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ABSTRACT 33 
 34 

Exploring the molecular mechanisms that drive the maturation of oligodendrocyte 35 

progenitor cells (OPCs) during the remyelination process is essential to develop new 36 

therapeutic tools to intervene in demyelinating diseases such as Multiple Sclerosis. To 37 

determine whether L-type voltage-gated calcium channels (L-VGCCs) are required for OPC 38 

development during remyelination, we have generated an inducible conditional knockout mouse 39 

in which the L-VGCC isoform Cav1.2 was deleted in NG2 positive OPCs (Cav1.2KO). Using the 40 

cuprizone model of demyelination and mice of either sex we establish that Cav1.2 deletion in 41 

OPCs leads to less efficient remyelination of the adult brain. Specifically, Cav1.2KO OPCs 42 

mature slower and produce less myelin than control oligodendrocytes during the recovery 43 

period following cuprizone intoxication. This reduced remyelination was accompanied by an 44 

important decline in the number of myelinating oligodendrocytes and in the rate of OPC 45 

proliferation. Furthermore, during the remyelination phase of the cuprizone model, the corpus 46 

callosum of Cav1.2KO animals presented a significant decrease in the percentage of myelinated 47 

axons and a substantial increase in the mean g-ratio of myelinated axons compared to controls. 48 

Additionally, in a mouse line in which the Cav1.2KO OPCs were identified by a Cre reporter, we 49 

establish that Cav1.2KO OPCs display a reduced maturational rate through the entire 50 

remyelination process. These results suggest that Ca++ influx mediated by L-VGCCs in 51 

oligodendroglial cells is necessary for normal remyelination and is an essential Ca++ channel for 52 

OPC maturation during the remyelination of the adult brain. 53 
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INTRODUCTION 54 

The influx of Ca++ through membrane channels is a crucial step in signal transduction 55 

pathways involved in regulating growth, maturation, and functional plasticity. Whole cell 56 

recordings from oligodendrocyte progenitor cell (OPC) in conditions appropriate for isolating 57 

Ca++ currents have revealed the presence of Ca++ currents sensitive to inhibition by L- and T-58 

type Ca++ channel antagonists (Haberlandt et al. 2011). Further evidence for expression of 59 

different voltage-gated Ca++ channel (VGCC) isoforms has been obtained through PCR of 60 

mRNA extracted from single cells in tissue slices, indicating that transcripts for L-type (Cav 1.2, 61 

1.3) and T-type (Cav 3.1, 3.2) are most abundant (Haberlandt et al. 2011). We have shown that 62 

both, Cav1.2, and Cav1.3 L-type α1 subunits are expressed in primary cultures of cortical OPCs 63 

(Cheli et al., 2015). Cav1.2 has been of major interest because more than 90% of the Ca++ influx 64 

after plasma membrane depolarization in OPCs is mediated by this particular L-type α1 subunit 65 

(Cheli et al., 2015). 66 

Voltage-dependent Ca++ entry is essential for multiple aspects of OPC development. L-67 

type Ca++ channels regulate process extension and migration in OPCs (Paez et al., 2007; 68 

2009a; b; 2010). Specifically, in vitro studies of isolated OPCs indicate that they undergo 69 

spontaneous Ca++ transients while migrating, events that are inhibited by the L-type Ca++ 70 

antagonist nifedipine (Paez et al., 2009a). Elevation of Ca++ in these cells through L-VGCCs 71 

triggers process retraction, suggesting that these channels are involved in regulating the 72 

directed movement of OPCs during early development (Paez et al., 2007; 2009a). Furthermore, 73 

we have provided direct evidence that selective deletion of Cav1.2 Ca++ channels in OPCs 74 

affects oligodendrocyte development in vitro (Cheli et al., 2015), and we have recently 75 

established that L-type Ca++ channels are crucial for the adequate migration and proliferation of 76 

OPCs throughout the myelination of the postnatal mouse brain (Cheli et al., 2016). 77 

Remyelination is the process in which entire myelin sheaths are replaced on 78 

demyelinated axons. In demyelinating diseases such as Multiple Sclerosis, this process 79 



 

 5 

becomes increasingly less effective over time and eventually fails (Franklin, 2002). Thus, efforts 80 

to understand the causes for this failure of regeneration have stimulated research into the 81 

cellular and molecular aspects regulating the remyelination process. It is likely that factors 82 

involved in normal myelination participate in remyelination of the injured CNS. Calcium channels 83 

implicated in OPC differentiation and maturation may induce positive signals for recovery. Using 84 

the Cre-lox system to silence L-type Ca++ channels expression in OPCs, we tested the role of 85 

voltage-dependent Ca++ entry on OPC survival and maturation in the remyelinating brain. We 86 

used the cuprizone model of demyelination, which has proven to be a useful tool for the analysis 87 

of myelin loss and recovery in the CNS. Our data indicate that L-VGCC activity can modulate 88 

OPC maturation in the remyelinated brain, and suggest that Ca++ influx mediated by L-type 89 

channels is critical for normal remyelination. These findings could lead to novel approaches to 90 

intervene in neurodegenerative diseases in which myelin is loss or damaged. 91 
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MATERIALS AND METHODS 92 

Transgenic mice 93 

All animals used in the present study were housed in the UB Division of Laboratory 94 

Animal Medicine vivarium, and procedures were approved by UB’s Animal Care and Use 95 

Committee, and conducted in accordance with the guidelines in “Guide for the Care and Use of 96 

Laboratory Animals” from the National Institutes of Health. Generation of the conditional 97 

knockout mouse (Cav1.2f/f, NG2-CreERCre/Ø), and floxed control (Cav1.2f/f, NG2-CreERØ/Ø) has 98 

been described previously (Cheli et al, 2016; White et al., 2008). For easy of reading, the 99 

Cav1.2f/f, NG2-CreERCre/Ø mouse will be referred to as Cav1.2KO throughout the remainder of 100 

the text. Using a similar breeding protocol, the heterozygous floxed Cav1.2 mouse and the 101 

hemizygous NG2-CreERTM transgenic line were intercrossed with the Cre reporter line B6.Cg-102 

Tg(CAG-Bgeo/GFP)21Lbe/J (Jackson Mice, RRID:IMSR_JAX:004178) to achieve the following 103 

experimental genotypes: conditional knockout with the Cre reporter transgene (Cav1.2f/f, NG2-104 

CreERCre/Ø, GFPGFP/Ø) and Cre reporter control (Cav1.2+/+, NG2-CreERCre/Ø, GFPGFP/Ø). For ease 105 

of reading, the Cav1.2KO mouse carrying the Cre reporter transgene (Cav1.2f/f, NG2-CreERCre/Ø, 106 

GFPGFP/Ø) will be referred to as Cav1.2KO/GFP. 107 

Mice treatments 108 

P60 mice were fed pellet chow containing 0.2% cuprizone (Teklad-Envigo) for 7 weeks 109 

to induce demyelination followed by a diet of normal pellet chow to analyze remyelination. In 110 

addition, a group of P60 animals were not treated and were maintained on a diet of normal 111 

pellet chow. Cre activity in mice was induced by intraperitoneal injection of tamoxifen (Sigma-112 

Aldrich). A 20mg/ml stock solutions were prepared by dissolving and sonicating tamoxifen in 113 

autoclaved corn oil (Sigma-Aldrich). Control (Cav1.2f/f, NG2-CreERØ/Ø) and Cav1.2KO (Cav1.2f/f, 114 

NG2-CreERCre/Ø) mice were injected with tamoxifen (100mg/Kg) every other day during two 115 

weeks for a total of 7 injections starting at different time points during and after the cuprizone 116 

treatment. Since no differences between genders were found, for all the experiments presented 117 
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in this work mice of either sex were used. 118 

Western blot 119 

Total proteins were collected from mouse whole brain and corpus callosum. Tissues 120 

were homogenized in lysis buffer containing 50mM Tris-HCl, 0.5% (w/v) sodium deoxycholate, 121 

150mM NaCl, 1mM EDTA, 2% Nonidet P40, 0.2% (w/v) SDS, 1mM sodium fluoride, 1mM 122 

AEBSF, 10μg/ml aprotinin, 10μg/ml leupeptin, 10μg/ml pepstatin. After a brief sonication, 123 

samples were centrifuged at 15,000xg for 5min and the supernatant recovered. The total protein 124 

concentration was estimated using the Pierce™ BCA Protein Assay Kit (Thermo Scientific). 125 

Twenty-five micrograms of total proteins were loaded onto a 4-12% Bis-Tris gel (NuPAGE, Life 126 

Technologies). Protein bands were detected by chemiluminescence using the Amersham ECL 127 

kit (GE Healthcare) with horseradish peroxidase-conjugated secondary antibodies (GE 128 

Healthcare, RRID:AB_772206, RRID:AB_772210) and scanned with a C-Digit Blot Scanner (LI-129 

COR). Image Studio™ Software (LI-COR, RRID:SCR_014211) was used for the quantification 130 

of the relative intensities of the protein bands. Data represent pooled results from at least 4 131 

independent samples per experimental group. The primary antibodies used were: CNP (1:1000; 132 

Neo-Markes, RRID:AB_61312), GAPDH (1:10,000; Genetex, RRID:AB_11174761), MBP 133 

(1:1000; Covance, RRID:AB_510039), MOG (1:1000; Millipore, RRID:AB_1587278) and p84 134 

(1:6000 Genetex, RRID:AB_372637). 135 

Immunohistochemistry 136 

All animals were anesthetized with isoflurane and then perfused with 4% of 137 

paraformaldehyde in PBS via the left ventricle. The brains were next post-fixed overnight in the 138 

same fixative solution at 4°C. Coronal brain slices of 50μm thick were obtained using a 139 

vibratome (Leica Biosystems, VT1000-S). Free-floating vibratome sections were incubated in a 140 

blocking solution (2% goat serum and 1% Triton X-100 in PBS) for 2h at room temperature and 141 

then incubated with the primary antibody overnight at 4°C. Sections were next rinsed in PBS 142 

and incubated with Cy3 or Cy5 conjugated secondary antibodies (1:400; Jackson Immuno 143 
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Research) for 2h at room temperature followed by a counterstain with the nuclear dye DAPI 144 

(Life Technologies). After washing, the sections were mounted on to Superfrost Plus slides 145 

(Fisher) using coverslips and mounting medium (Aquamount; Thermo Scientific). The total 146 

number of positive cells was stereologically quantified in the central (0.3mm2) and lateral area of 147 

the corpus callosum (0.5mm2), in the cingulate cortex (0.6mm2, including all the cortical layers) 148 

and in the striatum (0.6mm2). Same brain areas were used to measure the integrated 149 

fluorescence intensity, calculated as the product of the area and mean pixel intensity. The 150 

staining intensity for myelin proteins as well as the number of positive cells was assessed by 151 

MetaMorph software (Molecular Devices, RRID:SCR_002368). For all experiments involving 152 

quantification of positive cells and fluorescent intensity in tissue sections, data represent pooled 153 

results from at least 6 brains per experimental group. Seven slices per brain (50μm each) were 154 

used and quantification was performed blind to the genotype of the sample using an unbiased 155 

stereological sampling method. The primary antibodies used in the present study were against: 156 

caspase-3 (1:1000; Cell Signaling, RRID:AB_2341188), CC1 (1:300; Calbiochem, 157 

RRID:AB_2057371), GFP (1:500; Millipore, RRID:AB_11211640), GFP (1:500; Aves, 158 

RRID:AB_10000240), Ki67 (1:250; Abcam, RRID:AB_443209), MBP (1:1000; Chemicon, 159 

RRID:AB_2140351), MOG (1:200; Millipore, RRID:AB_1587278), Olig2 (1:200; Millipore, 160 

RRID:AB_570666, RRID:AB_10807410), PLP (1:50; hybridoma AA3, RRID:AB_2341144) and 161 

Sox2 (1:200; Millipore, RRID:AB_2286686). 162 

Black Gold II myelin staining 163 

The Black Gold II staining kit (Millipore) was used following the manufacturer 164 

instructions. Briefly, 50μm paraformaldehyde-fixed brain sections were mounted onto Superfrost 165 

Plus slide (Fisher). Coronal brain slices were initially air dried and then rehydrated and 166 

transferred to a lukewarm 0.3% Black Gold II solution (Millipore). After color development 167 

(~10min), the slides were rinsed with a 1% sodium thiosulfate solution at 60°C, dehydrated and 168 
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mounted with Permount (Cheli et al., 2016). The integrated staining intensity in several brain 169 

areas was assessed by MetaMorph software (Molecular Devices, RRID:SCR_002368). Data 170 

represent pooled results from at least 4 brains per experimental group. Ten slices per brain 171 

were used and quantification was performed blind to the genotype of the sample. 172 

Electron microscopy 173 

Brains from mice perfused transcardially with 3% paraformaldehyde and 1% 174 

glutaraldehyde were used. The body of the corpus callosum at the anterior-dorsal level of the 175 

hippocampus was dissected and resin embedded. Thin sections were stained with uranyl 176 

acetate and lead citrate and photographed with a FEI TecnaiTM F20 transmission electron 177 

microscope. Extent of myelination was quantitatively compared by determining g-ratios, which 178 

were calculated by dividing the diameter of the axon by the diameter of the entire myelinated 179 

fiber as previously described (Cheli et al., 2016). Additionally, the percentage of myelinated 180 

axons from the total number of axons was calculated. At least 5 animals per experimental group 181 

and 300 fibers per animal were analyzed using the MetaMorph software (Molecular Devices, 182 

RRID:SCR_002368). 183 

Statistical Analysis 184 

All data set were tested for normal distribution using Kolmogorov-Smirnov tests. Single 185 

between-group comparisons were made by the unpaired t-test (Student’s t-test), using a 186 

confidence interval of 95%. Multiple comparisons were investigated by one-way ANOVA 187 

followed by Bonferroni’s multiple comparison tests to detect pair-wise between-group 188 

differences. All statistical tests were performed in Graphpad Prism (Graphpad Software, 189 

RRID:SCR_002798). A fixed value of p<0.05 for one tailed tests was the criterion for reliable 190 

differences between groups. Data are presented as mean ± SEM. 191 
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RESULTS 192 

Deletion of the L-type calcium channel Cav1.2 in OPCs delay remyelination of several 193 

brain structures. 194 

P60 Cav1.2KO mice (Cav1.2f/f, NG2-CreERCre/Ø) and control littermates (Cav1.2f/f, NG2-195 

CreERØ/Ø) were fed with 0.2% cuprizone in normal diet for 7 weeks to trigger myelin loss, 196 

followed by withdrawal of cuprizone from the diet for several weeks to allow myelin 197 

regeneration. To induce Cre activity in NG2 positive OPCs, three different protocols of 198 

tamoxifen administration were tested. In protocol (a), control and Cav1.2 KO animals were 199 

injected with tamoxifen every other day during the last week of the cuprizone treatment and the 200 

first week of recovery; in protocol (b), mice were injected throughout the first and second week 201 

of recovery, and in protocol (c), animals were treated with tamoxifen during the second and third 202 

week of the recovery phase (Figure 1A). In all the protocols, animals received a total of 7 203 

tamoxifen injections. In addition, P60 control mice were not injected and were just treated with 204 

cuprizone during 7 weeks (CPZ) or were maintained on a diet of normal pellet chow 205 

(untreated). Initially, the expression of the myelin proteins MBP and MOG was evaluated in the 206 

corpus callosum and cortex by immunohistochemistry and western blot (Figure 1 and 2). 207 

Similar to previous studies (Armstrong et al., 2006; Islam et al., 2009), histological examination 208 

of the corpus callosum after 7 weeks of cuprizone treatment revealed an overall decrease in 209 

MBP and MOG immunostaining relative to untreated animals (Figure 1B and C). No differences 210 

between genotypes were found at the conclusion of the cuprizone treatment; compare to 211 

untreated animals, control and Cav1.2KO mice injected with the protocol (a) and examined at the 212 

end of the cuprizone treatment (CPZ withdrawal) displayed an equal decline in MBP and MOG 213 

immunostaining (Figure 1C). However, the specific deletion of Cav1.2 Ca++ channels in NG2 214 

positive OPCs caused a significant delay in remyelination. After 4 weeks of recovery (4W Rec), 215 

the expression of MBP and MOG in the corpus callosum as well as in the cortex of Cav1.2KO 216 
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animals was below control levels (Figure 1B and C). This effect was more pronounced in the 217 

protocol (a) > protocol (b) > protocol (c) (Figure 1B and C). These changes were also found in 218 

western blot experiments for myelin proteins isolated from the entire brain and corpus callosum 219 

(Figure 2A and B). Because we found no significant differences between control animals 220 

injected with protocol (a), (b) and (c) during the recovery phase of the cuprizone model, the 221 

results were combined in a single column. Since protocol (a) was the most effective, this 222 

tamoxifen injection schedule was used for the rest of the experiments presented in this work. 223 

The remyelination of the Cav1.2KO mouse brain was further examined using the Black 224 

Gold II staining technique to localize myelin within the CNS. Myelin staining was evaluated in 225 

the corpus callosum, cortex and striatum of Cav1.2KO mice injected following protocol (a). At the 226 

initiation of the remyelination process (1W Rec), Cav1.2KO mice display a substantial reduction 227 

in myelin staining in the lateral corpus callosum and a clear reduction in the density of 228 

myelinated fibers in the cingulate cortex relative to control animals (Figure 3A and B). In the 229 

same experimental group, decreased myelin staining was also evident in the striatum (Figure 230 

3A and B). Similar results were found 4 weeks after the suspension of cuprizone intoxication 231 

(Figure 3A and B). Importantly, this reduced remyelination relative to control animals was also 232 

found in western blot experiments for myelin proteins (Figure 3C). Immunohistochemical 233 

analysis for MBP, MOG and PLP exhibits a similar outcome with the Cav1.2KO line showing a 234 

reduced recovery of myelin proteins immunolabeling throughout the recuperation phase of the 235 

cuprizone intoxication (Figure 4 and 5). For example, at 1 and 2 weeks of recovery, control 236 

mice had significantly improved the level of myelin proteins expression in all brain regions, but 237 

compared to the CPZ group, the Cav1.2KO mice showed marginal recovery at these time points 238 

(Figure 4 and 5). This reduced remyelination in Cav1.2KO mice was more evident in the cortex 239 

and in the striatum (Figure 4 and 5). Similar results were found after 4 and 6 weeks of recovery, 240 

suggesting that the remyelination deficit in the Cav1.2KO line is resistant (Figure 5A and B). 241 
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In addition, we used electron microscopy to evaluate the ultrastructure of axon and 242 

myelin integrity in the Cav1.2KO brains during the remyelination process. The degree of 243 

remyelination was analyzed in control and Cav1.2KO mice by calculating the axon diameter, 244 

myelin thickness and mean g-ratio of myelinated axons, as described previously (Cheli et al., 245 

2016) (Figure 6). Seven weeks of cuprizone treatment induced a significant decrease in the 246 

proportion of myelinated axons located in the body of the corpus callosum (Figure 6A and F). 247 

Some recovery was found in Cav1.2KO animals during the remyelination process, but in line with 248 

the previous results, the percentage of myelinated axons in the corpus callosum of Cav1.2KO 249 

animals was found to be below control levels in all the time point tested (Figure 6A, C and F). 250 

Furthermore, g-ratios, a measure of myelin sheath thickness calculated as the ratio of axon 251 

diameter to myelinated fiber diameter, were determined for Cav1.2KO mice and control 252 

littermates (Figure 6B, D and E). At 2 weeks of recovery, the mean g-ratio of myelinated axons 253 

from Cav1.2KO mice was significantly higher compared with controls, indicating that the myelin 254 

sheaths were thinner in Cav1.2KO mice (Figure 6D and E). Plotting g-ratios against axonal 255 

diameters demonstrated that the myelin thickness was lower in axons of all size (Figure 6D). 256 

Importantly, no axonal loss and/or degeneration, and no changes in the mean diameter of 257 

remyelinated axons were found in the corpus callosum of Cav1.2KO mice (Figure 6G). These 258 

data indicate that remyelination is decreased in the brain of Cav1.2KO mice, and suggest that 259 

less myelin has been made by Cav1.2KO oligodendrocytes during the recovery phase of our 260 

demyelinating model. 261 

Decreased number of mature oligodendrocytes through the remyelination of the Cav1.2KO 262 

brain. 263 

To further examine the effect of Cav1.2 deletion in the remyelination of the mouse brain, 264 

specific oligodendrocyte markers such as Olig2 and CC1 were used to measure the number of 265 

oligodendrocytes in vivo. In previous studies (Paez et al., 2012), we found that cuprizone 266 
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induced a progressive decrease in mature myelinating oligodendrocytes with an increase in 267 

OPCs, which returned to near normal levels when the animals were returned to the standard 268 

diet for 4 weeks. Compare to controls, decreased numbers of total oligodendrocytes (Olig2 269 

positive cells) were found in the Cav1.2KO corpus callosum, cortex and striatum at 1, 2 and 4 270 

weeks of recovery (Figure 7A and B). Likewise, at the same time points Cav1.2KO animals 271 

displayed a significant reduction in the density of CC1 positive cells in the corpus callosum, 272 

cortex and striatum (Figure 7A and C). To evaluate the proportion of mature oligodendrocytes 273 

in relationship with the total population, we measured the percentage of Olig2 positive cells that 274 

were CC1 positive oligodendrocytes. Relative to controls, Cav1.2KO mice displayed a decreased 275 

ratio of Olig2/CC1 double positive cell in the corpus callosum, cortex and striatum during the 276 

recovery phase of the cuprizone model, suggesting a diminished maturational rate (Figure 7A 277 

and D). Furthermore, OPC proliferation was evaluated using the mitotic marker Ki67 in 278 

combination with the oligodendrocyte marker Olig2 and the proportion of newly generated OPCs 279 

was assessed by evaluating colocalization of Olig2 with the transcription factor Sox2 (Figure 8). 280 

Suggesting a decline in the rate of OPC proliferation during the recovery phase of the cuprizone 281 

model, Cav1.2KO mice displayed a significant decrease in the percentage of Olig2/Ki67 as well 282 

as Olig2/Sox2 double positive cells in the lateral area of the corpus callosum, in the sub-283 

ventricular zone, in the cortex and striatum (Figure 8). 284 

Cav1.2KO OPCs produce less mature oligodendrocytes than control progenitors in the 285 

remyelinating adult brain. 286 

To investigate the fate of Cav1.2KO OPCs throughout the remyelination process, we 287 

generated a triple transgenic mouse by crossing the Cav1.2KO mice with a Cre reporter line. 288 

When the Cre reporter mice B6.Cg-Tg(CAG-Bgeo/GFP)21Lbe/J is crossed with a Cre 289 

expressing strain, lacZ expression is replaced with enhanced GFP expression in cells 290 

expressing Cre, providing a convenient marker for Cav1.2KO OPCs in the remyelinating brain. 291 
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Cav1.2KO/GFP mice (Cav1.2f/f, NG2-CreERCre/Ø, GFPGFP/Ø) and their corresponding controls 292 

(Cav1.2+/+, NG2CreERCre/Ø, GFPGFP/Ø) were injected with tamoxifen every other day during the 293 

last week of the cuprizone treatment and the first week of recovery (protocol (a), Figure 1A). To 294 

compare the ability of Cav1.2KO/GFP cells to generate myelinating cells, the percentage of 295 

mature and immature GFP positive oligodendrocytes was determined after 2 and 4 weeks of 296 

recovery. Initially, the proportion of GFP positive cells that were Olig2 positive oligodendrocytes 297 

was analyzed. In every brain area examined, we found that all GFP positive cells were Olig2 298 

positive oligodendrocytes, suggesting a lineage specific and restricted recombination (Figure 299 

9A). Next, to compare the ability of Cav1.2KO/GFP cells to generate myelinating 300 

oligodendrocytes after demyelination, the percentage of GFP positive cells that were CC1 301 

positive oligodendrocytes was measured. We found a significant decline in the percentage of 302 

GFP/CC1 double positive cells between control and Cav1.2KO/GFP oligodendrocytes in all the 303 

brain structures assessed (Figure 9A and B). For instance, 58% of the control GFP positive 304 

cells were CC1 positive oligodendrocytes in the cortex at 4 weeks of recovery, but only ~30% of 305 

the Cav1.2KO/GFP cells were found to be CC1 positive at the same time (Figure 9A and B). 306 

Consistently, at 2 and 4 weeks of recovery, the percentage of Sox2 expressing cells was higher 307 

in the Cav1.2KO/GFP population than in control GFP cells, suggesting a slower maturational rate 308 

(Figure 9A and B). Additionally, the proportion of proliferating and apoptotic OPCs was 309 

estimated in the Cav1.2KO/GFP mice at 2 weeks of recovery by using the mitotic marker Ki67 310 

and the apoptotic marker caspase-3. As show in Figure 10B, the percentage of GFP/Ki67 311 

double positive cells in the subventricular zone and in the cortex was significantly reduced in L-312 

VGCC deficient OPCs. In contrast, the proportion of apoptotic GFP positive cells 313 

(GFP/Caspase-3) was not different among the genotypes in the corpus callosum and in the 314 

cortex but was mildly decreased in the subventricular zone (Figure 10A and B), probably due to 315 

the restricted proliferation and maturation of this OPC population. The morphology of GFP 316 
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positive cells was also studied by dividing the cells in two groups according to the presence of 317 

radial processes (immature oligodendrocytes) or parallel processes (myelinating 318 

oligodendrocytes). In agreement with the results described above, the number of GFP positive 319 

oligodendrocytes with mature myelinating morphology was much greater in the control than in 320 

the Cav1.2KO/GFP corpus callosum or cortex at 4 weeks of recovery (Figure 10C and D). 321 

Together, these findings indicate that less mature oligodendrocytes are generated from 322 

Cav1.2KO/GFP OPCs than from control cells during the remyelination of the mouse brain. 323 
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DISCUSSION 324 

L-type voltage-gated Ca++ channels are required for OPC development during 325 

remyelination. 326 

We tested the hypothesis that L-type voltage-gated Ca++ entry is crucial for OPC 327 

maturation, and as a consequence, for the remyelination of the mouse brain. We used the Cre-328 

lox system to specifically delete the L-type channel isoform Cav1.2 in NG2 positive OPCs in 329 

combination with the cuprizone model of myelin injury and repair. Cuprizone intoxication has 330 

been a useful model to study demyelination and remyelination in vivo (Ludwin 1978; 331 

Matsushima and Morell, 2001). One advantage of the model has been the relative selective 332 

damage to oligodendrocytes with minimal damage to other cell types in the CNS (Cammer and 333 

Zhang, 1993; Komoly et al., 1987). Cuprizone causes demyelination of the corpus callosum, 334 

cerebral cortices and striatum (see Groebe et al., 2009; Koutsoudaki et al., 2009; Norkute et al., 335 

2009). When administration of cuprizone is terminated, almost complete remyelination takes 336 

place in a matter of weeks (Ludwin, 1994; Armstrong et al., 2002). To induce Cre activity in NG2 337 

positive OPCs, different protocols of tamoxifen administration were assessed. These protocols 338 

were designed to target OPCs at the end of the cuprizone treatment as well as during the 339 

remyelination process. The clearest results were found when the L-type Ca++ channel was 340 

deleted in OPCs during the last week of the cuprizone treatment and the first week of recovery. 341 

This is likely explained by the large number of NG2 positive OPCs present in the brain at the 342 

end of the demyelination phase of the cuprizone model. In a previous work, we have shown that 343 

the number of NG2 positive OPCs in the corpus callosum peak after 5 weeks of cuprizone 344 

intoxication (Paez et al., 2012), thus injecting tamoxifen at the end of the cuprizone treatment is 345 

probably the most efficient way to target remyelinating OPCs. 346 

We found that myelin regeneration was significantly delayed when the Cav1.2 Ca++ 347 

channel was ablated in NG2 positive cells. This inefficient remyelination was seen throughout 348 

the entire recovery process and was very evident even after 6 weeks of recovery, suggesting 349 
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that the delayed remyelination of the Cav1.2KO mouse is persistent in time. These results were 350 

confirmed by immunohistochemistry and western blot experiments for myelin proteins isolated 351 

from different brain areas and by electron microscopy of the corpus callosum, in which we found 352 

a significant reduction in the percentage of myelinated axons as well as a decrease in the 353 

myelin thickness of the Cav1.2KO mice compare to controls. The remyelination deficit of the 354 

Cav1.2KO mouse was more evident in the cortex and striatum than in the corpus callosum and 355 

the most affected myelin proteins were MBP and PLP. 356 

Furthermore, the population of mature myelination oligodendrocytes was reduced in 357 

several areas of the Cav1.2 conditional KO brain. The proportion of Olig2/CC1 double positive 358 

cells as well as the total number of CC1 positive oligodendrocytes was reduced in the Cav1.2KO 359 

mice during the complete remyelination process. These data were confirmed in a triple 360 

transgenic mouse in which we found a reduction in the percentage of GFP positive cells that 361 

were also positive for the mature marker CC1. This decreased number of mature 362 

oligodendrocytes as well as the reduction in the density of Olig2 positive cells is likely explained 363 

by a substantial decline in the proliferation of Cav1.2KO OPCs. We found a clear reduction in the 364 

total number of proliferating OPCs (Olig2/Ki67) as well as in the density of early oligodendrocyte 365 

progenitor cells (Olig2/Sox2). Thus, we believe that the absence of L-VGCC in OPCs is 366 

significantly affecting the expansion of this pool of progenitors, which is an essential prerequisite 367 

for effective remyelination of the brain. However, data from the triple transgenic mouse in which 368 

the recombinant cells were tracked with a Cre reporter, indicate that the maturation of Cav1.2KO 369 

OPCs is also significantly disturbed. We have found that less mature oligodendrocytes are 370 

generated from Cav1.2KO/GFP OPCs than from control cells during the remyelination of the 371 

brain. Suggesting a slower maturational rate, the percentage of GFP/CC1 double positive cells 372 

was reduced and the fraction of GFP/Sox2 expressing cells was increased in Cav1.2KO mice. It 373 

is important to point out that the diminished numbers of Olig2/Sox2 OPCs and the enlarged 374 

fraction of GFP/Sox2 positive cells in the Cav1.2KO brain are not contradictory results since the 375 
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latter is reflecting the lower maturational speed of a reduced OPC population. Altogether, our 376 

results indicate that L-VGCCs are essential for OPC division and maturation after acute 377 

demyelination. Removing these channels from NG2 positive progenitors significantly affects the 378 

efficiency of the remyelination process and as a consequence the restoration of normal levels of 379 

myelin in the CNS. 380 

NG2 positive OPCs require functional L-VGCCs to remyelinate the adult brain. 381 

NG2 positive cells comprise a widely distributed and dynamic population of precursor 382 

cells that remain abundant in the adult brain. These cells represent approximately 8% of all cells 383 

in the central nervous system (Dawson et al., 2003). They have the ability to mature into 384 

oligodendrocytes and are critical in providing new oligodendrocytes to allow remyelination of 385 

axons following injury and in diseases such as Multiple Sclerosis. It has been proposed that 386 

neural network activity and neurotransmission may promote the proliferation and differentiation 387 

of NG2 positive OPCs along the oligodendrocyte lineage. For instance, GABAB receptor 388 

activation has specifically been shown to increase the proliferation of cultured OPCs (Luyt et al., 389 

2007). Moreover, the vesicular release of glutamate by neurons has been shown to favor the 390 

terminal differentiation of cultured OPCs into myelinating oligodendrocytes (Wake et al., 2011). 391 

Likewise, OPCs derived from the subventricular zone and recruited to the corpus callosum 392 

following a demyelinating injury receive transient glutamatergic inputs from neurons; these 393 

inputs have been hypothesized to promote their differentiation into myelinating oligodendrocytes 394 

(Etxeberria et al., 2010). Conversely, loss of GABAergic synaptic input in response to hypoxia 395 

has been shown to decrease the differentiation of OPCs in vivo (Zonouzi et al., 2015). 396 

Independent of neurotransmission, electrical activity in neurons appears to promote OPC 397 

proliferation, the differentiation of OPCs, and myelin production in both cell cultures and in vivo 398 

(Barres and Raff, 1993; Demerens et al., 1996; Gibson et al., 2014; Hines et al., 2015; Li et al., 399 

2010).  400 
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Calcium signaling is involved in many cellular processes, including the production of 401 

transcription factors responsible for cellular differentiation (Bakiri et al., 2009; Kirischuk et al., 402 

1995; Velez-Fort et al., 2012). It has been shown that glutamate and GABAA receptor activation 403 

increase the concentration of intracellular Ca++ by opening voltage-gated Ca++ channels in NG2 404 

positive OPCs (Bernstein et al., 1996; Karadottir and Attwell, 2007; Kirchhoff and Kettenmann, 405 

1992; Kirischuk et al., 1995; Tanaka et al., 2009). Furthermore, NG2 positive OPCs perform 406 

linear integration of glutamatergic synaptic inputs and respond with increasing dendritic Ca++ 407 

elevations (Sun et al., 2016). Synaptic activity induces rapid Ca++ signals mediated by voltage-408 

gated Ca++ channels under inhibitory control of voltage-gated A-type K+ channels (Sun et al., 409 

2016). Calcium signals can be global and originate throughout the cell. However, VGCCs were 410 

also found in dendrites of NG2 positive OPCs in which act as compartmentalized processing 411 

units and generate local Ca++ transients (Sun et al., 2016). Therefore, these data indicate that 412 

neurotransmitter activation of L-VGCCs in NG2 positive OPCs would favor the proliferation and 413 

the differentiation of OPCs into myelinating oligodendrocytes after demyelination. 414 

In line with the results presented in this work, a significant upregulation of Cav1.2 Ca++ 415 

channels in OPCs was found in the demyelinated corpus callosum (Paez et al., 2012). 416 

Specifically, after several weeks of demyelination induced by cuprizone there was a rise in cells 417 

double positive for the Cav1.2 L-type channel and OPC markers such as NG2 and Sox9 (Paez 418 

et al., 2012). Additionally, proliferating OPCs - most visible in the severely demyelinated areas - 419 

were found to express high levels of L-VGCCs. Furthermore, in situ Ca++ imaging experiments 420 

in living slices from cuprizone treated animals demonstrated a significant increase in the activity 421 

of L-type channels in corpus callosum OPCs during a demyelination event, suggesting that L-422 

type Ca++ entry play a fundamental role in the induction and/or survival of newly generated 423 

OPCs after demyelination (Paez et al., 2012). 424 

Release of neurotransmitter onto NG2 cells may be the key signal mediating activity-425 

dependent myelination and instructing the cells about the need to generate more 426 
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oligodendrocytes and myelin after demyelination (Wake et al., 2011; Hines et al., 2015; Mensch 427 

et al., 2015; Koudelka et al., 2016). Decoding how NG2 cells can integrate and process synaptic 428 

input is of fundamental importance for understanding brain development and for improving 429 

remyelination of damaged white matter. Taken together, the activity-dependent control of Ca++ 430 

signals and the global versus local signaling domains make L-type Ca++ influx in OPCs a key 431 

signaling to transform neurotransmitter release into activity-dependent myelination. Thus, 432 

synaptic transmission from unmyelinated axons to OPCs mediated by L-VGCCs may play a 433 

central role in triggering NG2 responses to acute demyelination. In conclusion, our study shows 434 

for the first time that the activity of L-VGCCs in NG2 positive OPCs is essential for the normal 435 

remyelination of the mouse brain.  436 
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FIGURE LEGENDS:  583 

FIGURE 1: Reduced myelin protein levels in the remyelination of the Cav1.2KO brain. (A) 584 

Control and Cav1.2KO mice were injected with tamoxifen following the protocols (a), (b), and (c). 585 

Brain tissue was collected at the end of the cuprizone treatment (CPZ withdrawal) for animals 586 

injecting with the protocol (a) and after 4 weeks of recovery (4W Rec) for all the protocols. 587 

Additionally, brain tissue was collected from untreated animals (untreated) and mice treated 588 

with cuprizone for 7 weeks (CPZ). (B) Representative coronal sections of the central area of the 589 

corpus callosum immunostained for MBP and MOG are shown. Scale bar = 180μm. (B) Myelin 590 

was quantified by analyzing the integrated fluorescence intensity of MBP and MOG in the 591 

central area of the corpus callosum (CC) and in the cingulate cortex (CX). Multiple comparisons 592 

were done by one-way ANOVA followed by Bonferroni multiple comparison test. Data represent 593 

pooled results from at least 6 brains per experimental group and values are expressed as mean 594 

± SEM. ###p<0.001 vs. untreated; *p<0.05, **p<0.01, ***p<0.001 vs. control. 595 

 596 

FIGURE 2: Western blot analysis of myelin protein expression. Total proteins were 597 

collected from the whole brain (A) and from the corpus callosum (B) of untreated animals 598 

(untreated), mice treated with cuprizone for 7 weeks (CPZ) and control and Cav1.2KO mice at 4 599 

weeks of recovery (4W Rec). Control and Cav1.2KO mice were injected following the protocols 600 

(a), (b) and (c). Representative western blots for CNP, MOG and MBP are shown. P84 was 601 

used as the internal standard and data from 4 independent experiments are summarized based 602 

on the relative spot intensities and plotted as percent of the control. Multiple comparisons were 603 

done by one-way ANOVA followed by Bonferroni multiple comparison test. Values are 604 

expressed as mean ± SEM of at least four independent experiments. ###p<0.001 vs. untreated; 605 

*p<0.05, **p<0.01, ***p<0.001 vs. control. 606 

 607 
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FIGURE 3: Black Gold II staining for myelin in the Cav1.2KO brain. (A) Black Gold II staining 608 

in representative coronal sections of brain tissue collected from untreated animals (untreated), 609 

mice treated with cuprizone for 7 weeks (CPZ) and control and Cav1.2KO mice at 4 weeks of 610 

recovery (4W Rec). Scale bar = 360μm. Control and Cav1.2KO mice were injected following the 611 

protocols (a). (B) The Black Gold II integrated staining intensity was quantified in the lateral area 612 

of the corpus callosum (CC), in the cingulate cortex (CX) and in the striatum (ST) at 1 and 4 613 

weeks of recovery (1, 4W Rec). (C) Total proteins were collected from the whole brain to assess 614 

the expression of CNP, MOG and MBP by western blot. GAPDH was used as the internal 615 

standard and data from four independent experiments are summarized based on the relative 616 

spot intensities and plotted as percent of the control. Comparisons between experimental 617 

groups were made by the unpaired t-test. Data represent pooled results from at least 4 brains 618 

per experimental group and values are expressed as mean ± SEM. ##p<0.01, ###p<0.001 vs. 619 

untreated; *p<0.05, **p<0.01, ***p<0.001 vs. control. 620 

 621 

FIGURE 4: Reduced myelin proteins synthesis through the remyelination of the Cav1.2KO 622 

brain. (A and C) Representative coronal sections of brain tissue immunostained for MBP and 623 

MOG collected from untreated animals (untreated), mice treated with cuprizone for 7 weeks 624 

(CPZ) and control and Cav1.2KO mice at 1, 2 and 4 weeks of recovery (1, 2, 4W Rec). Scale bar 625 

= 180μm. (B and D) The integrated fluorescence intensity for MBP and MOG was quantified in 626 

the lateral corpus callosum (CC), in the cingulate cortex (CX) and in the striatum (ST). 627 

Comparisons between experimental groups were made by the unpaired t-test. Data represent 628 

pooled results from at least 6 brains per experimental group and values are expressed as mean 629 

± SEM. ###p<0.001 vs. untreated; *p<0.05, ***p<0.001 vs. control. 630 

 631 

FIGURE 5: Reduced PLP expression in the remyelination of the Cav1.2KO brain. (A) 632 

Representative coronal sections of brain tissue immunostained for PLP collected from untreated 633 



 

 29 

animals (untreated), mice treated with cuprizone for 7 weeks (CPZ) and control and Cav1.2KO 634 

mice at 6 weeks of recovery (6W Rec). Scale bar = 180μm. (B) The integrated fluorescence 635 

intensity for PLP was quantified in the lateral corpus callosum (CC), in the cingulate cortex (CX) 636 

and in the striatum (ST). Comparisons between experimental groups were made by the 637 

unpaired t-test. Data represent pooled results from at least 6 brains per experimental group and 638 

values are expressed as mean ± SEM. ###p<0.001 vs. untreated; *p<0.05, **p<0.01, ***p<0.001 639 

vs. control. 640 

 641 

FIGURE 6: Electron microscopy of the Cav1.2KO corpus callosum during remyelination. 642 

(A and C) Electron micrographs of axons in the corpus callosum of untreated animals 643 

(untreated), mice treated with cuprizone for 7 weeks (CPZ) and control and Cav1.2KO mice at 2 644 

weeks of recovery (2W Rec). Scale bar = 8μm upper panel; 2μm lower panel. (B and D) Scatter 645 

plot of g-ratio values in the same experimental conditions. (E) Mean g-ratio in the corpus 646 

callosum of untreated animals, mice treated with cuprizone for 7 weeks and control and 647 

Cav1.2KO mice at 1, 2 and 4 weeks of recovery. (F) Percentage of myelinated axons in the same 648 

experimental conditions. (G) Mean axonal diameter of myelinated axons in untreated animals, 649 

mice treated with cuprizone for 7 weeks and control and Cav1.2KO mice at 2 weeks of recovery. 650 

Comparisons between experimental groups were made by the unpaired t-test. Values are 651 

expressed as mean ± SEM. Five animals per experimental group and 300 fibers per animal 652 

were analyzed. ###p<0.001 vs. untreated; **p<0.01, ***p<0.001 vs. control. 653 

 654 

FIGURE 7: Reduced number of mature oligodendrocytes in the Cav1.2KO mouse during 655 

the recovery phase of the cuprizone model. (A) Representative coronal sections of brain 656 

tissue immunostained for Olig2 and CC1 from untreated animals (untreated), mice treated with 657 

cuprizone for 7 weeks (CPZ) and control and Cav1.2KO mice at 2 weeks of recovery (2W Rec). 658 

Scale bar = 180μm. (B, C and D) The number of Olig2 and CC1 positive cells and the 659 
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percentage of Olig2/CC1 double positive cells were stereologically quantified in the lateral area 660 

of the corpus callosum (CC), in the cingulate cortex (CX) and in the striatum (ST). Comparisons 661 

between experimental groups were made by the unpaired t-test. Data represent pooled results 662 

from at least 6 brains per experimental group and values are expressed as mean ± SEM. 663 

###p<0.001 vs. untreated; *p<0.05, **p<0.01, ***p<0.001 vs. control. 664 

 665 

FIGURE 8: Reduced OPC proliferation in the Cav1.2KO mouse after demyelination. (A and 666 

C) Representative coronal sections of the subventricular zone immunostained for Olig2, Ki67 667 

and Sox2 from untreated animals (untreated), mice treated with cuprizone for 7 weeks (CPZ) 668 

and control and Cav1.2KO mice at 2 weeks of recovery (2W Rec). Scale bar = 90μm. (B and D) 669 

The number of Olig2/Ki67 and Olig2/Sox2 double positive cells was stereologically quantified in 670 

the subventricular zone (SVZ), in the lateral area of the corpus callosum (CC), in the cingulate 671 

cortex (CX) and in the striatum (ST). Comparisons between experimental groups were made by 672 

the unpaired t-test. Data represent pooled results from at least 6 brains per experimental group 673 

and values are expressed as mean ± SEM. #p<0.05, ##p<0.01, ###p<0.001 vs. untreated; 674 

*p<0.05, **p<0.01, ***p<0.001 vs. control. 675 

 676 

FIGURE 9: Decreased maturation of Cav1.2KO/GFP OPCs in the remyelinating brain. (A) 677 

Representative coronal sections of the cingulate cortex from control and Cav1.2KO/GFP mice 678 

immunostained for Olig2, CC1 and Sox2 at 2 weeks of recovery. Scale bar = 90μm. (B) The 679 

percentage of GFP/Sox2 and GFP/CC1 double positive cells was stereologically quantified in 680 

the center of the corpus callosum (CC), in the cingulate cortex (CX) and in the striatum (ST) at 2 681 

and 4 weeks of recovery. Comparisons between experimental groups were made by the 682 

unpaired t-test. Data represent pooled results from at least 6 brains per experimental group and 683 

values are expressed as mean ± SEM. **p<0.01, ***p<0.001 vs. control. 684 

 685 
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FIGURE 10: Proliferation, survival and morphological development of Cav1.2KO/GFP 686 

OPCs during remyelination. (A) Representative coronal sections of the cingulate cortex (CX) 687 

from control and Cav1.2KO/GFP mice immunostained for GFP and caspase-3 at 2 weeks of 688 

recovery. Scale bar = 90μm. (B) The ratio of GFP/Ki67 and GFP/Casp3 double positive cells 689 

was stereologically quantified in the central area of the corpus callosum (CC), in the 690 

subventricular zone (SVZ) and in the cingulate cortex (CX) at 2 weeks of recovery. (C) 691 

Representative coronal sections of the cingulate cortex (CX) and striatum (ST) from control and 692 

Cav1.2KO/GFP mice immunostained for GFP at 4 weeks of recovery. Scale bar = 90μm. (D) 693 

Morphological examination of GFP positive cells in several brain areas at 4 weeks of recovery. 694 

Comparisons between experimental groups were made by the unpaired t-test. Data represent 695 

pooled results from at least 6 brains per experimental group and values are expressed as mean 696 

± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. control. 697 






















