dyed red and green; (B) the GABAergic neurons with MAP2 and Gad67 were respectively dyed red and green; (C) the dopaminergic neurons with MAP2 and TH were respectively dyed red and green; (D) the serotonergic (5-HT) neurons with TPH and MAP2 were respectively dyed red and green; (E) the glutamatergic neurons with Vglut1 and MAP2 were respectively dyed red and green; (F) MDHB-induced neurons were also immunopositive for motor neuron marker Isl1; (G,H) Immunostaining with neuron markers revealed that MDHB-induced neurons were negative for general cortical neuron marker Tbr1, but positive for hippocampal neuron marker Prox1 (G); (I,J) Immunostaining with neuron markers revealed that MDHB-induced neurons were negative for superficial layer marker Cux1 (J), but positive for deep layer marker Ctip2 (I). (K,L) The statistical results showed that MDHB promoted NSCs differentiation into hippocampal cholinergic neurons.



To characterize the neuronal properties after small molecule-induced differentiation, we examined neuronal markers expressed from anterior to posterior nervous system. We found that the MDHB-induced neurons were- immunonegative for superficial layer neuronal marker Cux1 (Figure 4J), but positive for deep layer neuronal markers Ctip2 (Figure 4I). The MDHB-induced neurons were also immunonegative for cortical neuronal marker Tbr1 (Figure 4H), as well as hippocampal neuronal marker Prox1 (Figure 4G). Figures 4K,L showed the quantitative results. Therefore, our MDHB-induced neurons were mainly hippocampal neurons (Figures 4K,L).

The Expression of Synaptic Proteins in MDHB-Induced Neurons

We next investigated whether MDHB-induced neurons have synapse formation. Synapsin I exists in the nerve terminal of axons, mainly in the membranes of synaptic vesicles. The encoded protein acts as a substrate for several different protein kinases, and phosphorylation can play a role in the regulation of proteins in the nerve terminal. PSD-95 is a member of the membrane-associated guanylate kinase (MAGUK) family, and it plays an important role in synaptic plasticity and the stabilization of synaptic changes (Perche et al., 2018; Whalley, 2018). Calcium/calmodulin-dependent protein kinase II (CaMKII)-the main protein of the postsynaptic density-is a Ca2+/calmodulin-activated dodecameric enzyme (Lisman et al., 2002). The expression of synaptic proteins in neurons was identified by cellular immunofluorescence. The Figure showed that Synapsin I (SYN1) (Figures 5E,F) and postsynaptic density protein 95 (PSD-95) (Figures 5A–D) significantly expressed. It indicated that these neurons could form neural network.
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FIGURE 5. The expression of synaptic protein in MDHB –induced neurons. (A–D) MDHB –induced neurons has the expression of postsynaptic dense protein (PSD95); (E–G) MDHB –induced neurons has the expression of Synapsin I (SYN1).



Effect of MDHB on AKT, GSK3β and β-catenin

To understand the molecular mechanisms of MDHB-induced differentiation of NSCs into cholinergic neurons (Figures 6A,B). Western blot results revealed that the phosphorylation level of AKT protein was down-regulated in the MDHB group (Figure 6C), and the total AKT protein expression was unchanged (Figure 6D), MDHB activated phosphorylation of GSK3β at tyrosine 216 (Y216) (Figure 6F). The phosphorylation level of serine at position 9 was unchanged (Figure 6G) and the transcription factor β-catenin was down-regulated (Figure 6E). As shown above, the mechanism of MDHB promoted differentiation of NSCs into cholinergic neurons may perform by increasing. The activity of GSK3β (Figure 6H) and inhibiting the activity of PI3K.
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FIGURE 6. The effect of MDHB on AKT, GSK3β and β-catenin. MDHB inhibited phosphorylation of AKT in the differentiation of neural stem cells, activated phosphorylation of GSK3β at tyrosine 216 (Y216), and downregulated transcription factor β-catenin. (A,B) Western blot analyses of proteins extracted from MDHB-treated neural stem cell in differentiation, (C–H) quantification of protein blots is shown, GAPDH serves as protein loading control. Each point represents the mean relative protein level of each group (∗P < 0.05, compared with DMSO group, ∗∗P < 0.01, compared with DMSO group, n = 4).



MDHB Inhibits Cell Cycle and Increases the Expression of Cholinergic Neuronal Gene Isl1

The transcription factor β-catenin was down-regulated, which is critical for the control of NSCs’ cell cycle in multiple regions of the developing CNS. We further performed immunostaining to examine the cell cycle protein expression changes during induced NSCs differentiation process. MDHB was utilized to treat NSCs in 24, 48, and 72 h for differentiation. The data showed that the expression of Ki67 in MDHB group was less in 24, 48, and 72 h (Figures 7A–G). Compared with the DMSO group, the expression of Tacc3 in neuronal differentiation and Cdc20 in cell cycle were decreased, and the expression of Cdkn1a in cell cycle and Isl1 in cholinergic pathway was up-regulated. Lhx3 and Lhx8 had not change. Our data indicated that MDHB induced NSCs differentiation by regulating cell cycle-related gene and cholinergic neuron-related gene.
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FIGURE 7. MDHB promotes the differentiation of NSCs into cholinergic neurons by inhibiting cell cycle and increasing cholinergic pathway gene Isl1. (A) The effect of DMSO on differentiation of NSCs for 24 h; (B) the effect of MDHB on differentiation of NSCs for 24 h; (C) the effect of DMSO on differentiation of NSCs for 48 h; (D) The effect of MDHB on differentiation of NSCs for 48 h; (E) the effect of DMSO on differentiation of NSCs for 72 h; (F) The effect of MDHB on differentiation of NSCs for 72 h; (G) the statistical results of Ki67 staining for different time point. (H) The relative expression levels of Tacc3 gene; (I) the relative expression levels of Cdc20 gene; (J) the relative expression levels of Cdkn1a gene; (K) the relative expression levels of Isl1 gene; (L) the relative expression levels of Lhx3 gene; (M) the relative expression levels of Lhx8 gene (∗P < 0.05, compared with DMSO group; ∗∗P < 0.01, compared with DMSO group; ∗∗∗P < 0.001 compared with DMSO group, green = ki67, blue = DAPI).





DISCUSSION

Since the neuronal differentiation of NSCs is an intricate process, it is not surprising that many substances have been involved in the regulation action (Gauthier-Fisher et al., 2009; Ming and Song, 2009; Akizu et al., 2010; Luo et al., 2010; Park et al., 2016; Vasconcelos et al., 2016). However, little is known about the small molecules in NSCs. The small molecules controlling the direction of NSCs differentiation would be a critical advance in neurodegeneration and CNS repair. Here, we described a novel small molecule -named MDHB that modulates cholinergic neuronal differentiation of NSCs. We found that MDHB promotes the differentiation of NSCs into neurons and inhibits NSCs differentiation into astrocytes. The major subtypes of MDHB-induced neurons are cholinergic neurons.

NSCs refer to a type of cell population that exists in CNS and has the latent energy to differentiate into neurons, astrocytes, and oligodendrocytes, and they can proliferate to replenish lost brain cells (Mosher et al., 2012; Aharonowiz et al., 2018). Mouse NSCs were successfully isolated and established in 1992. Subsequently, NSC lines of human and other organisms were successively established(Kim et al., 2008; Chicheportiche et al., 2018). We performed Nestin and DAPI fluorescent staining of NSCs, which is widely used as a specific marker of NSCs (Crook and Tomaskovic-Crook, 2017; Jin et al., 2017). The results demonstrated that the high purity of NSCs in the cultured primary cells.

These results indicated that MDHB (8, 16, and 32 μM) promotes NSCs differentiation into immature neurons and overrides NSCs differentiation into astrocytes. In this study, the effect of MDHB on the differentiation of NSCs was observed. The whole cell exhibited obviously neuronal morphological characteristics. Tuj1 is a neuron-specific marker which has been widely used for the identification of immature neurons, GFAP is an astrocytes marker which is generally used for identification of glial cells(Park et al., 2017). These results indicated that MDHB (8, 16, and 32 μM) promotes differentiation of NSCs into immature neurons while inhibiting their differentiation into astrocytes (Figure 2). MAP2 is the skeleton protein of neurons and plays a vital role in the stability and function in maintaining microtubules. It widely distributes in mature neuronal dendrites and is used as a marker to measure the growth of neuronal processes (Gumy et al., 2017). NeuN is also a mature neuronal marker in the neuronal nucleus. Through mature neuronal immunofluorescence staining, we found that the expressions of MAP2 and NeuN in MDHB groups are significantly higher than the DMSO group in a dose-dependent manner. It indicated that MDHB can promote not only NSCs differentiation into immature neurons, but the development into mature neurons.

Neurons have a wide variety of classifications, which include basis on the structure of neurons, the function of neurons and neurotransmitters releasing (Zeng and Sanes, 2017). At present, according to the neurotransmitters, they are classified into the following categories: cholinergic neurons, dopaminergic neurons, GABAergic neurons, serotonergic (5-HT) neurons, glutamatergic neurons and so on (Dvoryanchikov et al., 2017). Neurons released different neurotransmitters have distinct functions in the CNS (Haim and Rowitch, 2017; Zhou et al., 2017). According to the localization that they place in brain, they can be classified into superficial layer neurons, deep layer neurons and so on (Zeng and Sanes, 2017). Previous research showed that the main hippocampal neurons were Glutamatergic and GABAergic (Lei et al., 2016). Although the cholinergic neuron is not the main type in the hippocampus, they still play a major function in the hippocampus. Our results demonstrated that ChAT was the marker of cholinergic neurons, while Prox1 and Ctip2 were the markers of hippocampal and deep layer neurons respectively (Zhang L. et al., 2015). Recent study showed that single cholinergic neuron can extend into multiple areas. Most target areas of individual cholinergic neuron are interconnected, such as the olfactory bulb connecting to the piriform and entorhinal cortex, while the subregions of the hippocampal complex connecting with the striatum, isocortex, and hypothalamus (Li et al., 2018). Interestingly, our research has demonstrated that most of MDHB-induced neurons were cholinergic neurons. But this also prompt that it is precisely because MDHB can differentiate NSCs into cholinergic neurons, thus acting as a therapeutic effect for memory disorder. In the near future, we will need to further verify the function of this part of cholinergic neurons. Due to the potential limitations of our experimental conditions, we were unable to identify the exact type of the differentiated cells using multiple experimental methods, which could not totally exclude the possibility of other cell types. So it is worthy of further research in this direction. A semiautonomous circuit of striatal GABAergic interneurons is responsible for transmitting behaviorally relevant cholinergic signals to spiny projection neurons (Faust et al., 2016). Cholinergic neuron play a major role in motor and learning functions of the striatum. At recent studies, the cholinergic neurons have also been a main focus of research in aging and neural degradation, specifically as it relates to Alzheimer’s Disease (Tabet, 2006). Through the observation and analysis of the staining of presynaptic membrane protein SYN1 and PSD95, the results showed that the differentiated neurons expressed SYN1 and PSD95 (Figure 5), suggesting the possibility of synapse formation and the potential to form neural networks. The experiments revealed that MDHB can promote NSCs differentiation into hippocampal cholinergic neurons, and the differentiated neurons may form a neural network.

Previous research showed that Wnt pathway promotes neuronal differentiation (Hirabayashi et al., 2004). In the classical WNT pathway, inhibition of GSK3βleads to the accumulation of β-catenin, which enters the cell nucleus, causing transcription of the TCF4 gene (Hirabayashi et al., 2004). GSK3β is also regulated by the PI3K/AKT signaling pathway. Activated by AKT (Jiang et al., 2016), inhibits GSK3β activity, In contrast, inactivating AKT, activates GSK3β activity. PI3K/AKT signaling pathway regulate NSCs differentiation into motor neurons in adult. In this study, we found that MDHB regulates the fate of NSCs by regulating cell cycle, possibly inhibiting AKT phosphorylation and activating GSK3β activity, which lead to β-catenin degradation and abolishment of entering the nucleus. Subsequently, it will regulate cell cycle-related gene expression and cholinergic signal pathway. Recent studies have found that transforming coiled coil acid repeat protein 3 (TACC3) can regulate ARNT2 transcription factor to determine neural cell fate (Wurdak et al., 2010). Knocking out the TACC3 gene can promote the differentiation of NSCs into neurons (Xie et al., 2007). Cell division cyclin 20 is a basic regulator of cell division, and it have an important function to activate late-promotion complex (APC/C), which is a large 11-13 subunit complex that initiates staining (Paul et al., 2017; Omrani et al., 2018). The body separates and enters later stages, it also targets the destruction of S and M phase (S/M) cyclins, inactivates S/M cyclin-dependent kinases (Cdks) and quits cells from mitosis (Lee et al., 2018). The LIM homeodomain transcription factor Islet1 (Isl1) is expressed in multiple organs and plays essential roles during embryogenesis. Isl1 is required for the survival and specification of motor neurons, Isl1 orchestrates the process to generate cholinergic neurons in the spinal cord and forebrain. In this experiment, the expressions of Cdc20 and TACC3 are decreased and the expressions of Cdkn1a and Isl1gene are up-regulated after NSCs was exposed to MDHB (Figure 7).

In this study, we showed that MDHB may induce NSCs to differentiate into cholinergic neurons by regulating cell cycle-associated proteins and cholinergic signal pathway (Supplementary Figure S1). Ki67 is a nuclear protein associated with cellular proliferation (Calzolari et al., 2015). The results were consistent with the transcriptome levels. Western blot was used to detect the proteins which included the phosphorylation of AKT and total AKT in the PI3K pathway at the fifth day of NSCs differentiation. We found that MDHB inhibited the phosphorylation of AKT, but the total amount of AKT was not affected. Subsequently, the classical WNT pathway protein was verified, and the data that MDHB regulates phosphorylation of GSK3β at tyrosine 216 (Y216), but does not cause phosphorylation of GSK3β at serine 9 (S9). MDHB activates GSK3β and cause β-catenin degradation which leads to the inability to enter the nucleus and initiate the expression of cholinergic-related genes and cell cycle-related genes. At the transcriptome level, it was also found that the expressions of Cdc20 and Tacc3 were decreased and Cdkn1a and cholinergic genes was upregulated. The qPCR assay of Isl1, Cdc20, Tacc3, and Cdkn1a revealed that Cdc20 and Tacc3 were down-regulated, Isl1 expression was also increased by immunofluorescence. In this process, β-catenin may control the expression of the Isl1 and Tacc3. In summary, MDHB may promote NSCs differentiation into cholinergic neurons by inhibiting the proteins in the PI3K signaling pathway and activating the proteins in GSK3β signaling pathway to regulate the expression of cholinergic gene (Figure 8). The differentiation-inducing agents such as MDHB may lead to new therapeutics that act by enhancing the contribution of newborn neurons to neurodegeneration and CNS repair.
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FIGURE 8. The signal transduction pathway in MDHB-induced cholinergic neurons differentiation.
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To an increasing extent, astrocytes are connected with various neuropathologies. Astrocytes comprise of a heterogeneous population of cells with region- and species-specific properties. The frontal cortex exhibits high levels of plasticity that is required for high cognitive functions and memory making this region especially susceptible to damage. Aberrations in the frontal cortex are involved with several cognitive disorders, including Alzheimer’s disease, Huntington’s disease and frontotemporal dementia. Human induced pluripotent stem cells (iPSCs) provide an alternative for disease modeling and offer possibilities for studies to investigate pathological mechanisms in a cell type-specific manner. Patient-specific iPSC-derived astrocytes have been shown to recapitulate several disease phenotypes. Addressing astrocyte heterogeneity may provide an improved understanding of the mechanisms underlying neurodegenerative diseases.
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INTRODUCTION

Astrocytes are implicated as active mediators of synaptic activity, synaptogenesis and neurogenesis and are crucial in maintaining extracellular homeostasis and controlling blood-brain barrier permeability (Zhao et al., 2015; Allen and Lyons, 2018; Marina et al., 2018). Considering their versatile role in regulating brain function, it is no surprise that astrocyte malfunctions have been connected to various neurodegenerative disorders (Phatnani and Maniatis, 2015). Astrocytes are known as a morphologically and functionally diverse population of cells that differ both between distinct brain regions as well as within specific areas (Vasile et al., 2017). This diversity is reflected in their pathological features observed in psychiatric disorders (Rajkowska et al., 2002; Wallingford et al., 2017). Drugs used to treat mood disorders affect astrocytes as well and antidepressant effect on neurons is considered to be partially due to induction of astrocytic release of trophic factors (Marathe et al., 2018). Combined astrocyte and neuron-mediated effects also influence responses of antipsychotics (Khan et al., 2001). However, typical and atypical antipsychotics may display differential effects on the gliotransmitter release and the inflammatory response of astrocytes (Tanahashi et al., 2012; Bobermin et al., 2018). Understanding the function of astrocytes is therefore crucial for disease modeling and for developing treatments. Heterogeneity of the cell population and species-specific differences pose a challenge in the study of astrocytes. A method developed by Takahashi et al. (2007) allows the reprogramming of somatic cells into iPSCs, which can be used to generate patient-specific cells of a desired type (Takahashi et al., 2007). In this review, we describe how iPSC-derived astrocytes have been used to model neurodegenerative disorders involving frontal lobe malfunctions.



ASTROCYTE HETEROGENEITY IN THE BRAIN

The generation of cortical glia is initiated once neurogenesis has been completed. The temporal patterning is based on a positive feedback signal from new-born neurons (Molofsky and Deneen, 2015; Takouda et al., 2017). Astrocyte progenitors migrate radially, obtaining their region specific properties upon maturation and this process continues postnatally (Colombo et al., 1997; Tsai et al., 2012). Several genes enriched in neuronal progenitors are also expressed in astrocytes, suggesting that astrocytes retain some proliferative potential even in the mature brain (Cahoy et al., 2008). However, only a distinct subset of astrocytes show neurogenic potential (Ghashghaei et al., 2007; Bardehle et al., 2013).

Mature astrocytes can be distinguished based on their morphology and functional properties. In the human cortex, astrocytes are morphologically categorized into four subtypes; interlaminar, protoplasmic, varicose projections and fibrous astroglia, located in the layers I and II, III and IV, V and VI and in the white matter, respectively (Vasile et al., 2017). The brain also contains other, both morphologically and functionally, distinct astrocytes such as elongated radial glia-like tanycytes and unipolar BG with several radially ascending processes. Tanycytes specialized in the regulation of neuroendocrine functions are located in the hypothalamus (Prevot et al., 2018) while BG modulate the efficacy of the synaptic transmission of Purkinje cells in the cerebellum (De Zeeuw and Hoogland, 2015).

Some astrocyte subtypes found in the human cortex are not represented in the rodent brain. Furthermore, human cortical astrocytes exceed their mouse counterparts both in complexity and size, and propagate calcium signals several times faster (Oberheim et al., 2009). Although human and mouse astrocytes share similar properties related to their effects on synapse formation, they differ in their function and transcriptional profiles (Zhang et al., 2016). Species-specific functional differences in glial cells are supported by improved learning and memory in chimeric animals following engrafting human glia into mouse brain (Han et al., 2013).

A higher relative number of astrocytes in the human frontal cortex, compared to that of many other species including other primates, is thought to be due to the high metabolomic cost of maintaining a bigger brain size (Bass et al., 1971; Sherwood et al., 2006). One of the key mechanism’s astrocytes apply to provide energy to neurons is via the astrocyte-neuron lactate shuttle. This metabolomic coupling is known to be crucial for memory formation (Alberini et al., 2018). Astrocytes respond to neuronal activity with spatially and temporally regulated Ca2+ fluctuations that shape neuronal activity via the regulation of the gliotransmitter release (Semyanov, 2019). Molecular and functional variations in astrocytes are considered to contribute to differences in distinct neural circuit signaling (Chai et al., 2017; Morel et al., 2017; Xin and Bonci, 2018). Another central role of astrocytes is the regulation of neurotransmitter uptake including glutamate via excitatory amino acid transporters 1 and 2 (EAAT1, EAAT2, respectively) in humans, or glutamate/aspartate transporter (GLAST) and glutamate transporter-1 (GLT-1) in rodents (Roberts et al., 2014; Meunier et al., 2017). Regulation of the extracellular neurotransmitter levels is affected in a number of neuropsychiatric disorders (John et al., 2012).



ASTROCYTES AS MEDIATORS OF PATHOLOGIES AFFECTING THE FRONTAL CORTEX

The frontal cortex is responsible for higher executive functions such as cognition and working memory (Fuster, 2002). The expression of genes involved in processes mediating synaptic plasticity, memory and learning is, respectively, enriched in a human and primate frontal cortex (Sjostedt et al., 2015; Garcia-Cabezas et al., 2017). A high level of flexibility is necessary for learning and memory functions but may also lead to increased structural vulnerability, which may explain why aberrations in the frontal cortex are connected to several neuropathologies (John et al., 2012; Feresten et al., 2013; Torres-Platas et al., 2016).

Astrocytes contribute to the regulation of neuronal activity that is altered in several frontal cortex pathologies (Braun et al., 2009; Cao et al., 2013; Lima et al., 2014; Bull et al., 2015; Ebrahimi et al., 2016; Beamer et al., 2017). A common feature for brain diseases is the activation of astrocytes into an inflammatory, reactive state (Chanaday and Roth, 2016). White matter astrocytes in the frontal cortex appear to be especially vulnerable to ischemic stroke, leading to disrupted gliovascular interactions caused by astrogliosis (Chen et al., 2016). Astrogliosis in the frontal cortex, upon aging, is also linked to mood disorders (Miguel-Hidalgo et al., 2000; Narita et al., 2006). Neurodegenerative disorders have overlapping characteristics suggesting common underlying pathological mechanisms. For instance, CTE caused by repeated head injuries, displays a similar accumulation of neurofibrillary tangles to that in AD but can be differentiated from AD by astrocytic tangles that are considered a hallmark of CTE (Turner et al., 2016; Hsu et al., 2018). Below, examples of neurodegenerative disorders with fronto-temporal pathologies and studies employing iPSC-derived astrocytes are described.

Alzheimer’s Disease

Alzheimer’s disease is a progressive neurodegenerative disease that manifests through cognitive impairment, motor abnormalities and behavioral changes. AD pathology is hallmarked by the accumulation of insoluble amyloid-β (Aβ) plaques, amyloid deposits in the blood vessel walls and aggregation of the microtubule protein tau, within neurons. The abnormalities seen in AD usually occur first in the frontotemporal region then spread progressively to other areas of the neocortex (Masters et al., 2015).

The contribution of astrocytes in AD pathology comprises of both the loss of neuroprotective features as well as the acquirement of pathological properties. Initially, astrocytes uptake and degrade Aβ and have a neuroprotective role. However, disease progression often leads to impaired astrocytic Aβ clearance and induces toxic gain-of-functions that contribute to disease progression (Garwood et al., 2017). Neural plaques adjacent to GFAP expressing astrocytes are known to induce hypertrophy and there is also evidence showing that astrocyte reactivity may precede plaque formation (Teneka et al., 2005; Olabarria et al., 2010; Rodrieguez-Veitez et al., 2015). Morphological aberrances in AD astrocytes that compromise vascular coverage are detrimental to neurovascular regulation, while disrupted potassium (K+) mediated neurovascular coupling, due to downregulation of K+ channels Kir4.1 and BKCa, result in abnormal regional cerebral blood flow (Acosta et al., 2017).

Aβ has been shown to alter the expression of metabotropic glutamate receptor 5 (mGluR5) and nicotinic acetylcholine receptors (nAchRs) in astrocytes, which leads to changes in Ca2+ homeostasis and signaling (Haughey and Mattson, 2003; Xiu et al., 2005; Lim et al., 2013). Excitotoxicity is a common characteristic of AD and astrocytes contribute to excessive glutamate signaling. Insufficient clearance of glutamate is connected to the reduced expression of glutamate transporters and their aberrant trafficking, which has been linked to altered cholesterol synthesis (Masliah et al., 1996; Tian et al., 2010; Merlini et al., 2011; Talantova et al., 2013). Furthermore, the release of glutamate has been shown to be enhanced in AD astrocytes (Talantova et al., 2013).

Reactivity is a common feature of AD astrocytes. Aβ induces the astrocytic release of pro-inflammatory mediators and, in turn, pro-inflammatory signals stimulate astrocytic Aβ production leading to a positive feedback loop between astrocyte Aβ response and production (Gonzáles-Reyes et al., 2017). S100β-positive astrocytes are connected to AD pathology and they are reduced following immunization against Aβ (Neus Bosch et al., 2015). S100β expressed by astrocytes is important for the regulation of neuronal oscillations associated with cognitive flexibility and depressive behavior (Stroth and Svenningsson, 2015; Brockett et al., 2018).

Glucose hypometabolism can precede clinical symptoms of AD (Mosconi et al., 2006). There is evidence that carriers of apolipoprotein E𝜀4 (APOE𝜀4) allele, with an increased risk for AD, have lower levels of glucose metabolism in various brain regions, including the prefrontal cortex, before the manifestation of clinical symptoms (Reiman et al., 2004). Dementia in AD is related to altered lactate processing. Under normal circumstances lactate-producing enzymes are down-regulated with age and an increase in the expression of these enzymes improve memory in wild type mice but leads to memory deficits in AD mice (Harris et al., 2016). Astrocyte defects in AD have been described extensively in a recent review (Acosta et al., 2017).

Huntington’s Disease

Huntington’s disease (HD) is characterized by motor dysfunction, cognitive impairment and neuropsychiatric features. HD is an inherited neurological disorder caused by CAG trinucleotide repeat expansion in the gene encoding Htt. The expansion gives rise to a mutated form of Htt (mHtt) with an abnormally long polyglutamine sequence which leads to the formation of mHtt aggregates (Bates et al., 2015). Clearance of aggregates is more efficient from astrocytes than from neurons, rendering astrocytes more resistant to mHtt accumulation (Zhao et al., 2016; Jansen et al., 2017; Zhao T. et al., 2017). Eventual accumulation of mHtt into astrocytes results in altered glutamate homeostasis and, sub-sequentially, neuronal excitotoxicity (Shin et al., 2005; Bradford et al., 2009). In addition to the enhanced release of glutamate, the presence of mHtt in astrocytes decreases the expression of glutamate transporters in an age-dependent manner (Lievens et al., 2001; Estrada-Sanchez et al., 2009; Faideau et al., 2010; Lee et al., 2013). However, excitotoxicity in HD neurons has also been reported without defects in the glutamate clearance (Parsons et al., 2016).

Huntington’s disease astrocytes possess an altered K+ signaling due to the decreased expression of Kir4.1 (Tong et al., 2014; Zhang et al., 2018). Restoration of Kir4.1 function can ameliorate impaired GLT1-mediated homeostasis and, sub-sequentially astrocyte Ca2+ signaling, implying a causative effect of Kir4.1 dysfunction on these mechanisms (Tong et al., 2014; Jiang et al., 2016). Kir4.1 defects precede the appearance of reactive astrocytes, indicating that inflammation is a secondary effect of HD pathology possibly induced by neurotoxicity (Tong et al., 2014).

Both reactive astrocytes and microglia have been implicated in the pathogenesis of HD (Khakh et al., 2017). Microglia promote the reactivity of astrocytes via the secretion of pro-inflammatory factors such as Il-1α, TNFα, and C1q (Liddelow et al., 2017). Reactive astrocytes have an impaired ability for synaptic maintenance and decreased phagocytic capacity (Bradford et al., 2009; Haim et al., 2015). Additionally, they promote degeneration of a subset of neurons and mature oligodendrocytes (Liddelow et al., 2017). Activation of the JAK/STAT3 pathway appears to be a common pathological feature of HD and AD. Astrocyte specific inhibition of this pathway, in animal models, reduces the reactive astrocyte phenotype (Haim et al., 2015). Interestingly, some studies have shown that reactive astrocytes can also have a neuroprotective role in HD (Haim et al., 2015; Liddelow et al., 2017).

Accumulation of mHtt disrupts exosome secretion from astrocytes (Hong et al., 2017). This can be connected to the reduced BDNF release from astrocytes (Hong et al., 2016). BDNF signaling is associated with HD pathogenesis and restoration of BDNF release from astrocytes has been shown to have neuroprotective effects (Giralt et al., 2010; Hong et al., 2016; Reick et al., 2016). However, there is also evidence that at early stages of HD, TrkB signaling is altered due to an indirect effect of p75 neurotrophic receptor (p75NTR) activity, indicating that signaling defects may precede aberrant secretion of BDNF, a ligand of both TrkB and p75NTR (Plotkin et al., 2014).

Frontotemporal Dementia

Frontotemporal dementia (FTD) is an umbrella term for neurodegenerative diseases affecting the frontal or temporal lobes. Behavioral changes and deficits in executive functioning and language characterize FTD (Bang et al., 2015). The role of astrocytes in FTD is not fully understood. However, FTD pathology is known to involve astrogliosis that occurs at an early stage of the disease progression and precedes neuronal loss (Su et al., 2000; Kersaitis et al., 2004). Astrocytic degeneration is marked by the expression of apoptotic markers, such as caspase-3, and morphological changes (Su et al., 2000; Broe et al., 2004). Apoptotic astrocytes in FTD have been correlated with the degree of frontotemporal atrophy and significant astrogliosis has been observed to overlap with areas showing disturbed cerebral perfusion (Martinac et al., 2001; Broe et al., 2004). In theory, astrocyte degeneration could cause disruptions similar to those seen in AD and HD, but the possible role of astrocyte degeneration in FTD pathogenesis remains unclear (Su et al., 2000).



MODELING PSYCHOPATHOLOGIES USING HUMAN CELLS

In recent years, a number of astrocyte differentiation methods have been developed and advances on the use of iPSC-derived astrocytes have been reviewed in a recent paper (Zheng et al., 2018). Below, the application of iPSC-derived astrocytes and their use to model frontal cortex defects are discussed. The studies represented are summarized in Table 1.

TABLE 1. Summary of studies on iPSC-derived astrocytes in modeling frontocortical pathologies.
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Defects in both the clearance and production of Aβ, associated with AD, can also be seen in iPSC-derived AD astrocytes and appear to involve aberrant lipid metabolism (Oksanen et al., 2017; Fong et al., 2018; Lin et al., 2018). When studying the effects of APOE genotype Lin et al. (2018) demonstrated that APOE4 astrocytes show differences in the transcriptomic profile compared to isogenic APOE3 cells, as well as a diminished ability in clearing Aβ (Lin et al., 2018). The role of ApoE in the Aβ clearance is still unresolved and some studies claim that ApoE is crucial for the degradation and removal of Aβ, while others have shown that ApoE promotes neurodegeneration (Holtzman et al., 1999; Koistinaho et al., 2004; Liao et al., 2014; Shi et al., 2017). In co-culture studies APOE3 exhibited a greater ability to promote neuronal support and synaptogenesis (Zhao J. et al., 2017). Different properties of APOE isoforms in human astrocytes are in agreement with previous studies in mice (Wang et al., 2005). Jones et al. (2017) studied the function of AD astrocytes generated from iPSCs modeling early-onset FAD with mutation in PSEN and late-onset SAD with the APOE4 genotype. Both FAD and SAD astrocytes showed reduced morphological heterogeneity and aberrant expression of S100β. However, altered distribution of EAAT1 was only seen in SAD astrocytes (Jones et al., 2017). Altered secretion of inflammatory cytokines was found in both FAD and SAD, as well as in astrocytes with the PSEN1 ΔE9 genotype generated by Oksanen et al. (Jones et al., 2017; Oksanen et al., 2017). PSEN1 ΔE9 astrocytes also displayed changes in Ca2+ homeostasis, mitochondrial metabolism, ROS production and lactate secretion, thus covering all classical features of AD pathology (Oksanen et al., 2017).

Inflammatory responses were studied by Hsiao et al. (2015) in iPSC-derived HD astrocytes and an increase in the expression of VEGF-A, with further up-regulation after inflammatory cytokine treatment, was found. This leads to the enhanced proliferation of endothelial cells and the compromised survival of pericytes. As a result, poor pericyte coverage of blood vessels cause vascular reactivity and disrupts the blood-brain-barrier (Hsiao et al., 2015). Additionally, they demonstrated that the TNFα inhibitor XPro1595 successfully suppressed the inflammatory responses both in human astrocytes as well as primary astrocytes propagated from the brain of a transgenic HD mouse model (R6/2) (Hsiao et al., 2014). Juopperi et al. (2012) showed that HD astrocytes display increased cytoplasmic vacuolization (Juopperi et al., 2012). This phenotype is also present in HD lymphoblasts (Nagata et al., 2004; Martinez-Vicente et al., 2010). The findings in iPSC-derived HD astrocytes are consistent with astrogliosis as a key characteristic of HD pathology.

Frontotemporal dementia astrocytes, derived from iPSCs with mutations in genes encoding microtubule-associated protein TAU (MAPT) and TDP-34, demonstrated an increased susceptibility to oxidative stress and compromised survival (Serio et al., 2013; Hallmann et al., 2017). In M337V TDP-34 astrocytes, lowered survival paralleled the accumulation of TDP-43 (Serio et al., 2013). This phenomenon has been implicated in astrocyte dysfunction in CTE (Jayakumar et al., 2017). In N279K MAPT astrocytes, the expression of 4R-TAU isoform was increased as reported in FTD patients (Ghetti et al., 2015; Hallmann et al., 2017). N279K MAPT astrocytes displayed morphological changes and increased GFAP expression, usually linked to reactivity, as well as altered gene expression profiles. In co-culture assays with healthy neurons, N279K MAPT astrocytes increased the vulnerability of neurons to oxidative stress (Hallmann et al., 2017). However, M337V TDP-34 astrocytes did not exert toxic effects on neurons, although astrocytic expression of mutated TDP-43 has been reported to induce neuronal cell death (Tong et al., 2013; Serio et al., 2013) suggesting that other cell types, such as microglia, are required for the neurotoxic effect. Altogether, the results indicate that astrocyte degeneration is a common feature of FTD.



CONCLUSION

An increasing number of studies have connected astrocyte defects to frontal cortex pathologies. Species-specificity of astrocytes poses a challenge in translating results obtained from animal studies to humans, and patient-derived iPSCs offer an alternative to disease modeling. Studies presented above demonstrate that iPSC-derived astrocytes successfully recapitulate various disease phenotypes. Further challenges still include addressing the heterogeneity within the astrocyte population and developing protocols to generate regionally defined human astrocyte subtypes.
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5-HT, 5-hydroxytryptamine receptor; Aβ, amyloid β; AD, Alzheimer’s disease; APOE, apolipoprotein E; APP, amyloid precursor protein; BDNF, brain-derived neurotrophic factor; BG, Bergmann glia; cAMP, cyclic adenosine monophosphate; CTE, chronic traumatic encephalopathy; C1q, complement component 1q; EAAT, excitatory amino acid transporter; FAD, familial Alzheimer’s disease; FTD, frontotemporal dementia; GFAP, glial fibrillary acidic protein; GLAST, glutamate aspartate transporter; GLT-1, glutamate transporter 1; HD, Huntington’s disease; Htt, huntingtin; Il-1α, interleukin 1α; iPSC, induced pluripotent stem cell; JAK/STAT3, Janus kinase/signal transducers and activators of transcription 3; ROS, reactive oxygen species; SAD, sporadic Alzheimer’s disease; TNFα, tumor necrosis factor α; TDP-34, transactive response DNA-binding protein 34; TrkB, tyrosine-related kinase B; VEGF-A, vascular endothelial growth factor A.
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Frataxin deficiency is the pathogenic cause of Friedreich’s Ataxia, an autosomal recessive disease characterized by the increase of oxidative stress and production of free radicals in the cell. Although the onset of the pathology occurs in the second decade of life, cognitive differences and defects in brain structure and functional activation are observed in patients, suggesting developmental defects to take place during fetal neurogenesis. Here, we describe impairments in proliferation, stemness potential and differentiation in neural stem cells (NSCs) isolated from the embryonic cortex of the Frataxin Knockin/Knockout mouse, a disease animal model whose slow-evolving phenotype makes it suitable to study pre-symptomatic defects that may manifest before the clinical onset. We demonstrate that enhancing the expression and activity of the antioxidant response master regulator Nrf2 ameliorates the phenotypic defects observed in NSCs, re-establishing a proper differentiation program.
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INTRODUCTION

Friedreich’s Ataxia (FRDA) is an early-onset autosomal recessive disease with an incidence of 1:50000, caused by severely reduced levels of frataxin, a mitochondrial protein involved in iron–sulfur cluster synthesis, iron transfer, and antioxidant defense (Romeo et al., 1983; Dürr et al., 1996; Santos et al., 2010; Vaubel and Isaya, 2013). Although no evident signs of the pathology show up in the first 5–10 years of life, a subsequent development of movement coordination loss, cardiac hypertrophy, diabetes and progressive neurodegeneration occurs (Dürr et al., 1996; Folker et al., 2010; Weidemann et al., 2012), resulting in death at young age (Bürk, 2017). Cognitive differences in FRDA patients have also been assessed (Wollmann et al., 2002; Mantovan et al., 2006; De Nobrega et al., 2007; Corben et al., 2011, 2017; Nieto et al., 2013). Thus, even if the progressive degeneration of sensory neurons in the dorsal root ganglia (DRG) and in the dentate nucleus of the cerebellum are observed early upon pathology onset (Bürk, 2017), neuroimaging techniques revealed impairments in white/gray matter structure (Zalesky et al., 2014; Harding et al., 2016; Rezende et al., 2016) and in cerebral functional activation (Georgiou-Karistianis et al., 2012). Reports outlining these defects have been published since a decade (Selvadurai et al., 2018) and several lines of evidence suggest that frataxin deficiency could lead to their insurgence during fetal development (Cossée et al., 2000; Santos et al., 2001; Koeppen et al., 2017). However, studies on the pathogenic mechanism underlying FRDA during the neurogenesis are still lacking.

Recent reports show that a mouse model of the pathology, the Frataxin Knockin/Knockout (KIKO) mouse, manifests neurobehavioral defects on the 9th month of life that closely recapitulate the clinical human phenotype, including cerebellar ataxia, decreased peripheral sensitivity and motor strength and endurance impairments (Miranda et al., 2002; McMackin et al., 2017). Nevertheless, before the onset of the pathologic symptoms, mitochondrial and synaptic abnormalities are already present in the cerebellum (Lin et al., 2017a,b), suggesting that early pre-symptomatic defects may underlie the clinical onset and contribute to trigger the disease progression. In this context, the KIKO mouse model is a useful tool to search for earliest pathological changes, because it displays a slowly evolving phenotype, while biochemical and functional brain dysregulations arise earlier, thus closely recapitulating the clinical human phenotype (Lin et al., 2017a,b; McMackin et al., 2017; Cotticelli et al., 2019).

Oxidative stress and increased levels of free radicals play an important role in FRDA pathogenesis (Lupoli et al., 2018), where frataxin deficiency has been shown to reduce the expression of Nrf2 (the Nuclear factor erythroid-derived 2)-like 2 transcription factor NE2FL2 either in human FRDA fibroblasts (Paupe et al., 2009; Petrillo et al., 2017) and in mouse models of the disease (D’Oria et al., 2013; Shan et al., 2013; Anzovino et al., 2017; Dinkova-Kostova et al., 2018).

Nrf2 regulates the expression of several antioxidant enzymes and mounting evidences demonstrate an improvement of neurological phenotypes after induction of this signaling pathway (Dinkova-Kostova et al., 2018).

Redox signaling is critical in Nervous System development (Olguín-Albuerne and Morán, 2018) and Nrf2 has a relevant role in the neurogenic process, playing a key function in the regulation of neural stem cells (NSCs) features. In particular, its expression is directly correlated with NSCs proliferation and self-renewal, and its age-dependent down regulation determines the age-related NSCs loss of survival and function, impairing neurogenesis in subventricular zone of the lateral ventricles and in the dentate gyrus of the hyppocampus (Corenblum et al., 2016; Ray et al., 2018). Nrf2 activity and expression also play a role in the neuronal maturation process, as its overexpression and/or induced stabilization determine the increase of the mean length of neuron-differentiated neuroblastoma neuritis (Zhao et al., 2009), although the expression of the transcription factor is reported to constantly decrease throughout the differentiation process (Olguín-Albuerne and Morán, 2018). Importantly, the activation of Nrf2 signaling pathway is neuro-protective for progenitor cells exposed to amyloid beta (Aβ) deposits, a condition resembling the Alzheimer disease (Kärkkäinen et al., 2014), thus potentially representing an early therapeutic target in neurodegeneration.

Moving from these previous findings, in this study we analyzed the Nrf2 expression in NSCs isolated from the embryonic cortex of KIKO FRDA mouse and evaluated if an imbalance of Nrf2 signaling pathway may lead to early phenotypic defects in neurogenesis.

In addition, as two drugs, Sulforaphane (SFN) and EPI-743, are receiving increasing attention as promising candidates for the treatment of neurodegenerative diseases, including FRDA (Zesiewicz et al., 2018; Zhao et al., 2018), we analyzed the induction of Nrf2 pathway in response to those drugs in order to understand if an early activation of the transcription factor may trigger a neuro-regenerative mechanism in FRDA.



METHODS


Ethics Statement

We conducted all mouse experimentations in accordance with accepted standard of humane animal care and with the approval by relevant local (Institutional Animal Care and Use Committee, University of Rome Tor Vergata) and national (Ministry of Welfare, license no. 324/2018-PR) committees. Experiments were carried out according to institutional safety procedures.



NSCs Isolation, Culture, and Immunofluorescence Analysis

Neural stem cells were isolated from Frataxin KIKO C57/BL6 mouse (Charles River Laboratories International Inc., MA, United States) E13.5 (Bard et al., 1998) embryos as previously reported (La Rosa et al., 2016; Svetoni et al., 2017). Clonogenic assays were performed plating 5000 NSCs in 35-mm wells for each experimental point. After 5 days of culture, neurosphere number was counted and NPC clonogenicity expressed as the percentage ratio between plated cells and neurospheres formed. For differentiation assays, 20000 NPCs/well were plated on pre-coated poly-ornithine (Sigma-Aldrich, Saint Louis, MO, United States) and laminin-1 (Sigma-Aldrich) 4-well dishes. Cells were grown in NSCs medium, containing 1% v/v fetal bovine serum (FBS) (Gibco/Thermo-Fisher Scientific, United Kingdom) and incubated in a humidified atmosphere with 6% CO2, at 37°C, for 3 days. Immunofluorescence staining was performed after cell fixation in 4% (v/v) formaldehyde (Sigma-Aldrich) and permeabilization with 0.1% Triton X-100 in PBS, supplemented with 1% BSA. Samples were incubated with the mouse anti-TUBB3 (1:300, Sigma-Aldrich) primary antibody for 1 h at r.t. and with the FITC-conjugated (1:250) secondary antibody (Jackson ImmunoResearch, Cambridge, United Kingdom) for 1 h at r.t. Hoechst (Invitrogen, CA, United States) was added for 15 min, and fluorescence preserved using the Prolong Gold mounting solution (Invitrogen). 10 randomly fields were taken for each sample using a DMI6000B inverted microscope (Leica, Germany), equipped with a Pan-Neofluar 20X/0.75 objective lens. Data are represented as percentage of positive cells/total cells (evaluated by the number of total nuclei).



RNA Isolation, RT-PCR, and RT-qPCR

Total RNA was extracted from NSCs using Total RNA purification kit (Norgen Biotek Corp., Canada), following manufacturer’s instructions. 1 μg RNA was retro-transcribed by M-MLV reverse transcriptase (Invitrogen) and used in quantitative RT-PCR (qPCR) experiments using Sybr green PCR master mix (Applied Biosystem, CA, United States) as described by manufacturer’s instructions. All primers used are reported in the table below. GAPDH gene expression was used to normalize qPCR experiments.
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Immunoblotting

Neural stem cells were lysed in 50 mM Tris–HCl, pH 7.4, containing 100 mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and protease inhibitor cocktail (plus phosphatase and protease inhibitors) (Sigma-Aldrich). Proteins were separated by SDS–PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Amersham Biosciences Corp., United Kingdom). Antibodies were diluted in 0.1% Tween buffer (+ 5% BSA) as follows: rabbit anti-Nrf2 (1:500, Abcam, United Kingdom), mouse anti-NQO1 (1:2000, Novus Biologicals, United States), rabbit anti-HO-1 (1:2000, Abcam), mouse anti-Tubulin (1:1000, Sigma-Aldrich), rabbit anti-Frataxin (1:1000, Santa Cruz Biotechnology Inc., TX, United States). Signals were detected by enhanced chemiluminescence (ECL) (BioRad, CA, United States).



Complex I Assay

Complex I (NADH:CoQ oxidoreductase, EC 1.6.5.3) activity was measured by following the absorbance decrease of NADH at 340 nm (ε = 6.81 mM–1⋅cm–1) in presence of the specific inhibitor rotenone (10 μM) (Carletti et al., 2014) and normalized for protein content.



ROS Quantification

Three micromolar Dichlorofluorescin–diacetate (DCF–DA) (Sigma-Aldrich) was added to 96-well microplates (Greiner CELLSTAR®, Sigma-Aldrich) and incubated 1 h at 37°C in a humidified 5% CO2. Relative fluorescence units (RFU, λexc. = 495 nm, λem. = 530 nm), calculated by subtracting blank readings from all measurements, were taken using a plate spectrofluorometer (Enspire, Perkin Elmer). Results were normalized for cell number.



Statistical Analysis

All data are expressed as mean ± SD. Student’s t-test was performed using Graphpad Prism software (RRID:SCR_002798).




RESULTS


KIKO NSCs Show Proliferation, Clonogenicity, and Differentiation Defects

To analyze if neurodevelopmental defects may occur in FRDA, we isolated NSCs from 13.5 embryonic day of life (E) cortex of KIKO mouse, a well established FRDA animal model, which displays a slowly evolving phenotype despite early biochemical and functional brain deregulations (Lin et al., 2017a,b; Cotticelli et al., 2019), thus closely resembling patient’s pathologic progression (McMackin et al., 2017).

In culture, NSCs grow forming neurospheres that consist of a mix of stem and spontaneously differentiating cells (Conti et al., 2003; Galli et al., 2003). Growth curves over 5 days of culture showed a 48% reduction of KIKO NSCs proliferation, respect to WT NSCs (Figure 1A), and this was confirmed by 26% decrease of the average neurospheres’ diameter (Figure 1B). Furthermore, only ∼5% of KIKO NSCs were able to reform spheres upon disaggregation (Figure 1C), as assessed by analyses of the NSCs clonogenicity. As the reduced proliferation and clonogenicity of KIKO NSCs could be explained by an increase of spontaneous differentiation events, we further analyzed the KIKO NSCs differentiation index toward neuronal lineage (Figure 1D). After 3 days of differentiation, a 1.7-fold increase of neuronal differentiation was observed in KIKO NSCs, respect to WT NSCs, although an overall reduction of neuronal complexity was also evident (Figure 1D). These data highlight phenotypic defects in frataxin-deficient NSCs already at early stage of neurogenesis.
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FIGURE 1. Frataxin depletion determines phenotypic defects in KIKO NSCs and neurons. (A,B) analysis of WT and KIKO NSCs proliferation assessed by growth curves experiments over 5 days (A), and diameter evaluation on the fifth day (B). (C) Clonogenic assay of WT and KIKO NSCs. Clonogenicity was expressed as the ratio between the observed neurospheres and plated NSCs. (D) Immunofluorescence analysis of the neuronal differentiation marker Tuj-1 in WT and KIKO NSCs cultured for 3 days in differentiating conditions. Graph on the right represents (mean ± SD) measurement of number of Tuj-1 positive cells, *p < 0.05. Scale bars = 100 μm.





Nrf2 Expression and Signaling Is Impaired in KIKO NSCs

Given that the frataxin depletion causes ROS overload and iron-sulfur (Fe-S) cluster proteins impairment in FRDA (Lin et al., 2017b; Abeti et al., 2018; Lupoli et al., 2018), we measured the activity of mitochondrial (Fe-S) Complex I (CI) and ROS levels in KIKO NSCs, in order to validate our model. As shown in Figure 2, CI activity was significantly decreased (46%) in KIKO NSCs, whereas ROS increased 3-times respect to WT NSCs, thus confirming the molecular key features of the disease.
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FIGURE 2. Frataxin depletion determines impairments in NRF-2 expression and signaling. (A) ROS determination (graph on the left) and Complex I activity (graph on the right), assessed in WT and KIKO NSCs. Cellular ROS were evaluated by measuring DCF fluorescence, normalized for cell number, while Complex I activity was expressed as nmol/min/mg prot. qPCR (B) and Western Blot analyses (C) and relative densitometric evaluation (graph on the right) of the expression of the transcription factor Nrf2, its targets (NQO1 and HO-1) and Frataxin, in WT and KIKO NSCs. GAPDH was used for qPCR normalization, while Tubulin was used as Western Blot loading control, *p < 0.05 and ∗∗p < 0.01.



As several studies show Nrf2 impairment in post-natal tissues of FRDA patients and in frataxin-deficient cells (Paupe et al., 2009; D’Oria et al., 2013; Shan et al., 2013; Petrillo et al., 2017), we analyzed Nrf2 expression in KIKO and WT NSCs, in order to evidence a potential involvement of the transcription factor in the defects described above. As reported in Figure 2, Nrf2 was reduced in KIKO NSCs either as mRNA (20% decrease, A) and as protein level (40% decrease, B). In the same way, a significant decrease of two representative Nrf2 target genes was detected in KIKO NSCs, compared to WT NSCs. In particular, NADPH Quinone Oxidoreductase 1 (NQO1) was 60% reduced as mRNA (Figure 2A) and 50% as protein amount (Figure 2B), and Heme Oxigenase-1 (HO-1) showed a 50% decrease both as mRNA (Figure 2A) and protein level (Figure 2B). As expected, a 60% decrease of frataxin expression (mRNA and protein) was also detected in KIKO NSCs (Figures 2A,B).

These findings confirm previous studies showing a frataxin-mediated Nrf2 deficiency in cell and mouse models of FRDA (Paupe et al., 2009; D’Oria et al., 2013; Piermarini et al., 2016; Anzovino et al., 2017; Petrillo et al., 2017) but, additionally, they represent a progress in understanding the pathogenesis of FRDA because, for the first time, an early impairment of Nrf2 signaling is described already during neurogenesis. Furthermore, given the role of Nrf2 in the neurogenic process (Zhao et al., 2009; Corenblum et al., 2016; Olguín-Albuerne and Morán, 2018; Ray et al., 2018), the defective Nrf2 pathway may also underlie the loss of stemness potential and the increased cell differentiation toward the neuronal lineage evidenced in KIKO NSCs (Figure 1).



SFN and EPI-743 Treatments Restore Nrf2 and Nrf2-Target Gene Expression

Nrf2 inducers have been demonstrated to promote the activation of Nrf2/ARE signaling in frataxin silenced motor neurons (Piermarini et al., 2016; Petrillo et al., 2017). Thus, in order to evaluate the effect of Nrf2 activation on the KIKO NSCs defects, we treated KIKO NSCs with the classical Nrf2 inducer SFN and with EPI-743, a para-benzoquinone developed for the treatment of mitochondrial diseases (Enns et al., 2012; Martinelli et al., 2012; Zesiewicz et al., 2018).

qRT-PCR and western blot analyses were performed either under conditions of KIKO NSCs proliferation (Figures 3A,B) and following neuronal differentiation (Figures 3C,D).
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FIGURE 3. Antioxidant treatment increases NRF2 and downstream gene expression in proliferating and differentiated NSCs. (A) qPCR and (B) Western Blot analysis with relative densitometric quantification (B graphs on the right) of NRF2, NQO1 and HO-1 expression in WT and KIKO NSCs cultured in proliferating conditions and treated for 2, 6, and 24 h with 1 μM EPI-743 or 5 μM SFN. qPCR analyses (C) and Western Blot experiments (D) of NRF2, NQO1, and HO-1 mRNA and protein expression levels in differentiated WT and KIKO NSCs treated or not with 1 μM EPI-743 or 5 μM SFN during the differentiation protocol. GAPDH was used for qPCR normalization, Tubulin was used as Western Blot loading control. *p < 0.05 and ∗∗p < 0.01 vs. WT. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. vehicle-treated KIKO.



As shown in Figure 3, both compounds significantly induce the expression and stability of Nrf2 in proliferating KIKO NSCs, compared to untreated KIKO NSCs, showing a consistent increase of mRNA (Figure 3A) and protein amount (Figure 3B) already after 2 h treatments (10-fold increase mRNA and 4-fold increase protein level), remaining high throughout 24 h. Also Nrf2 target genes were significantly induced after EPI and SFN treatments, with NQO1 reaching a peak at 6 h drugs (3-fold increase protein amount with EPI and 6-fold increase with SFN), whereas HO-1 showed a growing increase over time (4-fold protein increase with EPI and 6-fold with SFN) (Figures 3A,B).

A significant induction of Nrf2 and its down-stream genes was also found after 3 days neuronal differentiation of KIKO NSCs (Figures 3C,D), with 1.7- and 2.2-fold increases of protein level, following respectively EPI and SFN 24 h treatments. Similarly, Nrf2 target genes were induced with EPI and SFN both as mRNA (3.6-fold increase, Figure 3C) and protein level (1.9-fold increase, Figure 3D).

Overall, these findings highlight the effectiveness of the drug-mediated Nrf2 induction in restablishing the antioxidant defense signaling in KIKO NSCs, thus leading to suggest the transcription factor as a potential early target of therapy.



SFN and EPI-743 Revert Phenotypic Defects in KIKO NSCs and Promote Neuronal Complexity and Differentiation

Following the drug-mediated rescue of Nrf2 function, we evaluated the effect of EPI-743 and SFN on KIKO NSCs ROS production (Figure 2A). Both treatments consistently reduced ROS overload, either in proliferating condition or during the differentiation process, thus re-balancing the cellular redox environment. Prompted by these results and by previous studies showing that the Nrf2 activation restored neurites’ network and axonal re-growth in FRDA silenced neurons (Piermarini et al., 2016; Petrillo et al., 2017), we asked if Nrf2 induction was able to rescue the phenotypic defects observed in KIKO NSCs. As evidenced by growth curves (Figure 4A) and clonogenic assays (Figure 4B), both SFN and EPI-743 treatments trigger a positive effect on proliferation (1.7-fold increase) and stemness potential (1.4-fold increase) in KIKO NSCs culture, compared to untreated KIKO NSCs, although this rise was not enough to reach the statistical significance.
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FIGURE 4. Antioxidant treatment partially re-establishes KIKO NSCs differentiation program toward neuronal lineage. (A) ROS determination in WT and KIKO NSCs treated with 1 μM EPI-743 or 5 μM SFN or vehicle in proliferating condition (left graph) or after differentiation (right graph). The fluorescence produced by the oxidation of DCF was normalized for cell number. (B) Analysis of WT and KIKO NSCs proliferation, assessed by growth curve over 1, 3, and 5 days of culture in proliferating condition and after treatment with 1 μM EPI-743 or 5 μM SFN. (C) Clonogenic assay of WT and KIKO NSCs cultured in proliferating condition and treated with 1 μM EPI-743 or 5 μM SFN or vehicle. Clonogenicity was expressed as the ratio between counted neurospheres and plated cells. (D) Representative images of immunofluorescence assay to evaluate NSCs differentiation toward neuronal lineage (Tuj-1 positive cells) in WT and KIKO NSCs treated with vehicle, 1 μM EPI-743 or 5 μM SFN. The graph in panel (E) represents measurements of Tuj-1 positive cells number (mean ± SD). (F) Analysis of WT and KIKO neuronal complexity, assessed by evaluating average neurites’ length (left), average neurites’ number (center), and average branching level (right) in samples treated or not with 1 μM EPI-743 or 5 μM SFN along the differentiation protocol. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 vs. WT. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. vehicle-treated KIKO. Scale bars = 100 μm.



Moving from the data reported in Figure 1C, showing a consistent increase of spontaneous differentiation events in KIKO NSCs accompanied by a reduction of neuronal complexity, we further tested the efficacy of SFN and EPI-743 on KIKO NSCs neuronal morphology and differentiation rate (Figure 4C).

When chronically administrated, EPI-743 and SFN re-established a proper differentiation index in KIKO NSCs, leading to a 28 and 30% decrease of differentiating events, respectively (Figures 4D,E). A re-organization of neurites’ network was also evidenced following treatments, with a significant increase of neurites’ length (2.4-fold increase with EPI and 2.2-fold increase with SFN) and neurites’ number (1.6-fold after EPI and 1.8-fold after SFN) (Figure 4F).

These findings show that the drug-mediated Nrf2 activation contributes to a partial recovery of the neuronal morphology and differentiation process in KIKO NSCs. Thus, also based on the evidence of the pre-symptomatic Nrf2 impairment in KIKO mouse model, we believe that this study paves the way for Nrf2 as an early drug target for FRDA.




DISCUSSION

Although FRDA clinical symptoms manifest between the first and the second decade of life, patients are exposed to frataxin deficiency since development (Bürk, 2017), thus pre-symptomatic defects may contribute to determine the onset and the worsening of FRDA phenotype (Cossée et al., 2000; Santos et al., 2001; Georgiou-Karistianis et al., 2012; Rezende et al., 2016; Selvadurai et al., 2018). Based on this assumption, the evaluation of early pathological changes may be essential to understand the pathogenesis of the disease and to identify new targets for innovative early therapies.

In most cases, indeed, brain samples used for analysis are available from late-stage individuals, thus evidences of early pathological changes can be lost during the disease progression. In this regard, KIKO FRDA mice represent a very useful model to analyze defects in the pre-symptomatic stage of the pathology, because they display a slowly evolving phenotype such as in patients’ disease progression, while biochemical and functional brain defects arise earlier (Lin et al., 2017a,b; McMackin et al., 2017; Cotticelli et al., 2019). Furthermore, unlike the lethal prenatally models in which frataxin is completely depleted and the neuron-specific knockouts showing a too severe early onset phenotype (Cossée et al., 2000; Simon et al., 2004), KIKO mice display frataxin levels close to patients’ values (20–30% of control levels) (Sahdeo et al., 2014; Lazaropoulos et al., 2015), and neurological signs (i.e., cerebellar gait ataxia, decreased peripheral sensitivity, and motor strength impairment) resembling those occurring in late-onset FRDA patients (McMackin et al., 2017). These neuro-pathological symptoms arise upon the 9th month of life in the KIKO mouse (McMackin et al., 2017), while the deregulation of cerebellar synaptic circuits (Lin et al., 2017b) and mitochondrial impairments (Lin et al., 2017a) occur already at asymptomatic ages of 1st and 3rd months, respectively. Therefore, as reported for other neurodegenerative diseases (Shirendeb et al., 2012; Cai and Tammineni, 2016), we hypothesize that early dysfunctions may be responsible for the onset of FRDA and contribute to address the pathological evolution of the disease.

In light of this, we analyzed NSCs isolated from the cortex of 13.5 days embryonal life (E) of KIKO mice, in order to highlight weather defects were present already during neurogenesis. We investigated the morphological and biochemical phenotype of KIKO NSCs and their proliferative and stemness potential.

Our findings show proliferation and clonogenic defects, premature neuronal differentiation and loss of neuronal complexity in E13.5 KIKO NSCs (Figures 1A–D), thus suggesting that frataxin deficiency could induce defects already during neurodevelopment in FRDA and potentially lead to impairments in the white/gray matter structure and connectivity observed in patients (Georgiou-Karistianis et al., 2012; Zalesky et al., 2014; Harding et al., 2016; Rezende et al., 2016).

A tight control of NSCs proliferation, stemness potential and differentiation is critical for a proper brain development (Sun and Hevner, 2014; Taverna et al., 2014), and defects perturbing this balance can lead to the premature exhaustion of stem cells pool, determining the reduction of cortical thickness (Sun and Hevner, 2014; La Rosa et al., 2016). In line with this, two recent studies show thickness and volumetric reduction of cortical lobes in FRDA patients (Rezende et al., 2016; Selvadurai et al., 2016), thus supporting our hypothesis according to which the defects we observed in “in vitro” KIKO NSC could resemble the impairments that determine alterations in patients.

Neural stem cells strictly depend on low oxidative environment to maintain their stemness capability (Khacho et al., 2019), and the switch between glycolytic and oxidative metabolism determines an increase of oxidative species that drives the differentiation process (Tormos et al., 2011; Khacho et al., 2016; Zhou et al., 2016). As frataxin deficiency has been reported to enhance production of cellular free radicals in patients and in KIKO cells (Abeti et al., 2018) and Nrf2 deficiency has been described in post-natal FRDA tissues and in frataxin-silenced motor neurons (D’Oria et al., 2013; Piermarini et al., 2016; Petrillo et al., 2017), we evaluated if KIKO NSCs exhibit Nrf2 impairment during neurogenesis. Importantly, the expression of Nrf2 and two target genes (HO-1 and NQO1) is down regulated in KIKO NSCs, respect to the WT NSCs (Figures 1E,F), evidencing a defective antioxidant response in FRDA already at early stages of the disease.

Nrf2 is a key factor in neurogenesis regulation, and redox signaling is crucial in nervous system development (Zhao et al., 2009; Kärkkäinen et al., 2014; Olguín-Albuerne and Morán, 2018). Thus, the decrease of Nrf2 levels we detected in KIKO NSCs could be responsible for the reduction of their proliferation and stemness potential, allowing an anticipated differentiation program to take place (Figures 1A–C). Notably, it has been previously reported that in the neurogenic niches of the adult brain, the progressive reduction of Nrf2 expression in the stem cell pool correlated with the age-dependent decline of neural progenitors, whereas its overexpression improved NSCs proliferation and regeneration (Zhao et al., 2009; Corenblum et al., 2016). Therefore, the deregulation of Nrf2 expression, evidenced in KIKO NSCs, may underlie the loss of stemness potential and the increased cell differentiation toward the neuronal lineage. Moreover, as in frataxin-silenced neurons the Nrf2-mediated redox imbalance leads to structural impairments and axonal degeneration (Petrillo et al., 2017), we believe that the decrease of Nrf2 expression in KIKO NSCs may also be responsible for defects in the neuronal maturation and in the reduced neuronal complexity (Figure 1D). This reduced Nrf2 expression could contribute to explain the recent hypothesis by which the DRG of FRDA patients undergo an early neuronal hypoplasia participating to the late pathologic neuro-degenerative process (Koeppen et al., 2017).

Finally, as no effective therapies have been currently approved for FRDA and the Nrf2 activation was neuroprotective in models of Parkinson’s disease and in multiple sclerosis (Benarroch, 2017), we treated KIKO NSCs with two Nrf2 inducers (SFN and EPI-743), known to be effective in frataxin-silenced motor neurons (Piermarini et al., 2016; Petrillo et al., 2017) and in chronic neurodegenerative diseases (Martinelli et al., 2012; Sadun et al., 2012; Chicani et al., 2013; Tarozzi et al., 2013; Sun et al., 2017; Zhang et al., 2017; Hou et al., 2018; Morroni et al., 2018; Panjwani et al., 2018; Zesiewicz et al., 2018; Zhao et al., 2018).

Both SFN and EPI-743 treatments partially restore proliferation and clonogenicity of KIKO NSCs, although physiological levels were not fully reached (Figures 4A,B). Technical limitations in NSCs culture conditions could explain this partial result. NSCs grow as cellular aggregates and, as the growth of the sphere increases, this makes difficult for compounds reaching cells residing inside the spheres. Thus, it is possible that the drugs’ effect on proliferation and clonogenic potential occurs in the first days of culture, but becomes less effective as the culture grows. Nevertheless, when SFN and EPI-743 were administrated on spread-cultured differentiating NSCs, a significant rescue of the KIKO NSCs defective phenotype was observed (Figures 4C–E), demonstrating that a balanced Nrf2 signaling axis is required so that a proper differentiation process takes place.

Overall, our study highlights two main findings: (1) the Nrf2 signaling pathway is impaired in the pre-clinical KIKO NSCs model; (2) the reduced expression of frataxin leads to phenotypic defects that are partially restored upon drug-driven Nrf2 induction. These findings, besides confirming pathological hallmarks in KIKO NSCs, provide evidences of up-stream neurogenesis defects occurring in FRDA.

It is also important to note that the premature exhaustion of NSCs pool during fetal neurogenesis, due to reduced proliferation and self-renewal together with the increase of neuronal differentiation, may contribute to defects in cortical thickness (La Rosa et al., 2016), thus potentially determining cerebral and cerebellar abnormalities reported in FRDA patients (Selvadurai et al., 2016, 2018). Future studies are needed to “in vivo” validate our findings on brain tissues obtained from post-natal KIKO mice, in order to evaluate if neurogenesis deficits may impact on clinical symptoms. This should be of paramount importance for early intervention possibly targeted to Nrf2 activation, taking advantage of highly feasible and tolerable treatments.
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In the CNS, the chemokine CX3CL1 (fractalkine) is expressed on neurons while its specific receptor CX3CR1 is expressed on microglia and macrophages. Microglia play an important role in health and disease through CX3CL1/CX3CR1 signaling, and in many neurodegenerative disorders, microglia dysregulation has been associated with neuro-inflammation. We have previously shown that CX3CL1 has neuroprotective effects against cerebral ischemia injury. Here, we investigated the involvement of CX3CL1 in the modulation of microglia phenotype and the underlying neuroprotective effect on ischemia injury. The expression profiles of anti- and pro-inflammatory genes showed that CX3CL1 markedly inhibited microglial activation both in vitro and in vivo after permanent middle cerebral artery occlusion (pMCAO), accompanied by an increase in the expression of anti-inflammatory genes. Moreover, CX3CL1 induces a metabolic switch in microglial cells with an increase in the expression of genes related to the oxidative pathway and a reduction in those related to the glycolytic pathway, which is the metabolic state associated to the pro-inflammatory phenotype for energy production. The data reported in this paper suggest that CX3CL1 protects against cerebral ischemia modulating the activation state of microglia and its metabolism in order to restrain inflammation and organize a neuroprotective response against the ischemic insult.
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INTRODUCTION


CX3CL1 and CX3CR1 in CNS

The chemokine CX3CL1, also known as fractalkine, and its receptor CX3CR1 are expressed by immune and non-immune cells throughout organisms and their expression is cell type-unique in each tissue. In the brain, CX3CL1 is mostly expressed by neurons (Harrison et al., 1998) and its expression is reported on astrocytes upon inflammatory stimulations (Yoshida et al., 2001; Guillemin et al., 2003) while CX3CR1 is expressed on parenchymal microglia (Harrison et al., 1998) and in perivascular, subdural meningeal and choroid plexus macrophages, which, together with microglia, are critical regulators of immune responses in CNS upon neuroinflammation (Jung et al., 2000; Prinz et al., 2011; Goldmann et al., 2013, 2016; Yona et al., 2013). CX3CR1 signaling involves phospholipase C (PLC), phosphatidylinositol 3-kinases (PI3K) and extracellular signal–regulated kinases (ERKs), and the recruitment of transcription factors such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and cyclic adenosine monophosphate response element binding protein (CREB) (Sheridan and Murphy, 2013).



Metabolic Reprograming in the Regulation of the Innate Inflammatory Response

Microglia, under physiological conditions, continuously monitor the surrounding parenchyma by extending and retracting cellular processes to detect alteration of brain homeostasis (Davalos et al., 2005; Nimmerjahn et al., 2005) such as those induced by inflammatory stimuli. Increasing evidence suggest a role of metabolic reprograming in the modulation of the innate inflammatory response (Orihuela et al., 2016). For instance, it is known that polarization toward a pro-inflammatory phenotype induces peripheral macrophages to change from the oxidative phosphorylation to anaerobic glycolysis, so as to increase adenosine triphosphate (ATP) production (Kelly and O’Neill, 2015). Modification of metabolic functions from the ability to promote cell proliferation like anti-inflammatory phenotype to a killing/inhibitory capacity in the pro-inflammatory state, allows macrophages to respond with proper functions in different context (Mills et al., 2000; Rodríguez-Prados et al., 2010; Odegaard and Chawla, 2011; Biswas and Mantovani, 2012). A similar metabolic switch has been well characterized in tumor cells: it is known as the Warburg effect (Warburg, 1956) and permits tumor cells to maintain their increased energy demand (Griffin and Shockcor, 2004). Also microglial cells are capable of an adaptable use of energy substrates: similar to macrophages, when stimulated, they switch among oxidative phosphorylation and glycolytic metabolism. In particular, microglial activation with lipopolysaccharide (LPS) augmented lactate production, diminished mitochondrial oxygen consumption and mitochondrial ATP production, resulting in the increase of glycolysis and the decrease of oxidative phosphorylation (Voloboueva et al., 2013). Moreover, primary rat microglia cultured with increasing glucose concentration (from 10 mM to 50 mM) boosted tumor necrosis factor α (TNFα) secretion (Quan et al., 2011; Zhang et al., 2015). On the other hand, IL-4-stimulated BV-2 cells decreased glucose consumption and lactate production (Gimeno-Bayón et al., 2014) and primary murine microglia stimulated with IL-4/IL-13 maintained an oxidative metabolic state (Orihuela et al., 2016) suggesting that this shift was associated with a reduced need for anabolic reactions. Since neuro-inflammation caused by microglia hyperactivity has been associated with several neurodegenerative diseases (Cartier et al., 2014) and many evidence exist of a metabolic reprograming of microglia in neurodegeneration (Ulland et al., 2017), a metabolic switch toward oxidative metabolism might contribute to afford the healthful role of microglia in some pathophysiological conditions, resulting in the production of metabolites which are beneficial for neurons.



Neuroprotective Activity of CX3CL1 During Ischemia

It was reported that CX3CL1/CX3CR1 signaling in microglia plays important roles in physiological and pathological conditions (Lauro et al., 2015). Many evidence suggest that CX3CL1 has dual activities in the CNS, with either beneficial or detrimental potentials, depending on the activation state of microglia (Lauro et al., 2015). Furthermore, the administration of exogenous CX3CL1 reduces ischemic damage in vivo (Cipriani et al., 2011). Ischemia is the second leading cause of death in human and can lead to permanent disability (Johnson et al., 2016). It occurs when cerebral artery blood flow is reduced by a thrombus or atherosclerotic plaque, causing an abrupt deprivation of oxygen and nutrients into the brain. Currently the treatment for cerebral ischemia is reperfusion by thrombolytic administration or surgery, in order to reduce the volume of acute ischemia and improve the clinical outcome. However, only 10–20% of stroke patients receive a prompt therapy because the time window to restore blood flow to a cerebral artery is approximately 4 h from first symptoms and the risk of cerebral hemorrhage is high after this time (Chaudhary et al., 2017). Animal models of cerebral ischemia describe a well-established timing of inflammatory events after brain injury: in particular, it was demonstrated that microglia phenotype changes from anti- to pro-inflammatory with the progression of cerebral ischemia (Fumagalli et al., 2015; Ma et al., 2017). Initially, few minutes after the onset of ischemia, resident microglial cells acquire an anti-inflammatory phenotype, mainly in the peri-infarct region, to constrain brain damage. At 6 days upon ischemic insults, pro-inflammatory microglia predominate in the region close to the infarct zone (Schroeter et al., 1997; Perego et al., 2011). This microglia release reactive oxygen species and pro-inflammatory cytokines that prompt the activation of cerebrovascular endothelial cells and support the adhesion and transmigration of leukocytes into the injured tissue, contributing to the spread of brain damage (Kriz, 2006; Ceulemans et al., 2010; Jin et al., 2010; Grønberg et al., 2013). The inflammatory infiltrate induces anoxic depolarization, perturbs glutamatergic neurotransmission and increases the levels of intracellular calcium, causing the formation of reactive oxygen species and neuronal death (Ceulemans et al., 2010). However, inflammatory cells might also have a protective effects: resident microglia/macrophages achieve phagocytosis and produce neurotropic factors such as neurotrophins and tumor growth factor β1 (TGF β1), both involved in neuroprotection and tissue repair (Jin et al., 2010). Animal models of cerebral ischemia demonstrate that increased pro-inflammatory polarization of microglia is associated with a larger infarct area whereas anti-inflammatory microglia resolve inflammation, limit stroke injury progression and promote tissue reparation (Iadecola and Anrather, 2011). This experimental evidence suggests that a targeted modulation of microglia could be used to reduce the extent of tissue damage. Our previous study showed that CX3CL1 has neuroprotective effect against cerebral ischemia. Here, we investigated the involvement of CX3CL1 in microglia phenotype and metabolic switch toward oxidative metabolism and the underlying neuroprotective effect toward ischemia injury. The expression profiles of anti- and pro-inflammatory genes and those related to the metabolic reprograming following the inflammatory response were detected in vitro after CX3CL1 stimulation of microglial primary cultures and in vivo after permanent middle cerebral artery occlusion (pMCAO) in mice, in the presence of CX3CL1, to confirm the in vitro data and also to verify a possible role of CX3CL1 in modulating microglia polarization state upon ischemia development. In this paper we demonstrated that CX3CL1 inhibits microglial pro-inflammatory phenotype and induces an increase in the expression of anti-inflammatory genes. Moreover, it induces a metabolic switch with an increased expression of genes related to the oxidative pathway and a reduction in those related to glycolytic one, which is the metabolic state associated to the pro-inflammatory phenotype for energy production, suggesting that CX3CL1 protects against cerebral ischemia injury modulating the activation state of microglia and its metabolism in order to restrain inflammation and activate a neuroprotective response against the ischemic insult.




MATERIALS AND METHODS


Materials

Recombinant human CX3CL1 (cat#300-31) was from Peprotech; IL-4 (cat#12340045) was from Immunotools; LPS (cat#L4391) was from Sigma-Aldrich; anti-Arg1 antibody was from Santa Cruz (cat#sc-271430 RRID:AB_10648473); anti-Actin antibody (cat#A2066) was from Sigma-Aldrich. Secondary antibodies were from DAKO; Microbeads CD11b+ were from Miltenyi Biotec. All cell culture media, fetal bovine serum (FBS), goat serum, penicillin G, streptomycin, glutamine and Hoechst (cat#33342, RRID:AB_10626776) were from Invitrogen; poly-L-lysine (cat#P2636) and papain were from Sigma-Aldrich. Griess reagent kit for Nitrite determination was from Molecular Probe (cat#G-7921), Lactate Assay Kit (cat#MAK064) and Arginase Activity Assay Kit (cat#MAK112) were from Sigma-Aldrich; Seahorse Cell Mito Stress Test Kit for Seahorse XFe Analyzer Respiratory Assay reagents were from Agilent (cat#103015-100).



Animals and Cell Cultures

The experiments described in the present work, were approved by the Italian Ministry of Health in accordance with the guidelines on the ethical use of animals from the European Community Council Directive of September 22, 2010 (2010/63/EU). Wild type mice C57BL/6J (cat# JAX: 000664, RRID: IMSR_JAX:000664) were from Jackson Laboratory.



Microglia Culture and Polarization

Microglial cells were obtained from mixed glia cultures derived from the cerebral cortices of post-natal day 0–2 (p0–p2) wt mice. Cortices were chopped and digested in 15 U/ml papain for 20 min at 37°C. Cell suspensions were plated (5 × 105 cells/cm2) on poly-L-lysine (0.1 mg/ml) coated flasks in growth medium supplemented with 10% FBS. After 9–11 days, cultures were shaken for 2 h at 37°C to detach and collect microglia cells. These procedures gave almost pure microglial cell populations as previously described (Lauro et al., 2010). For microglia polarization, cells were seeded on poly-L-lysine coated 12 well plates (40 × 104 cells), 24-well plate (20 × 104 cells) or 12 mm glass (80 × 103 cells) slides and 2 days after they were treated with LPS 100 ng/ml or IL-4 20 ng/ml for 24 h and with CX3CL1 100 nM for further 24 h.



Form Factor Calculation

Microglia were seeded on 12 mm glass coverslips (80 × 103 cells), treated as reported, fixed, permeabilized, blocked and stained with Alexa-Fluor 488 Phalloidin (Invitrogen) for 20 min together with Hoechst. For the form factor calculation we used 3 different primary microglial culture preparations, 2 glass coverslips for each different conditions and we counted 20 cells for each glass coverslips randomly selected. Fluorescent images were processed using the MetaMorph 7.6.5.0 software (Molecular Device, Sunnyvale, CA, United States), and form factor was calculated according the formula: 4π area/perimeter2 (Neubrand et al., 2014). Form factor is a parameter taken as 1 for round cells, and correspondingly <1 when the morphology deviates from the spherical shape.



Permanent Middle Cerebral Artery Occlusion (pMCAO)

Mice (25–28 g, 11–12 weeks) were anesthetized with chloral hydrate (400 mg/kg, i.p.). The right middle cerebral artery (MCA) was permanently occluded by electrocoagulation as described previously (Storini et al., 2006). Mice were maintained at 37°C during surgery and sacrificed 24 or 72 h after pMCAO: they were deeply anesthetized and intracardially perfused with ice cold PBS.



Drugs and Administration Protocols

CX3CL1 was dissolved in saline and intra-cerebro-ventricular injected 20 min before pMCAO at 70 pmol/2 μl in mice similar to what was used previously (Cipriani et al., 2011). Anesthetized animals were immobilized on a stereotaxic apparatus (David Kopf Instruments) and injected in the right cerebral ventricle [1 mm lateral and 3 mm deep, according to the atlas of Paxinos and Watson (1998)]. A constant rate of infusion (0.2 μl/min) was maintained with a pump (KD Scientific). Control-operated animals received only vehicles.



Isolation of CD11b+ Cells

Mice 24 and 72 h after ischemia were deeply anesthetized and intracardially perfused with ice cold PBS. Brains were removed, each hemisphere was cut into small pieces and disrupted in a glass-teflon homogenizer. Cell suspension was first applied to a 30-μm cell strainer and then labeled with CD11b+ Microbeads, loaded onto a MACS Column (Miltenyi Biotec) and placed in the magnetic field of a MACS Separator. After removing the magnetic field, CD11b+ cells were eluted and used for RNA extraction. With this procedure we usually obtain around 80-50 × 103 cells from one hemisphere, the viability is about 70% and the purity 99%.



Isolation of Microglia Cells by Fluorescence-Activated Cell Sorting (FACS)

Cell suspensions were obtained as above and passed through a 100 μm nylon cell strainer (Becton Dickinson). The suspension was centrifuged (800 g, 10 min, RT), the pellet resuspended in 4 ml of 30% Percoll (Sigma) and overlaid on the top of HBSS. The suspension was centrifuged (14000 g, 15 min, RT), the pellet was resuspended in 2% BSA in PBS without Ca2+ Mg2+. Single cell suspension was washed in staining buffer (PBS without Ca2+ Mg2+, 0.5% BSA, 2 mM EDTA, 0.025% NaN3). Anti-CD16/32 (clone 24G2) was added (10 min) to prevent non-specific and Fc-mediated binding. Then, cells were stained with the following indicated antibodies for 20 min at 4°C. Directly conjugated mAbs for the following antigens (clone name) were used: CD45.2 APC-eFluor 780 (104) from eBioscience, CD11b PE-Cy7 (M1/70), Ly6C APC (HK1.4), Ly6G PE (1A8) from BioLegend. Cells were sorted using a FACSAriaIII (BD Biosciences) equipped with lasers at 561 and 633 nm, and FACSDiva software (BD Biosciences version 6.1.3). Data were analyzed using FlowJo software (Tree Star, version 9.3.2). Briefly, cells were first gated based on morphology using forward versus side scatter parameters (FSC-A versus SSC-A) and then doublets were excluded considering morphology parameter area versus width (A versus W). Starting from CD45 positive low population, microglia cells were isolated as CD11b positive Ly6C/Ly6G double negative cells. Cells were collected in 1.5 mL eppendorf tubes for later RNA extraction. Following isolation, an aliquot of each tube with sorted cells was evaluated for purity at the same instrument resulting in an enrichment >99% for each sample. With this procedure we obtain around 20 × 103 cells from one hemisphere.



Quantitative Real-Time PCR (RT-qPCR)

Samples were lysed in Trizol reagent (Invitrogen) for isolation of total RNA. The quality and yield of RNAs were verified using NANODROP One (Thermo Fisher Scientific). For RT-qPCR, Reverse transcription reaction was performed in a thermocycler using IScript TM RT Supermix (Biorad) under the following conditions: incubation, 25°C, 5′; reverse transcription, 42°C, 45′; inactivation, 85°C, 5′. Real Time-PCR was carried out in a I-Cycler IQ Multicolor RT-PCR Detection System using SSO Fast Eva Green Supermix (Biorad). The PCR protocol consisted of 40 cycles at 95°C, 30″ and 60°C, 30″. For quantification analysis, the comparative Threshold Cycle (Ct) method was used. The Ct values from each gene were normalized to the Ct value of GAPDH in the same cDNA samples. Relative quantification was performed using the 2–ΔΔCt method (Schmittgen and Livak, 2008) and expressed as fold increase in arbitrary values. Primers sequences are reported in Table 1.

TABLE 1. Sequences of the primers used for RT-qPCR.
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Nitric Oxide (NO) Measurement

Nitric Oxide production by microglia cultures was assessed by measuring nitrite accumulation in the culture medium by Griess Reagent Kit according to manufacturer’s instructions (Molecular Probes, MA, United States). For the NO measurements we used five different primary microglial culture preparations. The absorbance was measured at 570 nm in a spectrophotometer microplate reader (BioTek Instruments Inc., Winooski, VT, United States).



Arginase Activity Assay Measurement

Arginase activity in microglia cultures was assessed by measuring urea accumulation in the culture medium by Ariginase activity assay Kit according to manufacturer’s instructions (Sigma-Aldrich). For the Ariginase activity measurements we used six different primary microglial culture preparations. The absorbance was measured at 430 nm in a spectrophotometer microplate reader (BioTek Instruments Inc., VT, United States).



Lactate Measurement

Lactate production by microglia cultures was assessed by measuring lactate accumulation in the culture medium by Lactate assay Kit according to manufacturer’s instructions (Sigma-Aldrich). For the lactate measurements we used three different primary microglial culture preparations. The absorbance was measured at 570 nm in a spectrophotometer microplate reader (BioTek Instruments Inc., Winooski, VT, United States).



Seahorse XF Analyzer Respiratory Assay

Cellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were detected using XF Cell Mito Stress Test (Agilent) measured by the extracellular flux analyzer XFe96 (Seahorse Bioscience, Houston, TX, United States) in the Hyp-ACB Platform in Sapienza University. Microglia were cultured on XFe culture miniplates (coated with poly-L-Lys) for a total of 4 days (40 × 103 cells/well). After 2 days microglia were stimulated with 100 or 10 ng/ml of LPS for 24 h and 100 nM fractalkine for further 24 h. Both treatments show the same trend but only the change observed with 10 ng/ml was statistically significant and therefore only these data were shown. It is likely that 100 ng/ml treatment leads to a dramatic OCR reduction and in such a contest the variation due to CX3CL1 treatment are below the sensibility of the system. The sensor cartridge for XFe analyzer was hydrated in a 37°C non-CO2 incubator a day before the experiment. According to the manufacturer instructions, stressors concentrations were optimized and added as follows: 1 μM oligomycin as complex V inhibitor, 1 μM FCCP (uncoupler agent) and 0.5 μM rotenone/antimycin A (inhibitors of complex I and III). During sensor calibration, cells were incubated 1 h in a 37°C non-CO2 incubator in 180 μl assay medium (XF base medium supplemented with 10 mM glucose, 10 mM pyruvate and 2 mM L-glutamine at pH 7.4, was used to wash the cells and replace the growth medium). OCR was normalized for total protein/well/40 × 103 cells. Each sample/treatment was analyzed in at least 8 wells for experiment; the figure represents one sample experiment. Two independent experiments were carried out on two different primary microglial culture preparations.



Western Blotting Analysis

For protein analysis, microglial cells were seeded on 12 well plates (40 × 104 cells) and treated with LPS (100 ng/ml) for 24 h and the day after with CX3CL1 (100 nM) for further 24 h; cells were washed with PBS and lysed in hot 2× Laemmli buffer, boiled 5 min and sonicated. The same amount of protein samples was separated on 12% SDS-polyacrylamide gel electrophoresis and analyzed by western immunoblot using the following primary antibodies: Arg-1 (1:200, Santa Cruz Biotechnology) PKM2 (1:2000, Cell Signaling), Actin (1:2000 Sigma-Aldrich), HRP-tagged goat anti-mouse and anti-rabbit IgG were used as a secondary antibody (1:2000; Dako). For protein analysis we used four different primary microglial culture preparations. Detection was performed through the chemiluminescent assay Immun-Star Western C Kit (Bio-Rad, CA) and densitometric analysis was carried out with Quantity One software (Bio-Rad, CA).



Statistical Analysis

Data are expressed as the means ± SEM. Student’s t-test, paired t-test, one-way analysis of variance (ANOVA) was performed. A value of P < 0.05 was considered significant. All statistical analyses were carried out using the Sigma Plot 11.0 Software (Systat Software GmbH, Erkrath, Germany).




RESULTS


CX3CL1 Induces Change in the Polarization State of Microglia in Culture

Since CX3CL1 is neuroprotective in ischemia (Cipriani et al., 2011) and it is known that neuro-inflammation plays a role in brain damage following ischemic insult (Iadecola and Alexander, 2001; Cheon et al., 2017), we wanted to verify the hypothesis that the neuroprotective effect of CX3CL1 was due to its ability to modulate the phenotype of microglia. For this reason, we used primary murine microglial cells, treated them with CX3CL1 (100 nM) for 24 h and analyzed the expression levels of different anti- (ym1, arg1, fizz, tgfβ1, tgdβ1r) and pro- (inos, il1β, tnfα, tlr4, cd86, il6) inflammatory genes (Michelucci et al., 2009; Gabrusiewicz et al., 2011) by quantitative real time PCR (RT-qPCR). Data reported in Figure 1 show that cells exposure to CX3CL1 increased the expression of anti-inflammatory (Figure 1A, n = 8 ∗∗p < 0.001, ∗p < 0.05; Student’s t-test) and lowered the expression of pro-inflammatory genes (Figure 1B, n = 8 ∗∗p < 0.001, ∗p < 0.05; Student’s t-test). Since numerous evidence suggest that upon different activation stages microglial cells switch from the oxidative phosphorylation to the anaerobic glycolysis in order to increase ATP production (Voloboueva et al., 2013; Gimeno-Bayón et al., 2014) we decided to investigate whether CX3CL1 treatment could modify the metabolic repertoire of microglia. Data obtained indicate that CX3CL1 increased the transcription of some genes involved in the oxidative pathway (pgc1α, pgc1β, prc, sirt3, slc25a15, pparγ) (Figure 1C, n = 8 ∗∗p < 0.001, ∗p < 0.05; Student’s t-test) and reduced the expression of others related to the glycolytic pathway (g6pdh, aldoA, eno1, hk1, ldha, pklr) (Figure 1D, n = 8 ∗∗p < 0.001; Student’s t-test).
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FIGURE 1. Effects of CX3CL1 in modulating microglia polarization state. Expression analysis by RT-qPCR for mRNAs of anti-inflammatory (A: arg1, ym1, fizz, tgfβ1, tgfβ1r), pro-inflammatory (B: inos, il1β, tnfα, tlr4, cd86, il6) oxidative pathway (C: pgc1α, pgc1β, prc, sirt3, slc25a15 pparγ) and glycolytic pathway (D: g6pdh, aldoA, eno1, hk1, ldhα, pklr, pkm2) related genes in primary wt microglia treated with CX3CL1 (100 nm, 24 h). For each gene data are expressed as specific mRNA fold increase in CX3CL1 treated cells normalized to specific mRNA expression in vehicle. Statistical analysis: Data are expressed as the mean (±SEM.) of n = 8, ∗∗p < 0.001, ∗p < 0.05, Student’s t-test.





CX3CL1 Induces Shape Changes of Microglia in Culture

The activation state of microglia changes their shape, even if it is not possible to uniquely correlate a specific morphology to a specific phenotype (Kettenmann et al., 2011). We investigated the morphological changes of microglia in culture, upon CX3CL1 stimulation, calculating the “form factor” of single cells, that was calculated as described in the Method section. The form factor is 1 for round cells and correspondingly < 1 when the morphology deviates from the spherical shape. Microglia in culture displayed ramified processes with a small cell body and several long processes (Figure 2, not stimulated condition, ns). The results in Figure 2 show that microglia stimulated with LPS (100 ng/ml, 24 h), significantly change their form factor from 0.26 ± 0.06 (ns) to 0.7 ± 0.05; upon interleukine-4, (IL-4) treatment (20 ng/ml, 24 h) this parameter is similar to not stimulated cells (0.27 ± 0.08) in analogy with what previously reported (Grimaldi et al., 2016). The form factor of cells stimulated with CX3CL1 (0.28 ± 0.05) was similar to untreated cells and CX3CL1/LPS co-treatment significantly reverts the effect of LPS on cell shape variations (form factor: 0.41 ± 0.07) confirming that CX3CL1 efficiently contrasts the effects of inflammatory stimuli on microglial cells (n = 120 cells in total for each different conditions, ∗∗p < 0.001; one-way ANOVA followed by Mann–Whitney Rank Sum post hoc test).
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FIGURE 2. CX3CL1 induces change in microglia shape in culture. Upper panel: fluorescence images of microglia in culture stimulated with LPS, IL-4, CX3CL1, LPS + CX3CL1 and stained with Alexa-Fluor 488 Phalloidin. Lower panel: form factor analysis of microglia cells treated with LPS (pro-inflammatory stimulus) IL-4 (anti-inflammatory stimulus), CX3CL1, LPS + CX3CL1. Statistical analysis: Data are expressed as the mean (± SEM.) of n = 20 cells for each condition, ∗∗p < 0.001, Student’s t-test.





CX3CL1 Modulates Microglia Polarization in Pro-inflammatory Conditions in vitro

Arginine metabolism via nitric oxide synthase (NOS) or arginase is at the crossroad of the pro- and anti-inflammatory microglia phenotypes (Orihuela et al., 2016). To verify the hypothesis that CX3CL1 could modulate microglia phenotype also under pro-inflammatory conditions, we stimulated cells with LPS (100 ng/ml, 24 h) and then with CX3CL1 (100 nM) for additional 24 h, and measured the release of nitric oxide (NO), the production of lactate and the arginase activity in microglia 24 h later. As shown in Figure 3A, LPS-induced NO release was significantly reduced by treatment with CX3CL1, bringing it back to the control level (n = 5, ∗p < 0.05; One- way ANOVA followed by Holm–Sidak post hoc test). In the same conditions we measured the lactate concentration in the medium of cultured microglia: Figure 3B shows that the LPS stimulation induced an increase in the lactate production that is reduced after CX3CL1 treatment (n = 3, ∗p < 0.05; One- way ANOVA followed by Tukey post hoc test). We also decided to analyze the expression of the Pyruvate Kinase isozymes M2 (PKM2) which is an enzyme involved in glycolysis that converts phosphoenolpyruvate to pyruvate and generates ATP. Data obtained by western blot assays reported in Figure 3D showed that PKM2 protein levels in microglia markedly increased after LPS exposure while they returned to the control level after CX3CL1 treatment (n = 3, ∗p < 0.05; One- way ANOVA followed by Holm–Sidak post hoc test). Regarding the arginase activity and arginase 1 (Arg-1) protein expression in microglia, cells were treated as described above and, as shown in Figure 3C, CX3CL1 increased arginase activity and reverted the reduction induced by LPS treatment (n = 6, ∗p < 0.05; One-way ANOVA followed by Tukey post hoc test). Moreover data reported in Figure 3E demonstrated that the stimulation with CX3CL1 (100 nM, 24 h) induced an increase in Arg-1 protein in microglia vs. not treated cells (n = 4, ∗p < 0.05, one-way ANOVA followed by Tukey post hoc test) and that the low expression level observed after LPS treatment is back at control level upon CX3CL1 stimulation. To further analyze the effect of fractalkine on the central metabolism, the energetic profile of microglia was assessed through the Cell Mito Stress Test (Agilent) using the extracellular flux analyzer XFe96 (Seahorse Bioscience, Houston, TX, United States). Briefly, this platform allows the determination of the Oxygen Consumption Rate (OCR) under both basal and stressed conditions which is indicative of the mitochondrial function; at the same time the extracellular acidification rate (ECAR) was also measured as an indirect quantification of the glycolytic process. The drugs used to promote the stressed condition target (according to the addition order) (i) complex V, i.e., ATP production; (ii) membrane potential, i.e., by uncoupling electron transfer and proton translocation: (iii) electron transfer chain, i.e., complex I and III. As expected (Voloboueva et al., 2013; Orihuela et al., 2016), LPS treatment (10 ng/ml, 48 h) promoted a deep metabolic re-programing as compared to the untreated sample: the OCR was dramatically reduced (∼65% lower; Figure 3F), while ECAR (and therefore glycolysis) was doubled (see Supplementary Figure S1A), shifting the aerobic profile of microglia to a glycolytic phenotype upon LPS treatment (see Supplementary Figure S1B). In light of this, we investigated whether CX3CL1 is able to attenuate the effect of LPS on the metabolic profile of microglia. Both untreated and LPS-treated samples were incubated with 100 nM CX3CL1 24 h after LPS treatment, and Seahorse analysis was then performed. While CX3CL1 did not affect the energetic profile of the untreated sample (see Supplementary Figure S2), in the LPS sample this chemokine promoted a significantly decrease of glycolysis and of OCR even though for the latter to a lower extent (Figure 3G and Supplementary Figure S3). The same trend was observed also at 100 ng/ml of LPS (data not shown).
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FIGURE 3. CX3CL1 modulates microglia phenotype in the context of pro-inflammatory conditions in vitro. (A) Release of NO by microglia cells not stimulated (C) or stimulated with LPS or CX3CL1 or LPS + CX3CL1; data are expressed as NO concentration (μM). (B) Lactate production by microglia cells not stimulated (C) or stimulated with LPS or CX3CL1 or LPS + CX3CL1; data are expressed as lactate concentration (ng/μl). (C) Arginase activity in microglia cells not stimulated (C) or stimulated with LPS or CX3CL1 or LPS + CX3CL1; data are expresses as units for liter. (D) Western-blot analysis of PKM2 protein expression in microglia cells incubated with vehicle (C) LPS, CX3CL1 or LPS + CX3CL1. At the top, representative image; at the bottom, histogram bar of the quantification of PKM2 expression (data are expressed as PKM2 signal normalized to Actin signal). (E) Western-blot analysis of Arg-1 protein expression in microglia cells incubated with vehicle (C) LPS, CX3CL1 or LPS + CX3CL1. At the top, representative image; at the bottom histogram bar of the quantification of Arg1 expression (data are expressed as Arg1 signal normalized to Actin signal). (F) Bioenergetic profile of microglial cells: the mitochondrial respiration of microglia, obtained by means of OCR by seahorse experiments, ± 10 ng/ml of LPS (48 h of treatment; triangle and circle, respectively). Arrows indicates the addiction of drugs used to specifically target the mitochondrial function (i.e., oligomycin, FCCP, rotenone + antimycin, in order of addiction). In principle, the first and the third drug lead to a dramatic OCR drop, while FCCP, as uncoupler agent, leads to a maximal oxygen consumption. While this behavior is observed in the untreated sample, LPS treatment abolished this kind of response. In the figure a representative experiment; values reported in the plot are the means of at least 8 replicates ± SD. (G) Energetic profile of LPS-treated microglia ± CX3CL1 treatment: the phenotype plot, where both ECAR and OCR are reported on the X and Y-axis, respectively, indicates that the LPS sample (10 ng/ml, open triangle) is more glycolytic than the LPS + CX3CL1-treated one (10 ng/ml + 100 nM, open square). This trend is maintained also under stressed conditions (gray symbols), where FCCP is not able to trigger a maximal respiratory capacity, as expected. In the figure a representative experiment is shown; values reported in the plot are the means of at least 8 replicates ± SD. Statistical analysis: Data are expressed as the mean (± SEM.) (A) n = 5, ∗∗p < 0.001 ∗p < 0.05, one-way ANOVA followed by Holm–Sidak post hoc test; (C) n = 6, ∗p < 0.05, one-way ANOVA followed by Tukey post hoc test; (E) n = 4,∗p < 0.05, one-way ANOVA followed by Tukey post hoc test. (G) n = 2, ∗∗p < 0.001 ∗p < 0.05, Student’s t-test.





CX3CL1 Attenuates Microglial Activation After Ischemia in vivo

We have previously demonstrated that exogenous CX3CL1 has a long-lasting neuroprotective action in vivo against pMCAO in rodents reducing neurological deficits and infarct size related with cerebral ischemia (Cipriani et al., 2011). We have now decided to investigate how CX3CL1 affects microglia phenotype during ischemia: to this aim mice were subjected to pMCAO, we verified that CX3CL1-treated mice had a reduced ischemic volume as previously shown (Cipriani et al., 2011), then CD11b+ cells were isolated from the ipsi- and contra-lateral brain hemispheres 24 or 72 h after ischemia and gene expression was analyzed by RT-qPCR. As reported in Figure 4A, at 24 h after ischemia CD11b+ cells increased their expression of anti-inflammatory genes (arg1, ym1, fizz, tgfβ1, tgfβ1r) in the ipsilateral hemisphere, upon CX3CL1 treatment (n = 6 mice per group, ∗p > 0.05; Student’s t-test).
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FIGURE 4. Effects of CX3CL1 in modulating microglia polarization state after ischemia. Expression analysis by RT-qPCR for mRNAs of anti-inflammatory (arg1, ym1, fizz, tgfβ1, tgfβ1r), and pro-inflammatory (inos, il1β, tnfα, tlr4, cd86, il6) related genes in Cd11b+ cells extracted from contra- and ipsi-lateral brain hemispheres of mice subjected to pMCAO 24 h (A,B) and 72 h (C,D) after the insult. Expression analysis by RT-qPCR for mRNAs of anti-inflammatory (arg1 and ym1; (E) and pro-inflammatory (inos and il1β; F) related genes in microglial cells sorted by FACS from contra- and ipsi-lateral brain hemisphere cell suspensions of mice subjected to pMCAO 24 h and 72 h after the insult (E,F). For each gene data are expressed as specific mRNA fold increase in the ipsilateral hemisphere of vehicle (black bars) or CX3CL1 treated (gray bars) mice normalized to the mRNA expression for the respective contralateral brain hemisphere. Statistical analysis: Data are expressed as the mean (± SEM.) of n = 6 (A–D) and n = 4 (E,F) mice per group, ∗∗p < 0.001, ∗p < 0.05, Student’s t-test.



Instead the expression pattern of the pro-inflammatory genes analyzed (inos, il1β, tnfα, tlr4, cd86, il6) is less clear: in particular, we observed an increase in the expression of tnfα, cd86 e tlr4 in CX3CL1 treated mice, while CX3CL1 reduced il1β expression (n = 6 mice per group, ∗∗p < 0.001 ∗p > 0.05; Student’s t-test). Since it was demonstrated that microglia phenotype changes from anti- to pro-inflammatory with the progression of cerebral ischemia (Fumagalli et al., 2015; Ma et al., 2017) we isolated CD11b+ cells from the ipsi- and contra-lateral brain hemispheres of mice at 72 h after ischemia and analyzed by RT-qPCR the same set of genes.

Data reported in Figure 4C show that CD11b+ cells isolated from the ipsilateral hemisphere 72 h after ischemia induction, express higher level of pro-inflammatory genes that undergo a significant reduction of expression upon CX3CL1 treatment (n = 6 mice per group, ∗p > 0.05; Student’s t-test). Interestingly, most of the anti-inflammatory genes considered (Figure 4C) are still increased in the ipsilateral hemisphere of CX3CL1 treated mice (n = 6 mice per group, ∗∗p < 0.001 ∗p > 0.05; Student’s t-test). The MACS column system does not permit to distinguish microglia from other myeloid resident cells and from infiltrating immune cells during the ischemic insult, because they can express CD11b as well as CX3CR1. For this reason, we used a new animal cohort and performed gene analysis only on microglia after pMCAO, taking advantage of the fluorescence-activated cell sorting. Starting from CD45 positive low population, microglial cells were isolated as CD11b positive Ly6C/Ly6G double negative cells from both the ipsi- and contra-lateral brain hemispheres, 24 or 72 h after ischemia and gene expression was analyzed by qRT-PCR. With this gating strategy we uncovered a microglia fraction of 80–90% among CD45+ cells at all time points and an immune cell infiltrate (CD45high among CD45+ cells) of 16.37 ± 6.63% saline- versus 19.42 ± 5.77% CX3CL1-treated mice at 24 h after ischemia and of 10.87 ± 1.87% saline- versus 20.07 ± 2.71% CX3CL1-treated mice at 72 h after ischemia, confirming the chemotactic role of CX3CL1. FACS analysis allowed us to recover an average of 20 × 103 microglial cells per hemisphere, that is not enough to analyze the expression of all the genes taken into consideration in the previous panels; we have therefore chosen only a few of them. Data reported in Figures 4E,F confirmed that CX3CL1 treatment increased the expression of the anti-inflammatory genes arg1 and ym1 and decreased that of pro-inflammatory gene inos on microglial cells isolated from brain hemispheres both 24 and 72 h after ischemia. Regarding the CX3CL1 effect on il1β expression in microglial cells after brain ischemia, it induced an increase in the expression of this cytokine 24 h after ischemia while it had an opposite effect after 72 h from ischemic damage (n = 4 mice per group, ∗∗p < 0.001 ∗p > 0.05; Student’s t-test), contrary to what observed for CD11B+ cells (see Figures 4B,D).



CX3CL1 Modulates Microglial Metabolic State After Ischemia in vivo

Several evidence suggest a role of metabolic reprograming in the regulation of the innate inflammatory response of microglia (Voloboueva et al., 2013; Gimeno-Bayón et al., 2014). We analyzed the expression profiles of genes related to the glycolytic and oxidative pathways in CD11b+ cells extracted from the ipsi- and contra-lateral brain hemispheres of mice treated with CX3CL1, at 24 and 72 h after ischemia induction.

The analysis of some genes involved in the oxidative pathway (such as pgc1β, sirt3, prc, slc25a15 and pparγ) shows that CX3CL1 increases their expression in the ipsilateral region at 24 h and 72 h after ischemia with the exception of pparγ, whose expression is reduced at 24 h (Figure 5A, n = 6 mice per group, ∗∗p < 0.001; Student’s t-test) and of prc, that decreased at 72 h (Figure 5C, n = 6 mice per group, ∗∗p < 0.001 ∗ p > 0.05; Student’s t-test). On the other hand, among the genes associated with the glycolytic pathway (such as aldoA, g6pdh, eno1, and ldha), (Figure 5B) at 24 h only aldoA was reduced (n = 6 mice per group, ∗∗p < 0.001; Student’s t-test). In contrast 72 h after ischemia they were all reduced upon CX3CL1 treatment (Figure 5D; n = 6 mice per group, ∗∗p < 0.001 ∗p > 0.05; Student’s t-test). We performed a similar analysis on microglial cells isolated from brain hemispheres by fluorescence-activated cell sorting 24 and 72 h after ischemia and what we observed is an increase in the expression of pgc1β and slc25a15 in CX3CL1 treated mice both 24 and 72 h after ischemia (Figure 5E, n = 4 mice per group, ∗∗p < 0.001 ∗p > 0.05; Student’s t-test), while CX3CL1 reduced pkm2 expression 24 and 72 h after brain damage and ldhα expression 72 h after ischemia insult (Figure 5F, n = 4 mice per group, ∗∗p < 0.001 ∗p > 0.05; Student’s t-test).
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FIGURE 5. Effects of CX3CL1 in modulating microglia metabolic state after ischemia. Expression analysis by RT-qPCR for mRNAs of oxidative pathway (pgc1β, sirt3, prc, slc25a15 pparγ) and glycolytic pathway (aldoA, g6pdh, eno1, ldha, pkm2) related genes in Cd11b+ cells extracted from contra- and ipsi-lateral brain hemispheres of mice subjected to pMCAO 24 h (A,B) and 72 h (C,D) after the insult. Expression analysis by RT-qPCR for mRNAs of oxidative (pgc1β and slc25a15; (E) and glycolytic pathway (ldha and pkm2; (F) related genes in microglial cells sorted by FACS from contra-and ipsi-lateral brain hemisphere cell suspensions of mice subjected to pMCAO 24 h and 72 h after the insult (E,F). For each gene data are expressed as specific mRNA fold increase in the ipsilateral hemisphere of vehicle (black bars) or CX3CL1 treated (gray bars) mice normalized to the mRNA expression for the respective contralateral brain hemisphere. Statistical analysis: Data are expressed as the mean (± SEM.) of n = 6 (A–D) and n = 4 (E,F) mice per group, ∗∗p < 0.001, ∗p < 0.05, Student’s t-test.






DISCUSSION


Microglia and Neuroinflammation

Neuroinflammation is associated with the pathophysiology of neurodegenerative disorders (Leszek et al., 2016), and glial activation during neuroinflammation is a common feature in disease progression, resulting in the production of inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), reactive oxygen species, and nitric oxide, which can ultimately lead to neuronal loss (Meraz-Ríos et al., 2013). As CNS-resident immune cells, microglia play a key role in maintaining tissue homeostasis, as well as in inducing neurotoxicity (Liddelow et al., 2017). Under normal oxygen conditions, cells usually acquire energy via two mechanisms: glucose is converted to pyruvate via glycolysis which moves to mitochondria to produce ATP through oxidative phosphorylation (Dashty, 2013). Under hypoxic conditions, anaerobic glycolysis converts pyruvate into lactate (Murray, 2006; Hardie, 2007). Immune cells switch from oxidative phosphorylation to aerobic glycolysis, as described in other cell types (Warburg effect) (Warburg, 1956; Vander Heiden et al., 2009), in order to produce metabolic resources necessary to satisfy the request of cell proliferation and activation. This metabolic reprograming plays a key role in the process of the innate inflammatory response; in particular, the pro-inflammatory state is correlated with a shift of energy production from oxidative phosphorylation to aerobic glycolysis (Krawczyk et al., 2010; O’Neill and Hardie, 2013; Orihuela et al., 2016). Moreover, glycolysis inhibition reduces the pro-inflammatory polarization of immune cells, indicating a possible regulatory role in inflammatory cell function (Cheng et al., 2014). When stimulated with LPS/IFN-γ, microglia switch toward a pro-inflammatory phenotype, undergo aerobic glycolysis and release pro-inflammatory cytokines; when stimulated with IL-4/IL-13, they acquire an anti-inflammatory phenotype, with inflammation resolution and tissue repair (Kelly and O’Neill, 2015). In this view, energy demand would be associated with specific functional activities such as change in morphology, phagocytosis and translocation to the injured site of microglial cells (Stence et al., 2001; Koizumi et al., 2007; Fu et al., 2014), and thus may influence the contribution of microglia activation to various neurodegenerative condition. There are evidence of both harmful and protective roles of microglia in stroke (Nakajima and Kohsaka, 2004; Neumann et al., 2006; Neher et al., 2013), and so the precise role and timing of microglia in stroke and cerebral ischemia is debated. Activated microglia produce pro-inflammatory cytokines, nitric oxide and reactive oxygen species inducing an acute and chronic inflammatory response which exacerbates neuronal injury in stroke (Block et al., 2007). Nevertheless, both exogenous and resident proliferating microglia are able to exert neuroprotective action in brain ischemia, through the production of neurotrophic factors (Imai et al., 2007; Lalancette-Hébert et al., 2007; Narantuya et al., 2010). This dual activity of microglia might be explained by the differences in the parenchymal milieu composition produced in injuries of diverse entity and/or at distinct stages of the pathology, which might have various effects on microglia activation (Lai and Todd, 2008). In this contest, the molecular mechanisms through which microglia activate different responses have become an important area of ischemia research. CX3CL1 has been reported to inhibit the release of inflammatory cytokines (Zujovic et al., 2000; Mizuno et al., 2003; Cardona et al., 2006) and reduce microglia activation, keeping these cells in what (before the deep use of transcriptome analysis) has been defined an “off” state (Biber et al., 2007). We previously demonstrated that CX3CL1 is protective against cerebral ischemia (Cipriani et al., 2011). Since it was demonstrated that during the progression of cerebral ischemia microglia phenotype changes from anti- to pro-inflammatory (Fumagalli et al., 2015; Ma et al., 2017) and microglia express CX3CR1, we investigated whether the neuroprotective effect of CX3CL1 in ischemia is due to its ability to change the phenotype of microglia. For this reason, we analyzed the expression profiles of anti- and pro-inflammatory genes and those related to the metabolic reprograming, in the regulation of the inflammatory response both in vitro and in vivo.



CX3CL1 Modulates the Inflammatory Phenotype of Microglia in vitro

In this paper we demonstrate that CX3CL1 drives microglia toward an anti-inflammatory phenotype reducing the expression of pro-inflammatory genes and increasing the expression of those related to an anti-inflammatory state. Moreover, CX3CL1 switched the metabolic state of microglia from glycolysis to oxidative pathway, increasing the expression of gene related to oxidative phosphorylation and decreasing those involved in glycolytic metabolism of glucose. These effects are in line with what was observed in vitro with NO, lactate and arginase activity in primary microglia in the context of inflammatory environment (induced by LPS stimulation), where CX3CL1 counteracts the acquisition of a pro-inflammatory phenotype. To provide specific experimental data on the bioenergetics profile of microglia following pro-inflammatory activation and CX3CL1 treatment, primary microglia cells were seeded in a Seahorse XF plate in order to detect the cellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). First, we observed a normal response pattern for unstimulated primary microglia and a decrease in basal respiration in LPS-treated cells that were unresponsive to the mitochondrial stressors, suggesting an impairment of mitochondrial function. More interesting, while microglia exposed to CX3CL1 maintained a bioenergetics profile similar to control condition, CX3CL1 promoted a significant decrease of glycolysis and OCR in LPS-stimulated microglia, confirming that the different phenotypes of microglia induced by CX3CL1 treatment are associated with different metabolic programing.



CX3CL1 Modulates the Inflammatory Phenotype of Microglia in vivo

It is known that injured neurons respond to toxic insults by releasing CX3CL1, which is upregulated, cleaved, and released upon ischemia or excitotoxic insult (Chapman et al., 2000; Tarozzo et al., 2002; Limatola et al., 2005; Noda et al., 2011). The neuroprotective or neurotoxic action of CX3CL1 likely depends on the activation (priming) state of microglia in the different phases of acute and chronic brain diseases (Dénes et al., 2008; Cho et al., 2011; Cipriani et al., 2011; Liu et al., 2011; Pabon et al., 2011; Shan et al., 2011; Fumagalli et al., 2013; Lauro et al., 2015). In this view, we hypothesized that CX3CL1 is neuroprotective, in permanent focal cerebral ischemia, due to its ability to modulate microglia polarization and activation state toward a protective one. To confirm its role in modulating microglia polarization also during ischemia in vivo, we isolated CD11b+ cells from the ipsi- and contra-lateral cerebral hemispheres of mice subjected to pMCAO, at 24 and 72 h after ischemic insult, and analyzed the expression of the same genes taken in consideration in the in vitro experiments. It was demonstrated that upon acute brain damages, microglia cells produce anti-inflammatory cytokines and trophic factors at the site of injury to promote restorative processes (Neumann et al., 2006; Perego et al., 2011; Hu et al., 2012; Ma et al., 2017). However, over time, microglia acquire a pro-inflammatory phenotype releasing pro-inflammatory cytokines, chemokines, and inducible nitric oxide synthase, which results in the exacerbation of brain damage (Shi and Pamer, 2011). We observed that CX3CL1 changes the phenotype of CD11b+ cells isolated in the pMCAO mice model and that this effect is time dependent, according with the appearance of anti-inflammatory (at 24 h) and pro-inflammatory microglia (at 72 h) (Schroeter et al., 1997; Hu et al., 2012; Fumagalli et al., 2015). In fact, CX3CL1 induced an increase in the expression of several anti-inflammatory and oxidative pathway-related genes already 24 h after ischemia and this effect remained up to 72 h. On the contrary, it down-modulated the expression of several pro-inflammatory and glycolytic pathway markers only at 72 h after the ischemic insult, suggesting that in a way CX3CL1 acts potentiating the function of the anti-inflammatory microglia, trying to prolong this population phenotype. Since CD11b+ cells contain a mixture of myeloid cells, we specifically sorted microglial cells (24 or 72 h after ischemia) from both the ipsi- and contra-lateral brain hemisphere by flow cytometry to specifically analyze their gene expression. With this gating strategy we uncovered a microglia fraction of 80–90% among CD45+ cells and we repeated on these cells the expression analysis for some of the genes evaluated on CD11b+ cells. In this way we confirmed that CX3CL1 induces an increase in the expression of anti-inflammatory and oxidative pathway related genes and decreases that of pro-inflammatory and glycolytic pathway markers on microglia. Since in our experimental condition the immune cell infiltrate (CD45high among CD45+ cells) in CX3CL1-treated mice is about 20%, both at 24 and 72 h after ischemia, we cannot ruled out that what we observed for the CD11b+ cells included the contribution of the infiltrating immune cells. Furthermore, it is possible that CX3CL1 modulates the activation state of these cells too in order to recover the ischemic damage. For example, this would explain the observed differences regarding the CX3CL1 effect on il1β expression. It would be interesting to analyze the infiltrating population and the activation state of these cells in the presence and in the absence of the CX3CL1 stimulus and this will probably be the subject of a subsequent study. Moreover, we interpret that CX3CL1 does not modulate all the markers taken in consideration, because the injury-induced inflammatory processes are dynamic, with spatial and temporal heterogeneity, and/or because some microglial cells have intermediate phenotypes, with the simultaneous expression of pro- and anti-inflammatory genes (Ito et al., 2001; Taylor and Sansing, 2013; Morrison and Filosa, 2013). More interestingly, the ability of CX3CL1 to induce a metabolic switch toward oxidative metabolism in microglia might be necessary to accommodate the beneficial role of anti-inflammatory microglia and results in the generation of metabolites, which are harmful for neuronal survival. Indeed, CX3CL1 can act in concert with other chemokines, growth factors and metabolites to counteract glutamate excitotoxic damage with a mechanism that involves neurons, microglia and astrocytes (Lauro et al., 2010; Rosito et al., 2014). Considering all these data, we hypothesize that, in addition to limit neuronal damage counteracting excitotoxicity, the release of CX3CL1 in response to ischemic insult might be a physiological response of brain tissue to trigger neuroprotection, modulating the activation state of microglia and its metabolism in order to limit neuro-inflammation and give more time to the cells of the brain parenchyma to organize a neuroprotective response. In this view CX3CL1 may be an important messenger molecule that plays a part in microglia response to extracellular signals during ischemic injuries, linking anti-inflammatory microglia to reduced injury and potential repair and could represent a possible target to modulate microglia phenotype to limit inflammation upon ischemia.
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FIGURE S1 | Bioenergetic profile of microglial cells. (A) The glycolysis of microglia ± 10 ng/ml of LPS as ECAR parameter of the seahorse experiment reported in Figure 3F, indicates that the LPS treatment doubled the basal value. (B) The effect of LPS on microglia is reported as phenotype plot. This plot, where both ECAR and OCR are reported on the X and Y-axis, respectively, indicates that the LPS sample (open triangle) is more glycolytic and less aerobic than the untreated one (open circle). Interestingly, while the untreated responds to stressors as expected (gray circles), by increasing both OCR and ECAR, the LPS sample is quite insensitive to drugs treatment (gray triangles). This could be ascribed to a poor and probably maximal basal mitochondrial activity. In the figure a representative experiment; values reported in the plot are the means of at least 8 replicates ± SD.

FIGURE S2 | Bioenergetic profile of microglial cells. The mitochondrial respiration of microglia, obtained by means of OCR by seahorse experiments, ± 100 nM of CX3CL1 (24 h of treatment; black and empty symbols, respectively). Arrows indicate the addiction of drugs used to specifically target the mitochondrial function (i.e., oligomycin, FCCP, rotenone + antimycin, in order of addiction). Chemokine treatment does not affect the energetic profile. In the figure a representative experiment; values reported in the plot are the means of at least 8 replicates ± SD.

FIGURE S3 | Energetic profile of LPS-treated microglia ± CX3CL1 treatment. LPS sample (10 ng/ml, open triangle) and LPS + CX3CL1-treated one (10 ng/ml + 100 nM, open square). Arrows indicates the addiction of drugs used to specifically target the mitochondrial function (i.e., oligomycin, FCCP, rotenone + antimycin, in order of addiction). In the figure a representative experiment is shown as OCR (A) and ECAR (B) measurements. Histograms from panels (C–H) (LPS sample, black square and LPS + CX3CL1-treated sample, open square) are belong to panels (A,B) data, according to Agilent Mito Stress Report generator. Values reported in the plot are the means of at least 8 replicates ± SD.
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Primer forward

ACATCGACCCGTCCACAGTAT
GCAACTGTTCCTGAACTCAACT
AGAACTTACGGAAGCACCCA
GTGGAACTGGCAGAAGAG
CTCCAAGCCAAAGTCCTTAGAG
CAGGTCTGGCAATTCTTCTGAA
CCAATCCAGCTAACTATCCCTCC
TCGCTCCCGTAGACAAAATGG
GATGGATGCTACCAAACTGGA
ACAGCTTTCTGGGTGGATTG
TCCGTGATGGAAGACCACTCGCA
GGAGAGCCCTGGATACCAAC
GCTCCTCATCGTGTTGGTG
GCTTGGCTGTAGGAAACTCAG
ACAGCTACATGCACGGTCTG
TTATCATCATGGGTGCATCG
TTAGTCCTTTCGCCTACCCA
CACCCTCTTTCCTTGCTTTG
ACCAAAAATACGACCCCCTC
CCGTTACCTGATGGGAGAGA
GAACACCTCTGCCTTCTGGA
AGTGGTTGGATTGGATCAGC
CAGCAGGAACCGAAGTACG

Primer reverse

CAGAGGGGTAGGCTTGTCTC
ACTTTTTGGGGTCCGTCAACT
GGCAGATATGCAGTCCCATT
CCATAGAACTGATGAGAGG
AGGAGCTGTCATTAGGGACATC
GTCTTGCTCATGTGTGTAAGTGA
ACCCAGTAGCAGTCATCCCA
TTGAGGTCAATGAAGGGGTC
TCTGAAGGACTCTGGCTTTG
TGTCTCTGTGAGGACCGCTA
TCAGCAACCATTGGGTCAGCTCT
AAGTTGGCATGGTAGCCCTT
CAGTGACTGAGACAAAGCAAAGA
CAGTTCTGGGGCTTGTAACC
TGCTCCCCAAAGAACACAAT
GTCGTCCACTGTGAGTCGTG
GCGATGTCAGACAGCTCCTT
AGATCGACCTCAACAGTGGG
GGGTTATAATCCCGGGAGAG
TGCCCAGTTCTGGGTTAAGA
AATGTTCATCCCTGCCTTGA
CATTTCACAAGCTCCGTGG
TGTGTTCCAGGAAGGTGTCA
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Neuronal Nuclei (NeuN) (mature
neuronal marker)

Secondary antibodies
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Anti-Rabbit Alexa Fluor® 568
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AbD Serotec, Bio-Rad Laboratories (Oxford, United Kingdom)
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Forward primer (Fw)

5'-TGAGAGGCAGCCATGACT-3'
5/'-CATCACAGGTGAGCTGAAG-3'
5'-TGACACCTGAGGTCAAGCAC-3'
5'-CCTCGTCCCGTAGACAAAATG-3

Reverse primer (Rv)

5'-GTCCTTGTTTTCGGTATT-3'
5'-CAGCTTCTTGTGTTCGGCCA-3"
5'-CTCTGACGAAGTGACGCCAT-3
5'-TGAAGGGGTCGTTGATGGC-3
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Gene

Cdkn1a-Forward
Cdknia-Reverse
Cdc20-Forward
Cdc20-Reverse
Tacc3-Forward
Tacc3-Reverse
Actin-Forward
Actin-Reverse
Isl1-Forward
Isl1-Reverse
Lhx8-Forward
Lhx8-Reverse
Lhx3-Forward
Lhx3-Reverse

Primer sequence

5-GGGATGCATCTATCTTGTGATATG-3
5-GCGAAGTCAAAGTTCCACCG-3
5-TGGAGAAAGTGGCTGGGTTC-3
5-ATGCGAATGTGTCGGTCACT-3
5-GTCTGGCTCCGGAAATCCAA-3
5-CACCATAGGCTCGGCAGGAA-3
5-CACCCGCGAGTACAACCTTC-3
5-CCCATACCCACCATCACACC-3
5-GACATGATGGTGGTTTACAGGC-3
5-GCTGTTGGGTGTATCTGGGAG-3
5-CAGTTCGCTCAGGACAACAA-3
5-AGCCATTTCTTCCAACATGG-3
5-AGAGCGCCTACAACACTTCG-3
5-GGCCAGCGTCTTTCTTCAGT-3






OPS/images/fncel-13-00044/cross.jpg
3,

i





OPS/images/fncel-13-00044/fncel-13-00044-t001.jpg
Disease

AD

FTD/ALS

Mutation

PSEN (FAD)
APOE4+/+ (SAD)

PSEN1 AE9

APOE*/54
APOEF¥/<3

APOE4 APOE3

APP-KO
APPswe/swe APP
VI1TF

Hit

Hit

Hit

TDP-43
M337V

MAPT
N279K

Astrocyte differentiation

iPSC-derived NPC conversion to astroglia in the
presence of CNTF, BMP2, FGF2, EGF.

Expansion of NPCs in suspension culture in the
presence of FGF2 and EGF. Astrocyte
differentiation in the presence of CNTF and
BMP4.

Neural induction in suspension culture followed
by neural rosette formation and generation of
NPCs. Astrocyte differentiation in the presence
of CNTF, BMP4, and Heregulin-p.

NPCs generation in an adherent culture.
Astrocyte differentiation in the presence of
FGF2 and BMP4.

NPCs were generated in an adherent culture.
Astrocyte differentiation in a suspension culture
in the presence of FBS and EGF.

NPCs were generated in suspension in the
presence of growth factors. Astrocyte
differentiation was induced by plating the NPCs
in the absence of FGF2.

Astrocyte differentiation of iPSCs in neural
differentiation medium in the presence of CNTF.
Astrocyte differentiation of iPSCs in neural
differentiation medium in the presence of GNTF.

NPCs were cultured in the presence of LIF and
EGF in followed by expansion with FGF2 and
EGF. Terminal differentiation into astrocytes
induced by growth factor withdrawal.

NPC differentiation induced by lentiviral
induction of SOX10 followed by treatment with
SAG, PDGF, FGF2, NT3, IGF, and LDN.
Astrocyte differentiation in the presence of IGF,
ONTF, and dboAMP

Key findings

Both SAD and FAD astrocyted exhibited
reduced morphological heterogeneity, aberrant
expression of $100p, and altered cytokine
secretion. Altered EAATY distribution only seen
in SAD.

Astrocytes produce A with aberrant uptake.
Altered cytokine secretion, increased
production of ROS. Induce aberrant Ca2+
signaling in healthy neurons.

ApOE isoforms have distinct properties with
APOE®3/%3 astrocytes having greater
neuroprotective and synaptogenetic potential.

Aberrant production and uptake of AB. In 38D
culture AB starts to accumulates in the
organoids. Changes in the gene expressions
related to lipid metabolism.

Astrocytes have aberrant cholesterol
metabolism. Lipoprotein and A endocytosis
are impaired.

Generated astrocytes exhibited enhanced
oytoplasmic vacuolation under basal conditions.

Blocking soluble TNFa suppresses pathological
inflammatory response in astrocytes.

Increased inflammatory response and
expression of VEGF-A in HD-astrocytes lead to
compromised vascular reactivity.

Astrocytes showed accumulation of
cytoplasmic TDP-43 resulting in lowered cell
survival.

Astrocytes showed changes in TAU expression,
hypertrophy, increased vulnerability to oxidative
stress and altered transcriptomic profile. In
co-culture system FTD astrocytes altered
responses to oxidative stress in healthy
neurons.

Reference

Jones et al.,
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Drug

WIN55,212-2
[(R)-(+)-[2,3-Dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-
benzoxazin-6-yl]-1-
naphthalenylmethanone]

ACEA
[N-(2-Chloroethyl)-62,82,112,14Z-
eicosatetraenamide]

HU-308
[4-[4-(1,1-Dimethylheptyl)-2,6-
dimethoxyphenyl]-6,6-
dimethylbicyclo[3.1.1]hept-2-ene-2-
methanol]

AM251
[N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamide]

AM630

[6-lodo-2-methyl-1-[2-(4-
morpholinyl)ethyl]-1H-indol-3-yl](4-
methoxyphenyl)methanone]

BDNF

TrkB-Fc

Chemical name

Cannabinoid receptor CB1
or CB, non-selective
agonist

Cannabinoid CB+ receptor
selective agonist

Cannabinoid CB» receptor
selective agonist

Cannabinoid CB1 receptor
selective antagonist

Cannabinoid CB» receptor
selective antagonist

TrkB ligand

BDNF scavenger

Concentration  Catalog
used number
1pM 1038
1uM 1319
1pM 3088
1pM 1117
1pM 1120

30 ng/mL -
2 pg/mL 688-TK

K; value, nM (according
to Pertwee, 2008)

1.89-123 for CB1R or
0.28-16.2 for CB2R

1.4 for CB1R

22.7 for CB2R

7.49 for CB1R

31.2 for CB2R

0.99 for TrkB (according to

Hempstead et al., 1991)

NA

Company

Tocris, Bristol
(United Kingdom)

Kind gift from Regeneron
Pharmaceuticals
(Tarrytown, NY,

United States)

R&D Systems (Minneapolis,
MN, United States)
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