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Abstract 45 

 Oligodendrocytes (OLs) insulate axonal fibers for fast conduction of nerve impulses by 46 

wrapping axons of the central nervous system (CNS) with compact myelin membranes.  47 

Differentiating OLs undergo drastic chances in cell morphology.  Bipolar oligodendroglial 48 

precursor cells (OPCs) transform into highly ramified multipolar OLs, which then expand myelin 49 

membranes that enwrap axons.  While significant progress has been made in understanding the 50 

molecular and genetic mechanisms underlying CNS myelination and its disruption in diseases, 51 

the cellular mechanisms that regulate OL differentiation are not fully understood.  Here, we 52 

report that developing rat OLs in culture exhibit spontaneous Ca2+ local transients (sCaLTs) in 53 

their process arbors in the absence of neurons.  Importantly, we find that the frequency of 54 

sCaLTs markedly increases as OLs undergo extensive process outgrowth and branching.  We 55 

further show that sCaLTs are primarily generated through a combination of Ca2+ influx through 56 

store-operated Ca2+ entry (SOCE) and Ca2+ release from internal Ca2+ stores.  Inhibition of 57 

sCaLTs impairs the elaboration and branching of OL processes, as well as substantially reduces 58 

the formation of large myelin sheets in culture.  Together, our findings identify an important role 59 

for spontaneous local Ca2+ signaling in OL development.                 60 

  61 
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Significance 62 

While Ca2+ signals regulate a plethora of cellular activities and their spatiotemporal 63 

features, the role of Ca2+ signaling in oligodendroglia has not been well established.  This study 64 

identifies a novel form of Ca2+ signaling, spontaneous Ca2+ local transients (sCaLTs) that play an 65 

important role in oligodendroglial development.  In addition, this work reveals a new role for 66 

store operated Ca2+ entry (SOCE) and release in generating sCaLTs and Ca2+ signaling in OLs.  67 

Together, these findings establish a novel Ca2+ mechanism underlying oligodendroglial 68 

development.  69 

 70 

 71 

  72 
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Introduction 73 

Myelination of axons by oligodendrocytes (OLs) and Schwann cells in the central and 74 

peripheral nervous systems is essential for rapid conduction of nerve impulses (Chang et al., 75 

2016; Nave, 2010; Nave and Trapp, 2008). Inflammatory demyelinating disorders, such as 76 

Multiple Sclerosis, affect over 400,000 individuals in the United States and are the most common 77 

disabling neurological disease in young adults (Rolak, 2003). These neuroinflammatory diseases 78 

cause damage to the myelin sheath, thereby disrupting normal neuronal communication 79 

(Alizadeh et al., 2015; Love, 2006).  In addition, aberrant myelin development also contributes to 80 

neuropsychiatric diseases represented by schizophrenia (Haroutunian et al., 2014; Mighdoll et al., 81 

2015; Nave and Ehrenreich, 2014).  Therefore, understanding the cellular mechanisms 82 

underlying the formation and maintenance of myelin is essential for developing therapies for 83 

treating demyelinating disorders.   84 

During development, oligodendroglial precursor cells (OPCs) undergo drastic changes in 85 

their morphology. Multiple processes emerge from the cell body followed by extensive 86 

branching and outgrowth. These highly branched OL processes seek out target axons and enwrap 87 

them.  From these branched OL processes, myelin membranes emerge and expand, finally 88 

compacting into lipid-rich myelin sheathes that insulate axons for fast nerve conduction. Each 89 

OL is capable of myelinating over 50 different axons (Baumann and Pham-Dinh, 2001; Snaidero 90 

and Simons, 2014), meaning that an OL must rapidly form and extend numerous branched 91 

processes, as well as generate large amounts of specialized membrane. Recent progress has been 92 

made toward understanding the process of axonal myelination (Bercury and Macklin, 2015; 93 

Hughes and Appel, 2016; Nawaz et al., 2015), and the identification of essential molecular 94 

components in OLs (Miron et al., 2011; Scherer and Arroyo, 2002).  However, at the cellular 95 



 

6 
 

level, there is still much to be learned about how OLs develop their complex morphology and 96 

myelin ate axons.  97 

Ca2+ is a key second messenger that regulates a diverse array of cellular activities, 98 

ranging from cell motility to gene transcription.  The intracellular Ca2+ concentration ([Ca2+]i) of 99 

most cells at the resting level is maintained in the low nanomolar range.  Spatiotemporally 100 

restricted fluctuations in [Ca2+]i are the triggers for various cellular reactions and responsible for 101 

translating extracellular stimuli to specific cell responses.  Ca2+ signaling is well studied in 102 

neurons for its essential role in synaptic transmission and the regulation of many, if not all 103 

aspects of neural development (Gomez and Zheng, 2006; Lohmann, 2009; Rosenberg and 104 

Spitzer, 2011; Sudhof, 2012). Ca2+ signaling and its potential functions in OLs, however, are not 105 

fully understood.  Several studies have shown that voltage-gated Ca2+ channels (VGCCs) are 106 

expressed in OLs, and demonstrated the elevation of [Ca2+]i in response to ligand stimulation, 107 

neuronal activity, or injury (H. Kettenmann, 1994; Haak et al., 2001; Pitman and Young, 2016; 108 

Soliven, 2001; Takeda et al., 1995).  More recently, it was shown that genetic knockout of 109 

CaV1.2, an L-type VGCC, impairs OPC migration, process elaboration and myelination (Cheli et 110 

al., 2016; Santiago Gonzalez et al., 2017).  Ca2+ activity in OLs appears to play a critical role in 111 

OPC migration, OL differentiation, and myelin production in vitro, as well as controlling myelin 112 

sheath growth in vivo (Baraban et al., 2018; Cheli et al., 2015; Krasnow et al., 2018; Soliven, 113 

2001).  While these findings support a role for Ca2+ in OL development, the exact types of Ca2+ 114 

signals, their spatiotemporal patterns, mechanisms of generation, and their association with 115 

distinct stages of OL development remain unclear.  116 

In this study, we report that developing OLs in culture exhibit spontaneous Ca2+ local 117 

transients (sCaLTs) that are largely restricted to discrete sites in branched OL processes. In 118 
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particular, these sCaLTs are observed in purified rat oligodendrocyte cultures devoid of neurons.   119 

Importantly, the frequency of sCaLTs peaks in highly ramified OLs just prior to the formation of 120 

flat myelin sheets.  Mechanistically, sCaLTs depend on store operated Ca2+ entry (SOCE) and 121 

internal Ca2+ release.  Finally, we present evidence that sCaLTs play an important role in OL 122 

development, especially in the elaboration of highly branched processes and the formation of 123 

myelin basic protein (MBP)-positive membranes in culture.  Thus, these findings indicate an 124 

important role for spontaneous Ca2+ signals in oligodendrocyte development.     125 

  126 
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Materials and Methods 127 

Primary culture of OL lineage cells 128 

Rat mixed glial cell cultures were prepared following a previously published protocol 129 

(McCarthy and de Vellis, 1980).  In brief, cerebral cortices from postnatal day 0-2 rat pups were 130 

dissected and mechanically dissociated.  Dissociated cells were then cultured in 131 

poly‐L‐lysine‐coated 75‐cm2 tissue culture flasks with NM12 medium (high glucose DMEM 132 

with 12% fetal bovine serum).  The medium was fully replaced on days 3 and 7.  At day 10, the 133 

flasks were shaken in a 37 ºC incubator for 45 minutes (min) at 50 rpm to remove loosely 134 

attached microglial cells.  The flasks were then shaken overnight at 210 rpm in a 37 oC incubator 135 

to dislodge OPCs from the astrocyte monolayer.  The next morning, non-adherent cells were 136 

plated on an uncoated 10 cm tissue culture dish for 10 min to permit adherence of any residual 137 

microglia, while the loosely adherent OPCs were dislodged by gentle manual shaking. This step 138 

was repeated two more times to remove all microglia.  The final supernatant from these shaken 139 

cultures contained approximately 85–90% OPCs (Wilkins et al., 2001).  The suspended cells 140 

were plated on poly-L-lysine coated coverslips at appropriate density (around 200,000 cells per 141 

35 mm dish) in NM12 medium.  After 6-8 hours, the NM12 medium was replaced by the FBS-142 

free Super Sato medium composed of high glucose DMEM with 2 % B27-supplement, 1 % 143 

Horse serum, 110 μg/ml pyruvate, 50 μg/ml transferrin, 10 μg/ml insulin, 500 nM tri-iodo-144 

thyronine, 520 nM L-thyroxine, and 2 mM GlutaMAX to induce differentiation.  It was reported 145 

that neurons do not appear to survive this oligodendrocyte preparation protocol (McCarthy and 146 

de Vellis, 1980). Consistently, our immunostaining using Tuj1 antibody that recognizes neuronal 147 

β3 tubulin found no multipolar neurons, although a small number (<5%) of Tuj1-positive bipolar 148 
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cells bearing short processes (1-2 cell body in length) was observed.   We therefore concluded 149 

that our oligodendrocyte cultures are essentially neuron free.    150 

DNA constructs and transfection 151 

 DNA constructs encoding pN1-Lck-GCaMP3 was a gift from Baljit Khakh (Addgene 152 

plasmid # 26974 ; http://n2t.net/addgene:26974 ; RRID:Addgene_26974) (Shigetomi et al., 2010) 153 

and mRuby-Lifeact-7 was a gift from Michael Davidson (Addgene plasmid # 54560; 154 

http://n2t.net/addgene:54560 ; RRID:Addgene_54560).  To express exogenous proteins in 155 

oligodendrocytes, we used Lipofectamine 2000 (Invitrogen), following the manufacturer’s 156 

standard protocol, to transfect mixed glial cultures in 75-cm2 culture flasks 4 hours before the 157 

overnight shaking step.  We found that the transfection efficiency is much higher in OPCs grown 158 

in NM12 medium than in purified OLs grown in Super Sato medium.    159 

Antibodies and chemical reagents 160 

Following antibodies and chemicals were used for this study: rabbit anti-α-tubulin 161 

(Abcam Cat# ab15246, RRID: AB_301787; 1:500), Rabbit anti-Tubulin β-3 (TUBB3) 162 

(Covance Cat# MMS-435P, RRID: AB 2313773, 1:2000), mouse anti-MBP (BioLegend Cat#  163 

836504, RRID: AB 2616694 ; 1:1000), goat anti-Olig2 (R&D Systems Cat# AF2418, RRID: 164 

AB 2157554; 1:20), and mouse anti-O4 IgM (R&D Systems Cat# MAB 1326, RRID: AB 165 

357617; 1:200). Alexa Fluor conjugated secondary antibodies were all purchased from 166 

Thermo Fisher Scientific with a dilution of 1:500. Nifedipine, Verapamil, Diltiazem, NNC 55-167 

0396, ω-conotoxin GVIA, ω-agatoxin IVA, SKF 96365, cyclopiazonic acid, thapsigargin and 168 

ryanodine were all purchased from Sigma. 169 
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CG4 cell line culture and differentiation 170 

CG4 cells (Louis et al., 1992) were expanded in a proliferation medium consisting of 171 

DMEM with 1% heat inactivated FBS, insulin (5 μg/ml), transferrin (50 μg/ml), putrescine (100 172 

mM), progesterone (20 nM), selenium (30 nM), biotin (10 ng/ml), PDGFAA (10 ng/ml) and 173 

bFGF (10 ng/ml).  Differentiation of CG4 cells was induced by switching the cells from the 174 

proliferation medium to a differentiation medium containing DMEM, insulin (5 μg/ml), 175 

transferring (50 μg/ml), tri-iodothyronine (50 nM) and 0.5% FBS as previously described (Wang 176 

et al., 2004). 177 

RT-PCR   178 

Total RNA from differentiated CG4 cells was extracted using Zymo Quick-RNA 179 

Miniprep Plus Kit. Reverse-Transcription (RT) was performed using iScriptTM cDNA Synthesis 180 

Kit (Bio-Rad), followed by PCR and agarose gel analysis.  The primers used for the PCR were 181 

reported previously (Avila et al., 2009; Latour et al., 2003; Li and Zhang, 2009) and are listed in 182 

Table 1.  183 

Immunostaining 184 

        Cells were grown on coverslips, fixed in 4% paraformaldehyde for 20 min, rinsed with PBS, 185 

permeabilized with 0.1% Triton X-100 for 5 min, blocked with 3% bovine serum albumin (BSA) 186 

for 1 hour and then incubated with primary antibodies diluted in 3% BSA overnight at 4°C and 187 

then incubated with fluorophore-conjugated secondary antibodies at room temperature (RT) for 188 

45 min.  189 

Microscopy and imaging 190 
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All imaging experiments were performed on an inverted Nikon Eclipse Ti-E microscope 191 

equipped with an automated z-drive with Perfect Focus and NIS-Elements software (Nikon). A 192 

20× objective (Plan Fluor, 0.5 NA) was used for imaging fixed slices, and a 60× objective (Apo 193 

TIRF, 1.49 NA) was used for live-cell imaging.  Two digital cameras were used for imaging 194 

acquisition: QuantEM 512SC CCD (Tyledyne Photometrics) and Orca-Flash 4 v.2 sCMOS 195 

(Hamamatsu).  The QuantEM CCD offers the highest sensitivity for weak fluorescence but with 196 

only 512x512 resolution, whereas Flash4 sCMOS offers a balance between sensitivity and 197 

resolution. Both cameras offer a wide dynamic range with 16-bit digitization.  For all the 198 

experiments, imaging settings were optimized such that the fluorescence signals are in the lower 199 

half of the camera dynamic range without any saturation.  Presentation of the 16-bit digital 200 

images is done by using specific look up tables (LUTs) to illustrate the structures of interest.     201 

Calcium imaging: OL lineage cells were loaded with 4 μM Fluo-4-AM (Sigma) in Krebs–202 

Ringer's saline (in mM: 150 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES, pH 7.4) 203 

(Bacci et al., 1999) at 37 °C for 30 min, followed by three washes and a 15 min incubation 204 

period for further de-esterification of fluo-4-AM before imaging.  Coverslips were mounted in a 205 

custom 35 mm live-cell chamber and maintained at 37 °C with a heated stage adaptor (Warner 206 

Instruments, New Haven, CT).  A 60X Apo TIRF objective (NA 1.49) and QuantEM 512SC 207 

were used.  Time-lapse fluorescence images were acquired every 2 seconds.   208 

Differential Interference Contrast (DIC) imaging: OL lineage cells on coverslips were mounted 209 

in a custom 35 mm live-cell chamber and maintained at 37 °C with a heated stage adaptor.  A 210 

60X Apo TIRF objective (NA 1.49) and Orca-Flash4 camera were used.  Time-lapse DIC images 211 

were acquired every 5 seconds. To measure to the size of each OL from the DIC images, we 212 
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connected the farthest tips of all the protruding branches, and then measured the total area of the 213 

resulting polygon. 214 

For Lck-GCaMP3 and Ruby-Lifeact imaging: Mixed glial cells at day 10 were co-transfected 215 

with Lck-GCaMP3 and Ruby-Lifeact using Lipofectamine 2000 on 75-cm2 culture flasks 4 hours 216 

before shaking, but otherwise OLs were differentiated and cultured as described above.  OLs on 217 

coverslips were mounted in a 35 mm chamber and maintained at 37 °C with a heated stage 218 

adaptor. A 60X Apo TIRF objective (NA 1.49) and Flash4 camera were used.  Time-lapse 219 

fluorescence images were acquired every 2 seconds for Lck-GCaMP3 and 10 seconds for Ruby-220 

Lifeact.   221 

Quantitative analysis of spontaneous Ca2+ Local Transients 222 

To quantify individual sCaLTs, each time-lapse fluorescence (F) sequence was processed 223 

to generate a ΔF/F0 time-lapse sequence using ImageJ.  Here, ΔF was generated using the “delta 224 

F up” plugin in ImageJ and F0 was the first fluorescent image without sCaLTs in the sequence.  225 

A maximal intensity projection of this ΔF/F0 time-lapse sequence was used to identify the 226 

discrete sites of sCaLTs, as well as to define the regions of interest (ROIs) by thresholding above 227 

the signal of sCaLT free regions.  These ROIs were then used for frame-by-frame analyses of the 228 

original F sequence to generate ΔF/F0 for each ROI.  To eliminate the possibility of encountering 229 

sCaLTs in the first frame, we selected F0 from the frame with the lowest signal within the first 1 230 

min imaging for each ROI followed by background subtraction.  We scored sCaLTs as increases 231 

of ΔF/F0 equal to or more than 20% of the baseline.  We defined the frequency of sCaLTs as the 232 

number of sCaLTs observed in a 2 min period and measured the amplitude as the ΔF/F0 changes 233 

over the baseline.  Data from all different regions of one cell was pooled together to generate one 234 
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data point, at least four dishes from different batches of cultures were pooled together and 235 

analyzed for statistically significant differences using one way ANOVA with post-hoc tests.  236 

Compiled data are expressed and graphed as mean ± SEM (standard error of the mean), 237 

with n denoting the number of cells studied. 238 

To better depict the spatiotemporal dynamics of sCaLTs in individual OLs, we generated 239 

a temporal-color coded image from a ΔF time-lapse sequence using ImageJ (Image -> 240 

Hyperstacks -> Temporal-color code).  In this temporal-color coded image, sCaLTs occurring at 241 

different time points are visualized in distinct colors as indicated on the color coded scale bar, 242 

thus providing a visual summary of all the sCaLTs from the sequence.       243 

Quantitative analysis of changes in F-actin structures  244 

  We expressed Ruby-Lifeact in OLs to examine and quantify the dynamic changes in 245 

filamentous actin (F-actin) structures.  Lifeact is a 17-amino-acid peptide that labels F-actin 246 

structures in eukaryotic cells without interfering with actin dynamics in vitro or in vivo (Riedl et 247 

al., 2008).  The fluorescence intensity of Ruby-Lifeact at a specific subcellular location depends 248 

on the local amount of F-actin, thus a change in Ruby-Lifeact signals at the particular location 249 

represents a change in F-actin content (e.g. from polymerization).  At the same time, the area 250 

highlighted by Ruby-Lifeact will allow the measurement of the changes in actin-based cell 251 

protrusion. We performed a 20 min time-lapse imaging on OLs expressing Ruby-Lifeact with a 252 

10 sec frame interval.  The maximal intensity projection of the Ruby-Lifeact sequence was 253 

produced and then divided by the first frame to result in a ratiometric image.  This final 254 

ratiometric image depicts the increases in Ruby-Lifeact fluorescence (indicating increased F-255 

actin polymerization) as well as new actin-based protrusions over the 20 min period, which we 256 
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considered as the total F-actin changes.  The ratio for areas without any changes in Ruby-Lifeact 257 

(including the background) is 1.00.  We therefore measured the areas with the fluorescence ratio 258 

above the baseline of 1, and then normalized against the total area of the cell from the first frame 259 

to derive the F-actin Change Index.   260 

Morphological analysis of OLs 261 

Fractal dimension analysis: As previously described (Lourenco et al., 2016a), we used the 262 

fractal dimension (D) analysis to evaluate morphological complexity of OLs by rendering a 263 

numerical value close to 1 for cells with low morphological complexity (essentially bipolar cells) 264 

and near 2 for those with high complexity (highly branched cells).  D value was calculated using 265 

the Image J software v1.51s (NIH).  In detail, the fluorescence microscopy image was converted 266 

to 8-bit and then using the ‘Crop’ tool, one cell was cropped, and the ‘Threshold’ was adjusted in 267 

order to select the whole cell.  Finally, the cell was outlined using the ‘Outline’ tool and in 268 

‘Analyze’, the ‘Tools’ command was chosen.  Next, the ‘Fractal box count’ was selected and the 269 

corresponding D value was obtained. This procedure was performed for at least 50 cells per 270 

condition from each of at least three independent experiments.   271 

Area of OL process arbors: The area of all OL processes/branches were measured from 272 

immunofluorescent signals of α -tubulin.  Here, a threshold was applied to select all α –tubulin 273 

signals and the total area was measured and subtracted by the cell body area. The results from 50 274 

cells per three independent experiments were averaged and subjected to statistical analysis. 275 

Statistical analysis 276 
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All data from this study were collected from at least three replicates of independently 277 

prepared samples.  We first assessed the normality of our data using histogram combined with 278 

Shapiro-Wilk test.  Data following a normal distribution with only two conditions were analyzed 279 

using a two-tailed unpaired Student’s t-test.  Data following a normal distribution with three or 280 

more conditions were analyzed using one-way ANOVA with Tukey's post hoc test.  For data not 281 

following a normal distribution, a Kruskal–Wallis one-way ANOVA with a Dunn's multiple-282 

comparison test was used for analysis.  IMB SPSS Statistics 26 and Microsoft Excel were used 283 

for statistical analysis.  Detailed statistical results, including p values, are provided in the 284 

corresponding figure legends.  Data are presented as the mean ± SD or mean ± SEM as stated in 285 

text and in figure legends.  286 

  287 
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Results 288 

Spontaneous Calcium Local Transients (sCaLTs) in primary cultured rat OLs  289 

Recent studies have indicated an important role for Ca2+ in axon myelination by OLs 290 

(Baraban et al., 2018; Cheli et al., 2015; Krasnow et al., 2018).  Here we performed live cell Ca2+ 291 

imaging to examine if cultured OLs without neuronal contacts exhibit any fluctuations in their 292 

intracellular Ca2+ concentration ([Ca2+]i) at different stages of differentiation.  We found that 293 

multipolar OLs, loaded with the Ca2+ indicator fluo-4, exhibit spontaneous Ca2+ transients that 294 

only occur in OL processes.  Termed spontaneous Ca2+ Local Transients (sCaLTs), these Ca2+ 295 

transients typically last for a few seconds and are spatially restricted to small segments of OL 296 

processes (Figure 1a).  The cell body was brightly labeled by fluo-4 due to its large volume but 297 

showed no change in fluorescence intensity.  When examined over time, sCaLTs were observed 298 

in most of the OL processes, but not in the cell body (Figure 1b).  Here, the fluo-4 time-lapse 299 

sequence was processed to generate a pseudocolored temporally coded image (hereafter referred 300 

to as the temporal-code map) using the changes in fluo-4 intensity between frames ( F).  The 301 

local and discrete nature of sCaLTs in multipolar OLs is clearly demonstrated by the temporal-302 

code map. In addition, sample line traces of several sCaLT ROIs (referred to as the sCaLT sites) 303 

show that each site often exhibits multiple sCaLTs (Figure 1b).      304 

To determine if and how sCaLTs change as OLs mature, we performed Ca2+ imaging on 305 

OLs at different stages of development according to the complexity of their morphology (Figure 306 

2a). We defined “bipolar” cells as those with only two processes spreading out from the cell 307 

body; “simple” cells as those having several processes without extensive tertiary branches; 308 

“complex” cells as those exhibiting highly ramified branches; and “mature” cells as those 309 
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bearing large flat membranes (presumably the myelin sheets).  To confirm the OL lineage and 310 

support our morphological characterization of these cells, we stained them using the following 311 

OL markers: Olig2 (general OL lineage), O4 (for premyelinating OLs), and MBP (for “mature” 312 

OLs with myelin sheets).  When fluo-4 time-lapse imaging was performed on these cells, we 313 

found that sCaLTs were only seen in simple, complex, and mature cells, but not in bipolar cells 314 

(Figure 2b).  To quantify sCaLTs at different stages of OL maturation, we counted the number of 315 

sCaLTs in a 2-minute time period (Figure 2c-e).  Consistently, bipolar OPCs had essentially no 316 

sCaLTs, averaging a total of 0.71 ± 1.33 (mean ± SD, n=14) sCaLTs per cell over the 2-minute 317 

period (Figure 2c).  Of the fourteen bipolar cells we examined, only four had occasional sCaLTs.  318 

For the other three groups (simple, complex, and mature), every cell we examined displayed 319 

sCaLTs.  The number of sCaLTs (referred to as the frequency/cell) was considerably higher in 320 

simple and complex cells than that in bipolar cells, averaging a total 37.31 ± 18.68 (mean ± SD, 321 

n=16) and 84.67 ± 39.20 (mean ± SD, n=12) sCaLTs per cell, respectively (Figure 2c).  The 322 

frequency/cell of sCaLTs in mature cells was 14.17 ± 11.51(mean ± SD, n=12).  Since multiple 323 

sCaLTs were observed at each local site, we also calculated the number of sCaLTs per site over 324 

the 2-min window (referred to as the frequency/site).  We found no difference in sCaLT 325 

frequency/site among the different groups except for the mature OLs, which showed a slight but 326 

significant reduction (Figure 2d).  No difference was detected in the average amplitude of 327 

sCaLTs (Figure 2e). Together, these results show that sCaLTs frequency is positively correlated 328 

with OL elaboration of complex branches, thus suggesting a potential role for sCaLTs in OL 329 

development.       330 

The mechanisms underlying the generation of sCaLTs 331 
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Neurotransmitters released from neurons have been shown to elicit Ca2+ elevation in 332 

oligodendrocytes (Butt, 2006; Nagy et al., 2017; Soliven, 2001; Takeda et al., 1995), but our 333 

primary OL cultures are devoid of neurons.  Therefore, different mechanisms may underlie the 334 

generation of these spontaneous Ca2+ transients.  We first examined the involvement of 335 

extracellular Ca2+ in sCaLTs and found that depleting extracellular Ca2+ using a Ca2+-free 336 

solution containing EGTA essentially eliminated sCaLTs (Figure 3a and 3b). After a 10 min 337 

incubation in a Ca2+-free solution, the frequency of sCaLTs was reduced to 14.95 ± 5.85% (mean 338 

± SEM) of the pre-treatment period and the amplitude of remaining sCaLTs was reduced to 339 

52.04 ± 7.41% (mean ± SEM) of the pre-treatment period (Figure 3c).  We next examined the 340 

time course of changes in sCaLTs after depleting extracellular Ca2+ and found that marked 341 

reduction in both sCaLT frequency and amplitude was observed after 4 min incubation with the 342 

Ca2+-free solution (Figure 3d).   At 30 min, the frequency of sCaLTs was reduced to 2.43 ± 1.50% 343 

(mean ± SEM) of the pre-treatment period (Figure 3d).  This result suggests that Ca2+ from the 344 

extracellular space is essential for the generation of sCaLTs in OLs.  345 

Since voltage-gated Ca2+ channels (VGCCs) have been implicated in OL development 346 

(Cheli et al., 2015), we examined if VGCCs are responsible for the Ca2+ influx underlying 347 

sCaLTs.  We first performed RT-PCR analysis to determine the types of VGCCs expressed in 348 

oligodendrocytes.  Due to the presence of other types of glial cells (e.g. astrocytes and microglia) 349 

in our primary OL culture, we elected to use a rat CNS glial precursor cell line (CG-4 cell) to 350 

obtain a large quantity of differentiating OLs (Louis et al., 1992) for RT-PCR analysis.  It should 351 

be noted that differentiated CG4 cells exhibited sCaLTs, similar to primary OLs (Figure 4a).  Of 352 

the 10 VGCCs we examined, seven were detected in differentiated CG4 cells (Figure 4b, see also 353 

Table 1 for the sequences of primers): L-type (α1C, α1D, α1F subunits), P/Q type (α1A), N-type 354 
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(α1B) and T-type (α1G, α1H).  Accordingly, we used specific pharmacological inhibitors to test 355 

the role of these VGCCs on sCaLTs in primary cultured OLs.  These include: L-type: diltiazem 356 

(100 μM), verapamil (100 μM) or nifedipine (10 μM); N-type: ω-conotoxin GVIA (ω-CTX, 1 357 

μM); T-type: NNC 55-0396 (2 μM); P/Q-type: ω-agatoxin IVA (100 nM).  As summarized in 358 

Fig. 4c, none of these specific blockers had significant effects on sCaLTs in OLs, suggesting that 359 

VGCCs are unlikely to play a major role in sCaLT generation.  It should be noted that our results 360 

through acute blockage of VGCCs do not argue against a role for VGCCs in oligodendrocyte 361 

development as reported previously (Cheli et al., 2016; Cheli et al., 2015), as genetic knockout of 362 

specific VGCCs may impair oligodendrocyte development through complex and long-term 363 

mechanisms.  364 

Store operated calcium entry (SOCE) is a part of the calcium homeostasis machinery and 365 

has been shown to play a role in Ca2+ signaling in a variety of cells (Bagur and Hajnoczky, 2017; 366 

Prakriya and Lewis, 2015). OLs express Orai/STIM, two major components of SOCE 367 

(Hoffmann et al., 2010; Papanikolaou et al., 2017), but the function of these channels in OLs 368 

remain unknown.  We thus examined if SOCE is involved in the generation of sCaLTs in OLs.  369 

We used a standard protocol to test if SOCE is present in our cultured OLs (Hou et al., 2018; 370 

Papanikolaou et al., 2017) .  Here, fluo4-loaded OLs were first imaged in a control saline 371 

solution containing 2 mM Ca2+.  Extracellular Ca2+ was then removed using a Ca2+-free buffer 372 

containing EGTA and thapsigargin, a non-competitive inhibitor of the sarco/endoplasmic 373 

reticulum Ca2+ ATPase, to deplete the internal Ca2+ store.  Consistent with previous studies, 374 

exposure of OLs to thapsigargin elicited a large and transient elevation in cell body [Ca2+]i due to 375 

the Ca2+ release from the internal store (hereafter referred as Peak #1), which is followed by the 376 

resting [Ca2+]i dropping to a lower level than that of the control due to the lack of Ca2+ in the 377 
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extracellular space (Figure 5a).  Adding back 2 mM Ca2+ to the extracellular buffer elicited 378 

another large and transient elevation of [Ca2+]i (hereafter referred to as Peak #2), which, as 379 

previously described (Hou et al., 2018; Papanikolaou et al., 2017), is a result of SOCE activation. 380 

We confirmed this in our cells by attenuating Peak #2 using SKF96365, a STIM blocker (Figure 381 

5a) (Merritt et al., 1990; Varnai et al., 2009).  SOCE-mediated elevation in [Ca2+]i was also 382 

observed in the OL branches where sCaLTs were observed (Figure 5b), suggesting the presence 383 

of SOCE in OL branches.  Quantitative analysis shows that SKF96365 (10 μM) was very 384 

effective in inhibiting the elevation in [Ca2+]i (Peak #2) in response to the depletion and re-385 

introduction of extracellular Ca2+ (Figure 5c).  These data provide evidence that SOCE is present 386 

in OLs.       387 

It should be noted that, in the presence of SFK96365, sCaLTs in the OL branches were 388 

largely diminished even when extracellular Ca2+ was present (see the control period in Figure 5b).  389 

This suggests that SOCE may be the predominant pathway for sCaLT generation.  We further 390 

analyzed the effect of SOCE inhibition by SKF96365 on sCaLTs in the presence of 2mM 391 

extracellular Ca2+.  We found that exposure to 10 μM SFK96365 for 10 min markedly reduced 392 

the frequency and amplitude of sCaLTs to 31.56 ± 12.50% and 43.56 ± 5.30 % (mean ± SEM) of 393 

the control values, respectively (Figure 6a).  We next used cyclopiazonic acid (CPA 25μM), or 394 

thapsigargin (tg 1μM), to inhibit the endoplasmic reticulum Ca2+ pumps and found that both 395 

inhibitors abolished the sCaLTs in OLs, even in the presence of extracellular Ca2+ (Figure 6b). 396 

Furthermore, application of ryanodine (Ry 25μM) also significantly reduced the frequency of 397 

sCaLTs.  Together, these results indicate that Ca2+ release from the internal Ca2+ store coupled 398 

with SOCE underlie the development of sCaLTs in cultured OLs.  399 
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sCaLTs in OL development and maturation 400 

 We first examined the effects of inhibiting sCaLTs on OL differentiation in culture.  Here, 401 

OLs after one day in culture (referred to as Day in Vitro 1, DIV1) were treated with SKF96365, 402 

thapsigargin, or nifedipine for 4 days and fixed on DIV5 for immunolabeling with specific OL 403 

markers Olig2, O4, and MBP (Figure 7a).  We found that treatment with SFK96365 (10 μM) and 404 

thapsigargin (100 nM) markedly reduced the percentage of cells expressing these 405 

oligodendrocyte lineage markers (Figure 7 a&b).  In particular, MBP-positive cells were 406 

significantly reduced from 29.9 ± 7.9% (mean ± SD) (control) to 17.4 ± 6.0% (mean ± SD) and 407 

1.6 ± 2.3% (mean ± SD) by SFK96365 and thapsigargin, respectively (p=1.2E-06 and 1.1E-13).  408 

Of the inhibitors used, thapsigargin appears to have the most profound effect on OL maturation, 409 

indicating the importance of Ca2+ internal stores in OL development.  Importantly, we did not 410 

observe any changes in the overall number of cells, suggesting that cell death was not induced by 411 

these pharmacological treatments (Figure 7c).   412 

We further analyzed the effect of these inhibitors on the morphological complexity of 413 

OLs using fractal dimension (D) analysis as described previously (Behar, 2001; Fernandez and 414 

Jelinek, 2001; Lourenco et al., 2016b).  Hence, lower D values are typical of cells with low 415 

process branching while higher D values reflect a higher degree of morphological complexity.  416 

OLs exposed to SKF96365 (10 μM) or thapsigargin (100 nM) displayed a lower D than control 417 

cells, indicating a reduction in the morphological complexity of these OLs (Figure 7d).  The 418 

reduction in morphological complexity is further supported by a decrease in the total arbor size, 419 

as measured by the total area covered by the OL arbor minus the cell body (hereafter referred to 420 

as total arbor size (Figure 7e).  Exposure of OLs to 10 μM nifedipine appears to reduce the 421 

percentage of cells expressing Olig2 or MBP, but not O4 (Figure 7b). However, 10 μM 422 
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nifedipine has no effect on OL morphological complexity and total arbor size (Fig. 7c-e), which 423 

makes it unclear if nifedipine affects OL differentiation.  Overall, these findings suggest that 424 

SOCE and store Ca2+ release are the major players regulating the molecular differentiation and 425 

morphological development of OLs in culture.  It is plausible that sCaLTs generated through 426 

SOCE and store Ca2+ release, contribute to and regulate OL differentiation and maturation during 427 

development.    428 

It should be noted that extended period of pharmacological treatment could generate 429 

unintended effects on OL development.  Therefore, we performed a series of experiments in 430 

which DIV3 OLs were treated to block sCaLTs for only 24 hr.  We found that removal of 431 

extracellular Ca2+ using the calcium-free solution for 24 hr resulted in a substantial reduction in 432 

OL branches (Figure 8a & b), whereas no loss of cells was observed (Figure 8c).  We next 433 

examined the effect of 2 hr blocking of sCaLTs on the expansion of OL process arbors by live 434 

cell imaging using differential interference contrast (DIC) microscopy.  Here OLs were treated 435 

with SFK96365 (10 μM) for 2 hr and then imaged for 20 min using DIC. We found that OLs 436 

treated with SFK96365 showed essentially no extension of their processes during the 20 min live 437 

cell recording (Figure 8d) whereas the control OL exhibited substantial extension of many of its 438 

processes (arrows, Figure 8d).  Further quantification shows that control OLs expanded 13.06% 439 

± 6.7% (mean ± SD) of the total arbor area in a 20 min period, which was markedly reduced 440 

after 2hr exposure to  SFK96365 (10 μM) or calcium-free buffer (Figure 8e).  Consistently, 441 

dynamic changes in F-actin structures in OL branches were also markedly reduced after 2 hr 442 

exposure to calcium-free buffer as assessed by 20 min live cell fluorescence imaging of Ruby-443 

Lifeact, a small probe for F-actin (Riedl et al., 2008) (Figure 8f).  To determine if sCaLTs are 444 

correlated with the actin-based protrusive activities, we co-transfected OLs with a genetically 445 
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encoded calcium indicator Lck-GCaMP3, and Ruby-Lifeact and performed time-lapse imaging 446 

on both two channels simultaneously.  We observed a close association between sCaLTs and 447 

actin-based protrusive activity (Fig. 8g).  Moreover, we found that sCaLTs often preceded actin 448 

based protrusion. For example, in Figure 8g, we found an incased number of actin-based 449 

protrusion at location (i) was observed after the appearance of a sCaLT, but not at a nearby 450 

location (ii) where no sCaLT was seen (Figure 8g).  When we quantified this, we found that the 451 

formation of approximately 70% (32 of 46) of protrusions correlated with sCaLTs from nearby 452 

branches.   These data suggest that sCaLTs likely promote OL process outgrowth by promoting 453 

actin-based protrusive activities.  454 

 455 

  456 
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Discussion 457 

The ensheathment of axonal fibers by myelin membranes represents a crucial feature in 458 

the vertebrate brain that insulates axons for rapid propagation of nerve impulses, as well as to 459 

promote axonal survival (Baumann and Pham-Dinh, 2001; Nave, 2010).  However, the 460 

molecular and cellular mechanisms underlying the transformation of bipolar oligodendrocyte 461 

precursor cells into mature myelinating OLs remain incompletely understood.  Using an in vitro 462 

culture system, we have identified a novel form of spontaneous Ca2+ signals that are spatially 463 

restricted to the branches of OLs and are positively correlated with OL development.  464 

Furthermore, we have provided evidence that sCaLTs are primarily generated through SOCE and 465 

Ca2+ release from internal Ca2+ stores.  Finally, blocking sCaLTs impairs the development and 466 

maturation of OLs in culture.  These findings suggest that spontaneously generated Ca2+ signals 467 

play an important role in OL differentiation and maturation.    468 

Several previous studies have shown the expression of voltage-gated Ca2+ channels 469 

(VGCCs) in OLs as well as the elevation of [Ca2+]i in response to ligand stimulation (Pitman and 470 

Young, 2016; Takeda et al., 1995).  Genetic knockout of L-type VGCC CaV1.2 in OLs impairs 471 

OPC migration, process elaboration and myelination (Cheli et al., 2016; Santiago Gonzalez et al., 472 

2017).  Furthermore, changes in the resting [Ca2+]i have been associated with the production of 473 

myelin basic protein (MBP) in OLs (Friess et al., 2016).  Further studies have shown that OLs 474 

can respond to neuronal activity or injury with elevation in [Ca2+]i, suggesting that Ca2+ signaling 475 

may function in neuron-OL interactions.  Recently, two studies documented spatiotemporally 476 

occurring Ca2+ transients in oligodendrocytes and demonstrated their importance in myelin 477 

sheath formation in Zebrafish (Baraban et al., 2018; Krasnow et al., 2018).  However, both 478 

studies mainly focused on the elongation and retraction of the myelin sheath during axon 479 
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enwrapment and the Ca2+ transients in these studies are mostly induced by neuronal activity. In 480 

particular, approximately half of these Ca2+transients were evoked by action potentials (Krasnow 481 

et al., 2018).  It should be noted that Ca2+ transients were also observed in pre-myelinating OLs 482 

with highly elaborated branches (Krasnow et al., 2018), although whether these OLs had made 483 

contact with axons or received neuronal input remain unknown.  Our study here focused on the 484 

early stages of oligodendrocyte development without neuronal involvement.  Specifically, we 485 

show that developing oligodendrocytes exhibit spontaneous Ca2+ local transients (sCaLTs) that 486 

are important for the extension and elaboration of branched processes in developing OLs.  It 487 

should also be noted that the spatiotemporal dynamics of sCaLTs observed in our study are 488 

different from those observed in myelinating oligodendrocytes in these two studies.  In particular, 489 

the lack of somatic Ca2+ transients in our study distinguishes our sCaLTs from the Ca2+ transients 490 

observed in previous studies (Krasnow et al., 2018).  Our findings thus add additional evidence 491 

of an important role for Ca2+ in OL development.  Importantly, our study has identified a novel 492 

form of Ca2+ signal (i.e. sCaLTs) that is spontaneously generated, spatiotemporally restricted in 493 

discrete regions of OL processes, and independent of neuronal input.  Significantly, our study 494 

has identified SOCE as a major contributor to sCaLTs, thus shedding new light on Ca2+ signaling 495 

mechanisms underlying oligodendroglial development.   496 

As a part of the intracellular Ca2+ homeostasis machinery, the function of SOCE is well 497 

established in non-excitable cells and considered as a Ca2+ entry mechanism for refilling 498 

intracellular Ca2+ stores. Increasing evidence indicates that SOCE participates and mediates a 499 

wide range of Ca2+ signaling cascades that regulate various cellular events.  For example, SOCE 500 

has been shown to function in the generation of local Ca2+ transients in nerve growth cones to 501 

regulate their motility (Shim et al., 2013).  The molecular components of SOCE include STIM, 502 
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Orai, and TRP channels (Cahalan, 2009; Lewis, 2011), of which STIM resides on the ER 503 

membrane to function as the ER Ca2+ sensor whereas Orai and TRP channels are on the plasma 504 

membrane. In response to Ca2+ depletion, STIM1 oligomerizes and translocates to ER and 505 

plasma membrane junctions, where it interacts with and activates store-operated Ca2+ (SOC) 506 

channels that include TRPC1 and Orai1 proteins (Cahalan, 2009; Lewis, 2011) to enable Ca2+ 507 

influx.  Previous studies have shown that STIM, Orai, and TRP channels are expressed in OLs 508 

but the function of SOCE in these cells is not well understood.  Our study provides evidence that 509 

SOCE plays an important role in generating sCaLTs and suggests that SOCE may function in OL 510 

development.  Both ryanodine receptors and inositol trisphosphate receptors are expressed in 511 

oligodendrocyte progenitors (Haak et al., 2001).  Our data support the notion that SOCE and 512 

Ca2+ release from internal stores work in concert to generate sCaLTs underlying OL 513 

development.  It should be noted that our work concerning SOCE and internal Ca2+ release 514 

utilized specific pharmacological reagents to interfere with these pathways.  Since SKF96365 515 

could also act on other targets in addition to STIM1, specific siRNAs should be used in future 516 

studies to knock down these SOCE components to examine the function of SOCE in sCaLTs 517 

generation and OL development.     518 

It remains to be determined how sCaLTs may function to regulate the development and 519 

differentiation of OLs in culture.  Morphologically, the occurrence of sCaLTs reaches its peak at 520 

the same time that OLs undergoes extensive process outgrowth and branching.  Previous studies 521 

in neurons have shown that local elevation in [Ca2+]i can elicit local actin-based filopodia 522 

protrusions (Kalil and Dent, 2014; Lau et al., 1999; Nimchinsky et al., 2002).  It is possible that 523 

increased occurrence of sCaLTs may promote local actin activities for increased sprouting of 524 

filopodia and branch formation.  Recent studies demonstrate that actin assembly is required for 525 
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oligodendrocyte process extension during differentiation, while actin disassembly and 526 

reassembly is required for myelin wrapping (Nawaz et al., 2015; Zuchero et al., 2015).  Previous 527 

studies have showed that the actin cytoskeleton is sensitive to changes in calcium, which affect 528 

contractility, actin-severing proteins, actin-crosslinking proteins and calmodulin-regulated 529 

enzymes, and that calcium regulates the assembly and disassembly of  actin structures (Furukawa 530 

et al., 2003; Yin et al., 1981).  We speculate that the sCaLTs might be correlated with the local 531 

activity of actin cytoskeleton. Further studies could focus on if and how local actin assembly and 532 

disassembly may be regulated by sCaLTs during OL development.  The reduction of sCaLTs in 533 

OLs bearing MBP-positive membranes suggests a diminishing role for spontaneous Ca2+ signals 534 

in the late stage of OL development, such as during myelination.  Given that Ca2+ is known to 535 

play a critical role in myelination vivo (Baraban et al., 2018; Cheli et al., 2015; Krasnow et al., 536 

2018; Soliven, 2001), neuronal input could elicit Ca2+ signals that regulate the myelination 537 

process.  The absence of neurons and the cell culture nature of our system do represent the 538 

limitation of our study.  Nonetheless, our study in culture has enabled us to identify a novel Ca2+ 539 

mechanism involving spontaneous Ca2+ signals from SOCE and Ca2+ stores that regulate OL 540 

development.  Future studies are needed to investigate the role of spontaneous Ca2+ signals in OL 541 

development in vivo.   542 

 543 

 544 

  545 
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Figure Legend 686 

Figure 1.  sCaLTs in primary cultured oligodendrocytes. (a) A representative example of a 687 

sCaLT in a DIV2 rat OL labeled with fluo-4.  The highly branched processes of this OL are 688 

clearly depicted in the fluorescent snapshot on the left.  The time-lapse sequence of a small 689 

region containing multiple branches (dashed rectangle) is shown on the right.  Red arrows 690 

indicate a sCaLT.  Scale bars are 20 μm and 5 μm, respectively.  (b) The widespread and 691 

transient nature of sCaLTs in cultured OLs.  The left fluorescent image depicts a multipolar OL 692 

labeled with fluo-4 with five selected local regions displaying sCaLTs.  The right fluorescent 693 

image is the same cell overlaid with the pseudocolored temporal-code map to depict changes in 694 

the fluo-4 fluorescence ( F) over the entire time-lapse period.  The color bar depicts the colors 695 

associated with specific times in the sequence. Traces of F/F0 of the five selected local 696 

segments, as well as the soma, are shown on the right.  Scale bar: 20 μm.    697 

Figure 2.  sCaLT frequency positively correlates with increased branch complexity during 698 

primary cultured oligodendrocytes development.  (a) Representative fluorescent images of four 699 

groups of OLs with distinct morphologies.  Here, OLs were double stained for α-tubulin (α-tub, 700 

green) and OL markers (red: Olig2, O4 or MBP). Olig2 is present in all four groups of cells (OL 701 

lineage), O4 is expressed in both simple and complex cells (immature), and MBP is only 702 

expressed in mature cells.  Scale bar: 20 μm. (b) Representative traces of F/F0 showing sCaLTs 703 

in OLs from four different groups.  Each colored line represents one region of interest (ROI).  (c-704 

e) The bar graphs showing the sCaLT frequency/cell, sCaLT frequency/site, and sCaLT 705 

amplitude for each group of cultured OLs.  Statistical analysis was performed using a Kruskal–706 

Wallis one-way ANOVA with Dunn's Post Hoc Test in SPSS.  Error bars represent the SD. * 707 

statistical difference (p<0.05) from the bipolar group. # Statistical difference (p<0.05) between 708 
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the two indicated groups.  Numbers indicate the total number of cells examined for each group. It 709 

should be noted that only four of 14 bipolar cells displaying sCaLTs were quantified for the 710 

sCaLT frequency and amplitude.   Quantification of sCaLT frequency/cell (Kruskal–Wallis test: 711 

p= 1.1882E-9, H 44.49, df 3; Dunn’s test: bipolar vs simple, p= 0.000012; bipolar vs complex, 712 

p= 2.1741E-9; complex vs mature, p=0.001272).  Quantification of sCaLT frequency/site 713 

(Kruskal–Wallis test: p= 0.002896, H 14.007, df 3; Dunn’s test: simple vs mature, p= 0.019867; 714 

complex vs mature, p= 0.002509).  Quantification of sCaLT amplitude (Kruskal–Wallis test: p= 715 

0.083240, H 6.669, df 3). 716 

Figure 3. Removal of extracellular calcium abolishes sCaLTs.  (a) Representative temporal-717 

color maps showing sCaLTs before and after the addition of calcium-containing (Ctrl, left) or 718 

calcium-free (right) Krebs-Ringer’s solution.  (b) Representative F/F0 traces before and after 719 

application of calcium-containing (Ctrl, left) or calcium-free (right) Krebs-Ringer’s solution. (c) 720 

Bar graph shows the sCaLT frequency per cell (left) and amplitude (right) after 10min treatment 721 

(normalized to the 2min pre-treatment values). * p<0.05, Student’s t-test. Error bars represent the 722 

standard error of mean.  N: the total number of cells examined.  For frequency/cell, p=1.45E-05; 723 

For amplitude, p=0.002611.  (d) Bar graph shows the frequency (left) and amplitude (right) at 724 

several time-points after application of calcium-free solution.  * p<0.05, one-way ANOVA with 725 

Tukey HSD). Error bars represent the standard error of the mean. N: the total number of cells 726 

examined.  Statistics on the frequency (df 3, F 134.295, p= 1.4868E-11; Tukey HSD: 0min vs 4-727 

6min, p=1.0008E-9; 0min vs 8-10min, p= 1.9122E-10; 0min vs 28-30min, p= 2.455E-11). 728 

Statistics on the amplitude (df 3, F 27.582, p= 0.000001; Tukey HSD: 0min vs 4-6min, p= 729 

0.001232; 0min vs 8-10min, p= 0.000476; 0min vs 28-30min, p= 5.8439E-7). 730 
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Figure 4.  Expression of VGCCs, and the effects of VGCC inhibition on sCaLTs.  (a) 731 

Differentiated CG4 cells exhibit sCaLTs similar to primary OLs.  A representative fluo-4 image 732 

and the pseudocolor temporal-code map of sCaLTs are shown on the left.  Sample F/F0 traces 733 

of three selected regions are shown on the right.  Scale bar: 20 μm.  (b)  RT-PCR showing the 734 

expression of several types of voltage-gated calcium channels in CG4 cells.  Lane 1 is cDNA 735 

only control (no primer), lane 2 is water control (no cDNA), and rest lanes are samples with 736 

corresponding voltage-gated calcium channel primers.  The voltage-gated calcium channel α1 737 

subunit name and gene name were listed as follow: 1S (Cav1.1; CACNA1S), 1C (Cav1.2; 738 

CACNA1C), 1D (Cav1.3; CACNA1D), 1F (Cav1.4; CACNA1F), 1A (Cav2.1; CACNA1A), 1B 739 

(Cav2.2; CACNA1B), 1E (Cav2.3; CACNA1E), 1G (Cav3.1; CACNA1G), 1H (Cav3.2; 740 

CACNA1H) and 1I (Cav3.3; CACNA1I).  Gel is representative of 3 independent experiments.  (c) 741 

Bar graphs showing the effects of different VGCC blockers on the frequency/cell and amplitude 742 

of sCaLTs in primary OLs after 10min treatment.  Nife: nifedipine; NNC: NNC 55-0369; ω-743 

CTX: ω-conotoxin GVIA.  Error bars represent the standard error of the mean. Statistical 744 

analysis was done by one-way ANOVA with Tukey HSD.   745 

Figure 5. Presence of store-operated calcium entry (SOCE) in OLs.  (a-b) Representative plot of 746 

the fluo-4 fluorescence ( F/F0) in the cell body (a) and in the branches (b) of an oligodendrocyte 747 

subjected to the following sequence of treatments: 2 min control in a 2 mM Ca2+ saline buffer, 8 748 

min in a Ca2+-free buffer containing 1 μM thapsigargin (Tg), and 10 min in a 2 mM Ca2+ saline 749 

buffer containing 1 μM Thapsigargin. (c) Bar graphs showing the average F/F0 values (%) in 750 

cell body and branches for Peak 1 and Peak 2. n= number of cells from at least 3 independent 751 

experiments. * Statistical difference (p<0.05) when comparing SKF96365 application to vehicle 752 

control.   753 
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All p-values were calculated using two tail unpaired Student’s t-tests. Peak2: For cell body, p= 754 

0.00528278; For branches, p= 3.52E-44.  755 

Figure 6. Inhibition of SOCE or internal calcium store attenuates the frequency and amplitude of 756 

sCaLTs.  (a) Effects of SKF96365 (10 μM and 50 μM) treatment on sCaLT frequency (left) and 757 

amplitude (right) normalized to pre-treatment baseline. n=number of cells from at least three 758 

independent experiments. (b) Effects of internal calcium store blockers on sCaLT frequency (left) 759 

and amplitude (right). SFK: SKF96365; CPA: cyclopiazonic acid; Tg: thapsigargin; Ry: 760 

ryanodine. n= number of cells from four independent experiments. * Statistical difference 761 

(p<0.05) for unpaired comparison to the baseline control period.  All p-values were calculated 762 

using one-way ANOVA with Tukey HSD.  For SKF96365, quantification of frequency (df 2, F 763 

15.473, p= 0.000285; Tukey HSD: Ctrl vs SKF 10 μM, p= 0.000871; Ctrl vs SKF 50 μM, p= 764 

0.000521); quantification of amplitude (df 2, F 24.152, p= 0.000029; Tukey HSD: Ctrl vs SKF 765 

10 μM , p= 0.000122; Ctrl vs SKF 50 μM, p= 0.000050).  For internal calcium store inhibitors, 766 

quantification of frequency (df 3, F 20.043, p= 0.000017; Tukey HSD: Ctrl vs CPA, p= 0.000054; 767 

Ctrl vs Tg, p= 0.000040; Ctrl vs RA, p= 0.046953); quantification of amplitude ((df 3, F 11.182, 768 

p= 0.000413; Tukey HSD: Ctrl vs CPA, p= 0.000209; Ctrl vs Tg, p= 0.018541; Ctrl vs RA, p= 769 

0.092622). 770 

Figure 7. Effects of long-term (4 days) sCaLTs inhibition on OL differentiation and growth in 771 

culture.  (a) Representative images of cells exposed to different calcium inhibitors. One day after 772 

plating, cells were treated with vehicle or inhibitors for four days. Cells were fixed at DIV5 and 773 

stained for α-tubulin (green) and oligodendrocyte markers (olig2, O4, or MBP; red). Scale bar = 774 

50μm. (b) Bar graphs showing the percentage of cells positive for each OL marker after 775 

respective drug treatment.  (c) Bar graphs showing the quantification of the total number of cells 776 
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for each drug condition. (d & e) Bar graphs showing D values (fractal dimension) and the total 777 

arbor size of OLs after each treatment. n=number of cells from at least three independent 778 

experiments. * statistical difference (p<0.05) compared to the corresponding vehicle or control 779 

group (one-way ANOVA with Tukey HSD).  Error bars represent the standard error.  780 

Quantification of positive markers: Olig2+ (df 3, F 48.610, p= 9.841E-18; Tukey HSD: Ctrl vs 781 

SKF, p= 0.000014; Ctrl vs Tg, p= 5.7843E-13; Ctrl vs Nife, p= 0.006978); O4+ (df 3, F 77.082, 782 

p= 1.5532E-25; Tukey HSD: Ctrl vs SKF, p= 0.048013; Ctrl vs Tg, p= 4.8717E-13; Ctrl vs Nife, 783 

p= 0.396643); MBP+ (df 3, F 80.817, p= 2.0443E-24; Tukey HSD: Ctrl vs SKF, p =1.8915E-8; 784 

Ctrl vs Tg, p= 5.3879E-13; Ctrl vs Nife, p= 0.000056);  Quantification of fractal dimension (df 3, 785 

F 59.285, p= 1.3288E-27; Tukey HSD: Ctrl vs SKF, p= 4.5963E-13; Ctrl vs Tg, p= 4.5952E-13; 786 

Ctrl vs Nife, p= 0.064); Quantification of surface area of OLs (df 3, F 45.033, p= 2.6408E-22; 787 

Tukey HSD: Ctrl vs SKF, p= 1.0261E-8; Ctrl vs Tg, p= 3.9668E-13; Ctrl vs Nife, p= 0.786579).  788 

Figure 8. Effects of short-term (2hrs and 1 day) sCaLTs inhibitions on OL differentiation and 789 

growth in culture.  (a) Representative images of α-tubulin staining of cultured OLs incubated in 790 

control medium or Ca2+-free medium for 1 day (DIV3-4).  Scale bar=50μm.  (b) The bar graph 791 

shows the total arbor size after being cultured in control medium or Ca2+-free medium for 1 day. 792 

Numbers in parentheses indicate the number of cells examined for each condition from 3 793 

independent experiments.  Error bars represent S.D.   * p< 0.05 (p=1.045E-15).  (c) The bar 794 

graph shows total cell number of OLs after being cultured in control medium and Ca2+-free 795 

medium for 1day.  Error bars represent the SD. Numbers in parentheses indicate the number of 796 

cells examined for each condition from three independent experiments.  (d) DIC images showing 797 

the morphologic changes of OLs in 20 min after pre-treated with control medium or SKF 10 μM 798 

for 2hrs. Scale bar=20μm.  The quantification is shown as a bar graph in (e).  Error bars 799 
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represent the SD. Numbers in parentheses indicate the number of cells examined for each 800 

condition.  * Statistical difference (p<0.05) compared to the corresponding control group (one-801 

way ANOVA with Tukey HSD).  Quantification results (df 2, F 18.406, p= 0.000044; Tukey 802 

HSD: Ctrl vs SKF, p= 0.000153; Ctrl vs. Ca2+-free, p= 0.000169);  (f) Bar graph shows the F-803 

actin Change Index for OLs incubated with control medium or Ca2+-free medium for 2hrs.  804 

n=number of cells from 4 independent experiments.  Error bars represent the SD.  * Statistical 805 

difference (p<0.05, unpaired student’s t-test).  p=0.002759.  (g) Association between sCaLTs and 806 

actin-based protrusive activity.  The upper left pair of panels show a representative GCaMP3 807 

fluorescent image of a part of an OL, which is shown as a schematic drawing on the right.  Both 808 

GCaMP3 and Ruby-Lifeact were expressed in this OL. Two sub-regions of interest (i) and (ii) 809 

are indicated by the oval shapes and their changes in GCaMP3 fluorescence ( F/F0) are shown in 810 

the line plots on the right, which clearly shows that (i) region exhibited a sCaLT.  The two insets 811 

in the line plots show the Ruby-Lifeact fluorescent images (inverted greyscale) of the same 812 

region before and after the sCaLTs.  To examine the actin-based protrusive activities of these 813 

two sub-regions, two straight lines for each of the two sub-regions were used to generate the 814 

kymograph of Ruby-Lifeact signals shown at the bottom.  Red arrows indicate the onset of the 815 

sCaLT in (i).    816 
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Table 1: PCR primer sequences 

Primer  Sequence Temperature Product Size(bp) 
Cacna1A-F   GAAAAGAGAGCCAGGGCTCTG 54 328 
Cacna1A-R   CTGTTCTCGGGAGTCTTGGGG 
Cacna1B-F   GCTCGCTCTTCGTCTTCA 52 188 
Cacna1B-R   AGGTTCCGTGTCATCCAGT 
Cacna1C-F   CCAGCCCAGAAAAGAAACAG 55 271 
Cacna1C-R   ACTGCCTTTTCCTTAAGGTGCA 
Cacna1D-F   ATTGCCAGAAAAGAAAGCCTAGA 55 321 
Cacna1D-R   GATGAGTTTGTGGCAACCCAC 
Cacna1E-F   GCTATCGCTGTGGACAATCTCGCCAATGCCCAGG 55 1365 
Cacna1E-R   GCGTAGATTCACAATGTAGTGGCAAGCCTTGCGGATCGG 
Cacna1F-F   GACGGCAACTTGGCTTCT 53 144 
Cacna1F-R   GCTGGCATGACTGCTGGT 
Cacna1G-F   CTGGAGAGGGCCAGGAGAGTCAGG 65 371 
Cacna1G-R   GGCCGACCAGGAATCTCGCTCTC 
Cacna1S-F   ATGCCAGAGGATGACAACAAC 55 181 
Cacna1S-R   CACCCAGAAAGACAATGATGAA 
Cacna1H-F   GGTTTGGGTACCATGAACTA 58 374 
Cacna1H-R GTAAACTCATAGACTCCGTG 
Cacna1l-F TTATCTGCTCCCTGACTGG 58 406 
 


