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Deletion of the Sodium-Dependent Glutamate Transporter GLT-1 in Maturing Oligodendrocytes Attenuates Myelination of Callosal Axons During a Postnatal Phase of Central Nervous System Development
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The sodium-dependent glutamate transporter GLT-1 (EAAT2, SLC1A2) has been well-described as an important regulator of extracellular glutamate homeostasis in the central nervous system (CNS), a function that is performed mainly through its presence on astrocytes. There is, however, increasing evidence for the expression of GLT-1 in CNS cells other than astrocytes and in functional roles that are mediated by mechanisms downstream of glutamate uptake. In this context, GLT-1 expression has been reported for both neurons and oligodendrocytes (OLGs), and neuronal presynaptic presence of GLT-1 has been implicated in the regulation of glutamate uptake, gene expression, and mitochondrial function. Much less is currently known about the functional roles of GLT-1 expressed by OLGs. The data presented here provide first evidence that GLT-1 expressed by maturing OLGs contributes to the modulation of developmental myelination in the CNS. More specifically, using inducible and conditional knockout mice in which GLT-1 was deleted in maturing OLGs during a peak period of myelination (between 2 and 4 weeks of age) revealed hypomyelinated characteristics in the corpus callosum of preferentially male mice. These characteristics included reduced percentages of smaller diameter myelinated axons and reduced myelin thickness. Interestingly, this myelination phenotype was not found to be associated with major changes in myelin gene expression. Taken together, the data presented here demonstrate that GLT-1 expressed by maturing OLGs is involved in the modulation of the morphological aspects associated with CNS myelination in at least the corpus callosum and during a developmental window that appears of particular vulnerability in males compared to females.
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INTRODUCTION

The sodium-dependent glutamate transporter GLT-1 (EAAT2, SLC1A2) has been well-characterized for its role in regulating extracellular glutamate homeostasis in the central nervous system (CNS), a function that is performed mainly through its presence on astrocytes (Rothstein et al., 1996; Tanaka et al., 1997; Danbolt, 2001; Petr et al., 2015; Rose et al., 2018). In general, glutamate uptake by sodium-dependent glutamate transporters is driven by co-transport of sodium ions and protons, as well as counter-transport of potassium ions (Rose et al., 2018). The complexity of this transport mechanism allows active transport of glutamate into the cell against a steep concentration gradient. At the same time, it enables functional consequences that are beyond the regulation of glutamate homeostasis and have in astrocytes been shown to include alterations in brain energetics and intracellular signaling (Chen et al., 2006; Martinez-Lozada et al., 2011; Maria Lopez-Colome et al., 2012; Flores-Mendez et al., 2013; Robinson and Jackson, 2016; Robinson et al., 2020). Such multifaceted roles of sodium-dependent glutamate transporters are further broadened by their expression in CNS cells other than astrocytes. In the case of GLT-1, its neuronal presence at presynaptic sites has been functionally implicated not only in glutamate uptake but also in the regulation of gene expression and mitochondrial function (Petr et al., 2015; Rimmele and Rosenberg, 2016; Laprairie et al., 2019; McNair et al., 2019, 2020; Zhou et al., 2019; Rimmele et al., 2021). GLT-1 expression and GLT-1 mediated glutamate uptake have also been reported for the myelinating cells of the CNS, namely oligodendrocytes (OLGs) (Domercq and Matute, 1999; Regan et al., 2007; Arranz et al., 2008; DeSilva et al., 2009; Kukley et al., 2010; Lee A. et al., 2012; Martinez-Lozada et al., 2014; Suarez-Pozos et al., 2020). However, the extent to which OLG expressed GLT-1 may exert functional outcomes via mechanisms downstream of its transporter activation remains largely unknown.

First evidence for potential roles of OLG expressed GLT-1 beyond glutamate uptake were revealed by our previous studies in which activation of sodium-dependent glutamate transporters and particularly GLT-1 was shown to enhance the morphological aspects of OLG maturation (Martinez-Lozada et al., 2014; Spencer et al., 2020; Suarez-Pozos et al., 2020; Thomason et al., 2020). More specifically, glutamate uptake was found to be associated with a reversal of sodium-calcium exchange leading to intracellular calcium transients and alterations in actin cytoskeletal organization (Martinez-Lozada et al., 2014; Spencer et al., 2020; Suarez-Pozos et al., 2020) that likely drive process outgrowth and branching (Martinez-Lozada et al., 2014; Thomason et al., 2020) and, thus, morphological alterations thought to be crucial for effective initiation of CNS myelination (Zuchero et al., 2015; Seixas et al., 2019). Based on these data, OLG expressed GLT-1 emerges as a potential modulator of CNS myelination. In order to better assess such a functional role of GLT-1, we generated inducible and conditional knockout mice in which GLT-1 can be deleted from maturing OLGs during the peak period of myelination. Using this approach, our data shown here revealed hypomyelinated features in the male corpus collosum that were not found associated with significant changes in myelin gene expression. Thus, our findings demonstrate that OLG expressed GLT-1 can modulate developmental CNS myelination, at least in the male corpus callosum, by controlling a morphology regulatory program that functions largely independent from the well-described program directing myelin gene expression.



MATERIALS AND METHODS


Reagents and Antibodies

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich or Thermo Fisher Scientific. Details to antibodies are listed below and PCR primers are shown in Table 1.


TABLE 1. List of primer sequences used for RT-qPCR analysis.
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For flow cytometry, Fc receptors were blocked using anti-CD16/CD32 antibodies (rat IgG2a, 1:50, Thermo Fisher Scientific Cat# 14-0161-86, RRID:AB_467135). The following antibodies were used to determine the percentage of GLT-1-positive maturing OLGs: O4 (phycoerythrin-conjugated, mouse IgM, 10 μl/million cells, R&D Systems Cat# FAB1326P, RRID:AB_664169), isotype control to O4 (phycoerythrin-conjugated, mouse IgM, 10 μl/million cells, R&D Systems Cat# IC015P, RRID:AB_2885000), anti-EAAT2/GLT-1 (rabbit polyclonal, 1:50, Novus Cat# NBP1-20136, RRID:AB_1641916), isotype control to anti-EAAT2/GLT-1 (rabbit IgG polyclonal, 1:50, Novus Cat# NBP2-24891, RRID: AB_2811130), and Alexa 633-conjugated anti-rabbit secondary antibodies (goat anti-rabbit IgG, Molecular Probes Cat# A-21071, RRID:AB_141419).

For immunocytochemistry, anti-APC (CC-1; mouse IgG2b, 1:100, Millipore Cat# OP80, RRID:AB_2057371) antibodies in combination with goat anti-mouse IgG2b, AlexaFluor 568 conjugated secondary antibodies (1:00, Thermo Fisher Scientific Cat# A-21144, RRID:AB_2535780). YFP was detected using anti-GFP antibodies (rabbit polyclonal IgG, 1:100, Millipore Cat# AB3080, RRID:AB_91337) in combination with Alexa 488-conjugated secondary antibodies (1:500, goat anti-rabbit IgG, Thermo Fisher Scientific Cat# A-11008, RRID:AB_143165).



Animals

Glt-1flox (Slc1a2TM 1.1Pros; MGI: 5752263) mice were generated as previously described (Petr et al., 2015) and crossbred to Plp1CreERT (RRID:IMSR_JAX:005975) driver (Doerflinger et al., 2003) and ROSA-EYFP [Gt(ROSA)26SorTM 1(EYFP)Cos; RRID:IMSR_JAX:006148] reporter (Srinivas et al., 2001) mice to obtain Glt-1flox/flox:Plp1CreERT±:ROSA-EYFP mice, here referred to as Glt-1Plp1icKO mice; animals were kept heterozygous for Plp1CreERT and on a C57BL/6J background. Plp1CreERT-negative littermates were used as controls and are referred to as Wt. Recombination was induced by intraperitoneal injection of 4-hydroxy-tamoxifen (4-HT; 1 mg; Sigma Aldrich Cat# H7904) at P14, P16, and P17, followed by analysis at 4 weeks of age; both Glt-1 plp1icKO and Wt mice were treated with 4-HT. Genotypes for all animals were confirmed by genomic PCR using tail tissue; in the flow cytometry and RT-qPCR experiments 4-HT-induced recombination was confirmed by genomic PCR using spinal cord and brain tissue, respectively. Mice were housed in humidity- and temperature-controlled spaces, on a normal 12/12 h light/dark cycle, with free access to standard chow and water. All animal studies were approved by the Institutional Animal Care and Use Committees at Virginia Commonwealth University (IACUC #AM10229).



Confocal and Electron Microscopy

For confocal imaging, 40 μm cryostat sections were prepared and immunstained in principle as previously described (Dupree et al., 1999; Benusa et al., 2017). Briefly, male and female Glt-1 plp1icKO and control mice were anesthetized and transcardially perfused with 4% paraformaldehyde in 0.1 M Millonig’s phosphate buffer (Karlsson and Schultz, 1965), and brains were removed, post-fixed for 24 h in perfusion fixative, cryoprotected by immersion in 30% sucrose in PBS for 48 h, and then embedded and frozen in Tissue-Tek O.C.T. compound (Sakura Finetek Cat# 4583). Serial coronal sections were prepared using a Leica CM 1850 cryostat and stored at -80°C. Tissue sections were permeabilized for 10 min in ice-cold acetone and blocked for 1 h at room temperature using PBS containing 1% Triton X-100 and 5% cold water fish skin gelatin (Electron Microscopy Science cat# 25560). Primary antibodies were diluted in blocking solution, and sections were incubated for 48 h at 4°C followed by incubation with secondary antibodies for 90 min at room temperature. Nuclei were counterstained using Hoechst 33342 and sections were mounted using Vectashield Antifade Mounting Medium (Vector Laboratories Cat# H-1000-10). Images were collected using a Zeiss LSM 710 confocal laser scanning microscope located within VCU’s Microcopy Shared Resource. Confocal z-stacks, each spanning an optical distance of 15 μm, were collected at 1 μm intervals using a 40x oil-immersion objective with a numerical aperture of 1.3 and the following settings: a pinhole size of one Airy unit, a dimension of 1248×1248 pixels and 4 times line averaging. For image acquisition and the generation of maximum intensity projections ZEN imaging software (Carl Zeiss Microscopy, LLC, Thornwood, NY, United States; RRID:SCR_013672) was used. For electron microscopy, brain tissue was prepared as previously described (Dupree et al., 1998; Marcus et al., 2006; Forrest et al., 2009; Waggener et al., 2013). In brief, male and female Glt-1 plp1icKO and control mice were deeply anesthetized, transcardially perfused and post-fixed for 2 weeks. Brains were harvested and 60 μm sagittal sections were prepared on a Leica VT1000S Vibratome. Sections were processed for standard EM analysis as previously described (Dupree et al., 1998). Ultrathin sections were imaged using a Jeol JEM-1400Plus equipped with a Gatan CCD camera and located within VCU’s Microcopy Shared Resource; to ensure comparable area representation within the corpus callosum, the following structures were used as landmarks: fornix, longitudinal lines, hippocampus, and cortex. 10–20 images obtained at 5000x magnification representing a minimum of 100 axons with diameters > 0.3 μm were assessed per animal (Mason et al., 2001); axon diameter, myelin thickness and g-ratio were determined manually using Fiji-ImageJ (Schindelin et al., 2012).



Flow Cytometry

Male and female Glt-1 plp1icKO and control mice were euthanized using intraperitoneal injection of an overdose of tribromomethanol (2–3 times 250 mg/Kg, Sigma Aldrich Cat# T48401) and brains were removed and coarsely chopped with microdissecting scissors. Single cell suspensions were prepared by enzymatic digestion at 37°C/CO2 for 30 min (1 ml per brain, StemPro Accutase, Thermo Fisher Scientific Cat# A1110501) followed by enzyme inactivation [addition of 2 ml 10% fetal bovine serum (FBS) in Hank’s Balanced Salt Solution (HBSS)], physical dissociation via trituration and filtration using 100 μm cell strainers. To purify cells from myelin debris, cells were resuspended in 40% Percoll (GE Healthcare Cat# 17-0891-02) in HBSS and centrifuged at 650 × g without brake for 25 min at room temperature. The myelin top layer was aspirated and cells were resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM)/10% FBS also used as immuno-labeling buffer. 106 cells per sample were used for immuno-labeling and analysis. Briefly, Fc receptors were blocked using CD16/CD32 antibodies (15 min on ice) followed by incubation with primary antibodies (or isotype control; 30 min on ice), fluorescently labeled secondary antibodies (30 min on ice), and 7-AAD Viability Staining Solution (5 μl/million cells, Thermo Fisher Scientific Cat# 00-6993-50). Cells were resuspended in flow cytometry buffer [0.1% bovine serum albumin (BSA) in phosphate buffered saline (PBS) containing 2 mM ethylenediaminetetraacetic acid (EDTA)] and run on an LSRFortessa-X20 flow cytometer (BD Biosciences). Settings were carefully determined empirically and exactly reproduced in each experiment. Gates were demarcated to count phycoerythrin and Alexa 633 double positive (7-AAD-negative) cells up to 10,000 events. FACSDIVA software (BD Biosciences, RRID:SCR_001456) was used for acquisition, and data were analyzed using FCS Express Flow Cytometry software (DeNovo Software, RRID:SCR_016431).



RNA Isolation and RT-qPCR

RNA was purified from dissected corpus callosum tissue using a Qiagen RNeasy Micro kit (Qiagen Cat# 74004). RNA quality and concentrations were determined on a 2100 Bioanalyzer (Agilent) using an RNA 6000 Pico kits (Agilent Cat# 5067), and samples with an RNA integrity number above 7 were used for further analysis. cDNA synthesis was performed using a Sensiscript reverse transcription kit (Qiagen Cat# 205213) according to the manufacturer’s guidelines. RNA samples were normalized to the same approximate concentration, and the same amount of RNA was used for all conditions of an individual independent RT-qPCR experiment.

For all RT-qPCR experiments the Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines were followed (Bustin et al., 2009). Briefly, RT-qPCR primers (Table 1) were designed and in silico tested for specificity using the National Center for Biotechnology Information’s basic local alignment search tool (Primer-BLAST) (Ye et al., 2012). All primers were designed to amplify all known splice variants, and for all primer pairs melting curves were used to ensure specificity. cDNA reactions without reverse transcriptase were performed for all samples to ensure no-reverse-transcriptase quantitation cycle (Cq) numbers of at least five cycles below the lowest Cq for any of the experimental samples. RT-qPCR reactions with three technical replicates per sample were performed on a CFX96 real-time PCR detection system (Bio-Rad) using the iTaq Universal SYBR Green Supermix (Bio-Rad Cat# 1725121). PCR conditions were set to 95°C for 3 min followed by 40 cycles of 95°C for 15 s, 58°C for 30 s, and 95°C for 10 s. Relative expression levels were determined using the ΔΔCT method relative to the geometric mean of the three reference genes (Livak and Schmittgen, 2001).



Western Blot Analysis

For Western blot analysis, dissected mouse corpus callosum samples were homogenized in lysis buffer [10 μL per mg tissue; phosphate-buffered saline (PBS), 2 mM EDTA] containing 1x Halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific Cat# 78430). Protein concentrations were determined using a BCA protein assay kit (Pierce/Thermo Fisher Scientific Cat# 23225). Equal amounts of denatured protein samples (60 μg) were separated by electrophoresis through 4–20% gradient sodium dodecyl sulfate (SDS)-polyacrylamide gels (Bio-Rad Cat# 4561094) and electroblotted onto Immobilon-P polyvinylidene difluoride (PVDF) membranes (MilliporeSigma Cat# IPVH00010). For normalization, membranes were incubated with a Revert 700 Total Protein Stain (LI-COR Biosciences Cat# 926-11011) and imaged on an Odyssey infrared imaging system. Subsequently, membranes were incubated in blocking buffer (LI-COR Biosciences Cat# 927-70001) for 1 h at room temperature followed by incubation with anti-proteolipid protein (PLP) rat hybridoma supernatants [clone AA3 (Yamamura et al., 1991); kindly provided by Dr. Wendy Macklin, University of Colorado] for 48 h at 4°C. Bound primary antibodies were detected using IRDye 680RD-conjugated secondary antibodies (LI-COR Biosciences Cat# 926-68076, RRID:AB_10956590). For quantification, membranes were imaged using an Odyssey infrared imaging system and analyzed using Image Studio (LI-COR Biosciences software, RRID:SCR_015795) and Empiria Studio software packages (LI-COR Biosciences software Cat# 9141-500E).



Statistical Analysis

GraphPad Prism (GraphPad Software Inc., RRID:SCR_002798) was used for all statistical analyses. Prior sample size calculations were not performed. Data were assessed for normality using the Shapiro-Wilk normality test prior to analysis. Data compared with a set control value lacking variability were analyzed using the one-sample t-test (Skokal and Rohlf, 1995; Dalgaard, 2008). Data with two groups were analyzed by unpaired t-test (two-tailed), in case of pairs of Glt-1 plp1icKO and control mice per litter a nested t-test was used, and comparisons with two parameters were analyzed for significance using two-way ANOVA with Tukey post-hoc testing. Frequency distributions were analyzed using Gompertz growth curves as a non-linear regression model, followed by an F-test to determine statistical significance.




RESULTS

In order to investigate developmental myelination upon deletion of Glt-1 in maturing OLGs, Glt-1 Plp1icKO and Wt (Plp1CreERT-negative littermate) mice were treated with 4-HT at postnatal days 14, 16, and 17, and myelination of the corpus callosum was investigated at 4 weeks of age (Figure 1A). The above-described timing was chosen since it coincides with the reported developmental expression of Glt-1 in OLGs (Regan et al., 2007; DeSilva et al., 2009) and a period of active myelination in the corpus callosum (Caley and Maxwell, 1968; Foran and Peterson, 1992; Leone et al., 2003). In addition, while PLPCreERT-driven recombination has been reported to occur in cells other than OLGs (Kang et al., 2010), it has been established to be largely restricted to OLG lineage cells when induced around postnatal day 16 and beyond (Michalski et al., 2011). Consistently, when using the strategy outlined in Figure 1A and assessing successful recombination via EYFP expression derived from the ROSA-EYFP reporter, more than 95% of EYFP positive cells were also found to be positive for CC1, a marker for maturing OLGs (Fuss et al., 2000; Bin et al., 2016; Figure 1B). Few (less than 5%) EYFP positive cells were observed to be CC1-negative; based on previously published data, these cells likely represent OLG progenitor cells (Guo et al., 2009). At 4 weeks of age, recombination could be detected in approximately 50% of CC1 positive maturing OLGs, an effect level that is consistent with previously published studies demonstrating clear functional consequences (Traka et al., 2010; Koenning et al., 2012; Jeffries et al., 2016). Importantly, the inducible Plp1CreERT system has been used successfully by us (Forrest et al., 2009) and others (Doerflinger et al., 2003; Kang et al., 2010; Michalski et al., 2011) with no evidence of Cre-mediated toxicity.
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FIGURE 1. Conditional deletion of Glt-1 from maturing OLGs attenuates CNS myelination in the corpus callosum of male mice. (A) Scheme depicting the timing of intraperitoneal injections of 4-hydroxytamoxifen (4-HT; P14,16,17) in Glt-1 Plp1icKO and Wt (Plp1CreERT-negative littermate) mice and the developmental time-point of analysis (4 weeks of age). (B) Representative confocal image of the corpus callosum (midline); CC1 marks maturing OLGs (Fuss et al., 2000; Bin et al., 2016) and EYFP, derived from the ROSA reporter, marks cells in which Cre-mediated recombination has occurred successfully (Srinivas et al., 2001). Sale Bar: 50 μm. (C,G) Line (left) and bar (right) graphs depicting the cumulative frequency distribution of myelinated fibers in the corpus callosum of Wt (open circles) and Glt-1 Plp1icKO (filled circles) female (C) and male (G) mice based on axon diameter; for the line graphs, the Gompertz growth curve was used as non-linear regression model (least squares regression) and extra sum-of-squares F-test was used to determine significant differences between regression curves; for the bar graphs, two-way ANOVA and Šidák multiple-comparisons test were used [p = 0.0307 (female) and p < 0.0001 (male) for overall difference between genotypes]. (D,H) Line graphs depicting the frequency distribution of myelinated fibers in the corpus callosum of Wt (open circles) and Glt-1 Plp1icKO (filled circles) female (D) and male (H) mice based on g-ratio. Gaussian distribution was used as non-linear regression model (least squares regression); extra sum-of-squares F-test was used to determine significant differences between regression curves. The insets depict mean g-ratios per animal pairs of individual litters; paired t-test (between individual animals from the same litter; data are shown for 3 litter pairs) was used to determine significance. (E,I) Scatter plots depicting g-ratios vs. axon diameter for the corpus callosum of Wt (open circles) and Glt-1Plp1icKO (filled circles) female (E) and male (I) mice. The lines represent linear regression fits to pooled data from all animals for each genotype; an F-test was used to determine significant differences between the slopes of the regression curves. (F) Representative electron microscopic images of the corpus callosum of Glt-1 Plp1icKO and Wt (Plp1CreERT-negative littermate) male mice injected with 4-HT. Scale bar: 2 μm. female Glt-1 Plp1icKO (n = 5), female Wt (n = 6), male Glt-1 Plp1icKO (n = 4), male Wt (n = 6). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.


Assessing myelination of the corpus callous at 4 weeks of age by ultrastructural analysis, revealed a slight shift toward smaller diameter axons in female Glt-1 Plp1icKO mice (Figure 1C). However, pairwise comparisons per 0.1 μm axon diameter bins revealed no differences, suggesting a slight increase of myelination over a larger range of smaller diameter axons. In contrast to females, a significant shift toward larger diameter myelinated axons was observed in male Glt-1 Plp1icKO mice (Figures 1F,G). Notably, this effect appears largely due to a decrease in myelination of axons within a narrow range of diameter, namely between 0.5 and 0.7 μm (bar graph in Figure 1G). No change in myelin thickness, as assessed by calculating g-ratios, was noted in female Glt-1 Plp1icKO mice (Figure 1D). In contrast, in male Glt-1 Plp1icKO mice an increase in g-ratios, reflecting thinner myelin sheaths, was noted (Figures 1G,H). In particular, despite variances between animals from different litters, the increase in g-ratio seen in male Glt-1 Plp1icKO mice appears consistent when evaluating pairs of Wt and Glt-1 Plp1icKO mice within individual litters (see inset in Figure 1H). Notably, these alterations in myelination were not found accompanied by obvious signs of widespread cell death or axonal pathology (Figure 1F). Furthermore, plotting g-ratios vs. axon diameter, revealed that the differences in g-ratios between Glt-1 Plp1icKO and Wt (Plp1CreERT-negative littermate) male mice is most prominently seen for smaller diameter myelinated axons (Figure 1I). Thus, the increase in g-ratio (and reduction in myelin thickness) in the corpus callosum of Glt-1 Plp1icKO male mice does not reflect an indirect effect due to the observed shift toward larger diameter myelinated axons; instead, it largely represents an additional characteristic of the hypomyelination phenotype that is seen in the male Glt-1 Plp1icKO corpus callosum at 4 weeks of age and that appears to be particularly relevant to smaller diameter axons.

In light of the rather unexpected differences in myelination phenotype seen between males and females (Figure 1), flow cytometry was performed to assess the presence of GLT-1 on maturing OLGs. O4 antibodies were used to mark OLG lineage cells that are in the process of differentiation (Bansal et al., 1989). As shown in Figure 2A, at 4 weeks of age, a significant reduction in the percentage of GLT-1 positive maturing OLGs was observed for male but not female Glt-1 Plp1icKO brains. Based on genomic PCR analysis, no significant differences in recombination efficiency were noted between male and female brain tissues (Figure 2B). Interestingly, it has been reported that there is a higher turnover of OLGs in female brains compared to male brains (Cerghet et al., 2006, 2009), suggesting that in female brains GLT-1 deficient OLGs may have been replaced by newly differentiated OLG progenitor cells that had remained unaffected by the initial 4-HT injections at postnatal days 14, 16, and 17. Indeed, when assessing maturing OLGs at 6 weeks of age, there was no difference in the percentage of GLT-1 positive maturing OLGs in the brains of both male and female Glt-1 Plp1icKO mice (Figure 2C). Thus, in Glt-1 Plp1icKO mice, recombination induced by postnatal 4-HT injections leads to a transient reduction in GLT-1 positive maturing OLGs in male brains that is functionally associated with an attenuation of CNS myelination characterized by decreases in myelination and myelin thickness of predominantly smaller diameter axons. In this context, the slight shift toward smaller diameter myelinated axons seen in the corpus callosum of female Glt-1 Plp1icKO mice (Figure 1C) may be a reflection of a compensatory mechanism in response to a shorter period (compared to males) of reduced percentages of GLT-1 positive maturing OLGs in female brains.
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FIGURE 2. The percentage of GLT-1-positive maturing (O4-positive) OLGs is transiently reduced in male Glt-1 Plp1icKO brains at 4 weeks of age. (A,C) Graphs depicting the percentage of maturing (O4-positive) OLGs with surface expression of GLT-1, as determined by flow cytometry, at 4 (A) and 6 (C) weeks of age. Glt-1 Plp1icKO and Wt (Plp1CreERT-negative littermate) mice were treated as depicted in Figure 1A and analyzed at 4 and 6 weeks of age. Dots represent individual samples (animals), horizontal lines indicate means, error bars are depicted as SEM. *p ≤ 0.05, multiple comparisons, two-way ANOVA with post-hoc Tukey’s test; there is no significant interaction; individual p-values are depicted for p > 0.05. The inset in panel (A) depicts a representative histogram displaying relative fluorescence intensity (x-axis) vs. event number (y-axis) gated for O4 positivity; overlaid histogram subtraction (GLT-1 histogram—IgG isotype control histogram) was used to determine the percentage of GLT-1-positive maturing (O4-positive) OLGs. (B) Representative genomic PCR results for brain tissue taken from Glt-1 Plp1icKO and Wt (Plp1CreERT-negative littermate) female and male mice.


In our previous studies, using cultures of differentiating OLGs, the effects of GLT-1 activation on OLG maturation were selective for morphological aspects and largely unrelated to a regulation of myelin gene expression (Martinez-Lozada et al., 2014; Thomason et al., 2020). Consistent with these in vitro findings, no differences in myelin gene expression or proteolipid protein (PLP) levels were noted in the corpus callosum between Glt-1 Plp1icKO mice and Wt (Plp1CreERT-negative littermate) mice (Figure 3). Thus, taken together, our data demonstrate that postnatal loss of GLT-1 in maturing OLGs attenuates myelination in primarily male mice without significantly affecting myelin gene expression.


[image: image]

FIGURE 3. Conditional deletion of Glt-1 from maturing OLGs does not significantly affect myelin gene expression in the corpus callosum of female and male mice. (A,B) Graphs depicting mRNA levels for the myelin genes genes myelin basic protein (Mbp), myelin oligodendrocyte glycoprotein (Mog), and proteolipid protein (Plp1) in female (A) and male (B) corpus callosum as determined by reverse transcriptase quantitative polymerase chain reaction (RT-qPCR). (C) Graph depicting PLP protein levels as determined by Western blot analysis. Glt-1 Plp1icKO and Wt (Plp1CreERT-negative littermate) mice were treated as depicted in Figure 1A and analyzed at 4 weeks of age. Dots represent individual samples (animals), horizontal lines indicate means, error bars are depicted as SEM; individual p-values are depicted for p > 0.05, unpaired t-test (two-tailed).




DISCUSSION

The data presented in this study identified the sodium-dependent glutamate transporter GLT-1 (EAAT2, SLC1A2) as a novel modulator of developmental CNS myelination. More specifically, our data revealed that deletion of GLT-1 in maturing OLGs during a peak period of developmental myelination attenuates CNS myelination in the corpus callosum of primarily male mice as evidenced by a decreased percentage of smaller diameter myelinated axons and thinner myelin sheaths. These alterations in myelination were not found associated with major changes in myelin gene expression, thus suggesting that mechanisms downstream of GLT-1 activation in maturing OLGs are primarily involved in regulating the morphological aspects of OLG maturation and their association with the initiation of CNS myelination and the thickening of CNS myelin sheaths.

Based on our previous studies (Martinez-Lozada et al., 2014; Spencer et al., 2020; Suarez-Pozos et al., 2020; Thomason et al., 2020), the downstream mechanisms mediating GLT-1’s modulatory effects on CNS myelination are, at least in part, mediated by intracellular calcium transients. In this context, it is notable that calcium transients have been observed in actively myelinating internodes, whereby neuronal activity dependent and independent mechanisms have been described (Micu et al., 2016; Baraban et al., 2018; Krasnow et al., 2018; Battefeld et al., 2019). In addition, localized calcium signals at points of contact between individual OLG processes and axons have been implicated in the initiation of myelination of preferentially electrically active axons by mechanisms that involve non-synaptic vesicular release of glutamate and locally restricted translation of the myelin protein MBP (Wake et al., 2011, 2015). Thus, GLT-1 expressed by maturing OLGs may represent one of the glutamate responsive transmembrane proteins sensing non-synaptic glutamate release by electrically active axons and triggering modulatory changes in CNS myelination. Such modulation of myelination is to be seen as an adaptive mechanism, also referred to as myelin plasticity, that fine-tunes developmental myelination by addition of new myelin and modifications to pre-existing myelin sheaths (Liu et al., 2012; Makinodan et al., 2012; Hill et al., 2018; Hughes et al., 2018; Bacmeister et al., 2020), and by complementing a so-called intrinsic process of myelination, which is thought to occur independently of axonal signals (Lee S. et al., 2012; Bechler et al., 2015, 2018; Mayoral et al., 2018). The concept of adaptive myelination from the initial stages of myelination onward and regulated by the properties of individual axons is further supported by in vivo imaging studies done in the developing zebrafish (Hines et al., 2015; Mensch et al., 2015; Koudelka et al., 2016; Nelson et al., 2020). Importantly, the extent and timing of CNS myelination, and thus their modulation by electrical activity, contributes significantly to neuronal circuitry function and its behavioral outputs (Forbes and Gallo, 2017; Bonnefil et al., 2019; Suminaite et al., 2019; Liu et al., 2020; Moore et al., 2020; Pan et al., 2020; Steadman et al., 2020; Xin and Chan, 2020; Fletcher et al., 2021). Notably, in addition to the above signaling downstream of activation of GLT-1, there is the potential of a role of GLT-1 imported glutamate in regulating metabolism. In this context, lipid and protein synthesis during active myelination have been well-established to impose high energetic costs (Harris and Attwell, 2012; Rosko et al., 2019; Tepavcevic, 2021), and an increasing number of studies point toward a high demand of oxidative phosphorylation/mitochondrial metabolism in actively myelinating cells during development. Independent of the exact molecular mechanism, the functional role of GLT-1 in modulating CNS myelination, as described here, coincides with a developmental time window of particular vulnerability for adaptive white matter alterations associated with adult behavioral and cognitive dysfunctions (Kikusui et al., 2007; Liu et al., 2012; Makinodan et al., 2012). In addition, EAAT2/Glt-1 polymorphisms and mutations have been associated with cognitive defects in schizophrenia (Spangaro et al., 2014, 2018; Fiorentino et al., 2015; Mazza et al., 2019) and an increased risk for autism (Autism Genome Project Consortium, Szatmari et al., 2007; Xu et al., 2008), respectively. These findings raise the intriguing possibility that GLT-1 function in maturing OLGs may critically contribute to behaviors regulated by adaptive myelination and that GLT-1 dysfunction in maturing OLGs may represent a critical component of the pathophysiology and behavioral symptoms in certain neuropsychiatric disorders.
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Forward primer (5’-3’)

Mouse genes

Reverse primer (5'-3’)

Mbp GTGACACCTCGTACACC GCTAAATCTGCTGA
CCCTCCA GGGACAGGCCT

Plp1 CCACACTAGTTTCCCT GGTGCCTCGGC
GCTCACCT CCATGAGTT

Mog ATCTGCTACAACTGG GGGAAATCCCCAAG
CTGCAC GACCTGC

Mouse reference genes

Ppia GGAGACGAACCTGTA GATGCTCTTTCCTC
GGACG CTGTGC

Pok1 ATGCAAAGACTGGCCA AGCCACAGCCTCAG
AGCTAC CATATTTC

Rpl13a GCGCCTCAAGGTGT CGCCCCAGGTAAGC
TGGATG AAACTTTC

Mbp, myelin basic protein;, Mog, myelin oligodendrocyte glycoprotein; Pgk1,
phosphoglycerate kinase 1; Plp1, proteolipid protein; Ppia, peptidylprolyl isomerase
A (cyclophilin A); Rpl13a, ribosomal protein L13a.
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