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Abstract 31 

In spite of many association studies linking gene polymorphisms and mutations of 32 

L-type Voltage-Gated Ca2+ Channels (VGCC) in neurodevelopmental disorders, such as 33 

autism and schizophrenia, specific L-type VGCC roles during brain development 34 

remain unclear. Yet, calcium signaling has been shown to be essential for 35 

neurodevelopmental processes such as sculpting of neurites, functional wiring and fine 36 

tuning of growing networks. To bridge this gap, we performed submembraneous 37 

calcium imaging using a membrane-tethered genetically-encoded calcium indicator 38 

(GECI) Lck-G-CaMP7. We successfully recorded spontaneous regenerative calcium 39 

transients (SRCaTs) in developing mouse excitatory cortical neurons prepared from 40 

both sexes, before synapse formation. SRCaTs originated locally in immature neurites, 41 

independently of somatic calcium rises, and were significantly more elevated in the 42 

axons than in dendrites. SRCaTs were not blocked by tetrodoxin, a Na+ channel blocker, 43 

but strongly inhibited by hyperpolarization, suggesting a voltage-dependent source. 44 

Pharmacological and genetic manipulations revealed a critical importance of Cav1.2 45 

(CACNA1C) pore-forming subunit of L-type voltage-gated calcium channels (VGCC), 46 

which were indeed expressed in immature mouse brains. Consistently, knocking out 47 

Cav1.2 resulted in significant alteration of neurite outgrowth. Furthermore, expression 48 

of a gain-of-function Cav1.2 mutant found in Timothy syndrome, an autosomal 49 

dominant multisystem disorder exhibiting syndromic autism, resulted in impaired radial 50 

migration of layer 2/3 excitatory neurons, while postnatal abrogation of Cav1.2 51 

enhancement could rescue cortical malformation. Taken together, these lines of 52 

evidence suggest a critical role for spontaneous opening of L-type VGCC in neural 53 

development and corticogenesis, and indicate that L-type VGCC might constitute a 54 



 

3 
 

perinatal therapeutical target for neuropsychiatric calciochannelopathies. 55 

 56 

Significance statement 57 

In spite of many association studies linking gene polymorphisms and mutations of 58 

L-type Voltage-Gated Ca2+ Channels (VGCC) in neurodevelopmental disorders, such as 59 

autism and schizophrenia, specific L-type VGCC roles during brain development 60 

remain unclear. We here combined the latest Ca2+ indicator technology, quantitative 61 

pharmacology, and in utero electroporation, and found a hitherto unsuspected L-type 62 

VGCC role for determining the Ca2+ signaling landscape of mouse immature neurons. 63 

We found that a malfunctional L-type VGCC in immature neurons prior to birth might 64 

cause errors in neuritic growth and in cortical migration. Interestingly, the retarded 65 

corticogenesis phenotype was rescued by postnatal correction of L-type VGCC signal 66 

aberration. These findings suggest that L-type VGCC might constitute a perinatal 67 

therapeutical target for neurodevelopment-associated psychiatric disorders. 68 

 69 

 70 

  71 
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Introduction 72 

Neurons dynamically change their location and morphology during brain 73 

development in order to form functional neural circuits. While many developmental 74 

signaling pathways have been documented, the signal transduction regulation by 75 

calcium remains of greatest interest because it is ubiquitous, versatile and 76 

activity-dependent (Spitzer et al., 2006). Previous studies showed that calcium signaling 77 

can modulate the length of neurites in various types of neurons (Gomez et al., 1999; 78 

Wayman et al., 2008; Takemoto-Kimura et al., 2010), control growth cone motility 79 

(Zheng et al., 2000; Henley et al., 2004), and sculpt the dendritic arborization in fruit 80 

flies (Kanamori et al., 2013). Many candidate molecules acting downstream of calcium 81 

such as CaMKs, PKC and calcineurin have been shown to play critical roles in 82 

morphological remodeling processes (Ageta-Ishihara et al., 2009; Cabell et al., 1993; 83 

Lautermilch et al., 2000). We found that different subspecies within the same 84 

calcium/calmodulin-dependent protein kinase (CaMK) I family, CaMKIα and CaMKIγ, 85 

regulated the length of axons and dendrites respectively, downstream of various 86 

upstream signaling molecules such as BDNF, excitatory GABA, or Wnt5a 87 

(Takemoto-Kimura et al., 2007; Ageta-Ishihara et al, 2009; Takemoto-Kimura et al. 88 

2010; Horigane et al. 2016). Thus, distinct downstream effector molecules may sense 89 

changes in intracellular calcium concentrations and act as differential decoders of the 90 

local “calcium codes” (Fujii et al. 2013).  91 

What then are the critical Ca2+ signals and Ca2+ sources that are triggered to 92 

elevate Ca2+ within a population of soon-to-be-wired, immature neurons? Though 93 

developing neurons have spontaneous fluctuations in intracellular calcium concentration 94 

(Tang et al., 2003), the molecular details of how these intracellular Ca2+ changes occur 95 



 

5 
 

remain unsolved. Recent findings from several genome-wide association studies 96 

(GWAS) suggest an important role for calcium signaling molecules such as 97 

voltage-gated calcium channels in the etiology and susceptibility underlying 98 

neurodevelopmental psychiatric diseases such as autism and schizophrenia 99 

(Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) Consortium, 100 

2011; Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013; De Rubeis 101 

et al., 2014; Purcell et al., 2014). However, how malfunction of voltage-gated Ca2+ 102 

channels could contribute to miswiring of cortical circuits, for example, is not known. 103 

Thus, a deeper understanding of the role of voltage-gated Ca2+ channels during neuronal 104 

development is evidently required.  105 

 To address this question, here we introduced a membrane-tethered 106 

genetically-encoded calcium indicator (GECI) Lck-G-CaMP7 combined with in utero 107 

electroporation. Lck-G-CaMP7 imaging enabled us to identify and record spontaneous 108 

regenerative calcium transients (SRCaTs) in developing excitatory cortical neurons 109 

with high signal to noise ratio. Axonal SRCaTs were significantly higher than dendritic 110 

SRCaTs. Pharmacological screening revealed that SRCaTs were membrane 111 

voltage-dependent and their calcium influx was mediated by voltage-gated L-type 112 

calcium channels, Cav1.2 (CACNA1C) and Cav1.3 (CACNA1D). Consistently, in 113 

developing neurons, knocking out voltage-gated L-type calcium channels resulted in 114 

shorter neurites. We also found that, during perinatal development, introducing a 115 

gain-of-function mutation of L-type calcium channels impaired cortical radial migration, 116 

while reversing this manipulation postnatally was sufficient to rescue normal 117 

corticogenesis. Together, these results underscore hitherto unsuspected and crucial 118 

developmental impacts of perinatally expressed voltage-gated L-type calcium channel 119 



 

6 
 

signaling in neurodevelopment. 120 

121 
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Materials and Methods 122 

Animals 123 

ICR mice and C57BL/6J mice were purchased from Japan SLC. Conditional Cacna1c 124 

(Cav1.2) knockout mice Cacna1ctm3Hfm/J (Jax stock number 024714, 125 

http://www.jax.org/strain/024714, RRID:IMSR_JAX:024714) were obtained from 126 

Jackson Laboratory (Seisenberger et al., 2000). Conditional knockout mice were bred 127 

with C57BL/6J (RRID:IMSR_JAX:000664) mice and genotypes were verified by 128 

genome PCR following the instruction of Jackson Laboratory genotyping protocol. ICR 129 

mice (RRID:IMSR_TAC:icr) were used in all experiment except for Figure 6. We used 130 

embryos and pups of both sexes. All animal experiments were approved by the animal 131 

experiment committee of The University of Tokyo Graduate School of Medicine. 132 

 133 

Plasmid construction 134 

In order to obtain Lck-G-CaMP7, membrane targeting N-terminal peptide from human 135 

Lck tyrosine kinase was attached to the N-terminus of G-CaMP7 (Ohkura et al., 2012) 136 

by using In-Fusion HD cloning kit (TaKaRa). The fused sequence was subcloned into 137 

the downstream of CAG promoter. Other Lck-GCaMPs are made in the same manner. 138 

GCaMP6m and GCaMP6s were purchased from Addgene (40753, 40754). All plasmids 139 

used in this study were CAG-promoter driven to evade developmental gene suppression 140 

by methylation unless otherwise stated (Tabata and Nakajima et al., 2001). We made 141 

mCherry-KRasCT by attaching CAAX motif of K-Ras to the C-terminus of mCherry. 142 

Wildtype mouse inward rectifier potassium channel Kir2.1 was subcloned and 143 

hyperpolarization-deficient V302M mutation was introduced by site-directed 144 

mutagenesis (Bendahhou et al., 2003, Ma et al., 2007). By fusing wildtype Kir2.1 or 145 
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V302M mutant to mCherry-KRasCT and Lck-G-CaMP7 flanked by T2A and P2A 146 

self-cleaving peptides, we obtained Lck-G-CaMP7-T2A-Kir2.1-P2A-mCherry-KRasCT. 147 

 148 

Rat sHA-Cav1.2-T1039Y and HA-Cav1.3-T1033Y channels were kind gifts from Dr. 149 

Bezprozvanny (Zhang et al., 2006). They contain HA (hemagglutinin) sequence in the 150 

extracellular loop for Cav1.2 and the N-terminus for Cav1.3. The N-terminus of Cav1.3 151 

was replaced with that of Cav2.2 and both Cav1.2 and Cav1.3 harbor dihydropyridine 152 

insensitive point mutation T1039Y for Cav1.2 and T1033Y for Cav1.3 (He et al., 1997). 153 

Timothy syndrome G406R gain-of-function mutation and 4EQ 154 

Ca2+-permeability-reducing mutations were introduced into partial sequence of Cav1.2 155 

by site-directed mutagenesis. For pharmacological knockout experiment, 156 

dihydropyridine insensitive mutation was corrected to wildtype residue and used as 157 

dihydropyridine sensitive control. After the mutations were verified by sequencing, the 158 

mutated fragments were put back into the original pCAG-sHA-Cav1.2-T1039Y plasmid. 159 

To enhance surface expression of exogenous calcium channels, we co-expressed rat 160 

Cavα2δ1 and Cavβ3 auxiliary subunits (Addgene, 26575, 26574). These two subunits 161 

were fused to self-cleaving sequences and transfection marker mCherry-KRasCT to get 162 

pCAG-Cavα2δ1-T2A-Cavβ3-P2A-mCherry-KRasCT. This plasmid is simply referred to 163 

auxiliary subunits in the article. The obtained plasmid contained a conservative 164 

mutation (G-to-A rendering an R into K) at position 1087 of Cavα2δ1, 5 amino acids 165 

away from the C-terminal end, and remote from structural determinants of alpha2delta 166 

subunit which may contribute to surface calcium channel expression (Simms and 167 

Zamponi, Neuron 2015), such as the von Willebrand Factor domain, or a hydrophobic 168 

stretch near a putative palmitoylation site. Consistently, while R is a common residue at 169 
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this position across many species, we note that R may be substituted by K in some 170 

mammalian [Microcebus murinus (XP_020145390.1), Cricetulus griseus 171 

(XP_016832660.1), Galeopterus variegatus (XP_008566360.1), Erinaceus europaeus 172 

(XP_016045794.1)] or amphibian [Rana catesbeiana (BAB18554.1), Nanorana parkeri 173 

(XP_018419067.1)], while R is also substituted by T in primates [Homo sapiens 174 

(XP_006716181.1), Pan troglodytes (XP_009451727.1), Pan paniscus 175 

(XP_008974571.1), Pongo abelii (NP_001124862.1)] .  176 

 177 

For doxycycline experiments, we made pCAG-tTA3G or pCAG-rtTA3G (Tet-off and 178 

Tet-on, Clontech, and with consent from TET Systems GmbH). Calcium channels were 179 

subcloned into downstream of TRE promoter to obtain 180 

pTRE-Tight-sHA-Cav1.2-T1039Y and its mutants.  181 

 182 

In order to excise floxed exons in conditionally floxed Cav1.2 mice (Jax stock number 183 

024714), we transfected pCAG-Cre-P2A-mCherry-KRasCT, which was constructed by 184 

using In-Fusion HD cloning method. The recombination activity was confirmed by 185 

co-expression with floxed-GFP reporter plasmid in HeLa cells. For SLENDR 186 

experiments, we used pX330-U6-Chimeric_BB-CBh-hSpCas9 (Addgene, 42230) and a 187 

gRNA sequence against Cav1.2 as previously described (Mikuni et al., 2016). A 200-bp 188 

single-stranded donor DNA for Cav1.2 editing and HA insertion was electroporated into 189 

the embryos of pregnant C57BL/6J mice with Cas9 plasmid at E12.5. 190 

  191 

In utero electroporation 192 

Basic experimental procedures were the same as reported previously (Ageta-Ishihara et 193 
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al., 2009, Horigane et al., 2016). Pregnant E12.5 or E15.5 ICR mice (Japan SLC) were 194 

anesthetized with 90 mg/kg of pentobarbital (Kyoritsu Seiyaku). 2-4 μg/μL of DNA 195 

solution was injected to the lateral ventricle with homemade glass pipette (1.5 mm outer 196 

diameter, 1.17 mm inner diameter Harvard Apparatus). The injected embryo was 197 

pinched with 5 mm-diameter custom made electrodes (BEX Co. Ltd) and electrical 198 

pulses were applied in the following conditions (For E15.5 embryos: pulse number 5 x 2 199 

trains, amplitude 45 V, duration 50 ms, for E12.5 embryos: pulse number 7 x 1 train, 200 

amplitude 40 V, duration 50 ms). Electrical pulses were generated by ECM 830 201 

electroporator (BTX Harvard Apparatus). In utero electroporation into C57BL/6J or 202 

conditional knockout mice was performed in the same manner. 203 

 204 

Cortical cell culture 205 

Primary cortical culture was prepared as reported previously (Ageta-Ishihara et al., 206 

2009). Transfected hemispheres were digested with bovine trypsin (Sigma) and 207 

mechanically dissociated. The dissociated neurons were spotted onto PDL-coated glass 208 

bottom dish at cell density of 2.0 x 105 neurons/dish for imaging experiments and 5.0 x 209 

105 cells/well for neurite length assay. Cortical neurons were maintained in MEM 210 

supplemented with 10 % fetal bovine serum (Hyclone) and homemade NS-21 211 

supplement (Chen et al., 2008). The half of the medium was replaced every two days. 212 

 213 

Live imaging 214 

Cortical neurons were labelled at E15.5 by in utero electroporation by injecting 215 

pCAG-Lck-G-CaMP7/pCAG-mCherry-KRasCT (4:1 volume ratio) 4 μg/μL DNA 216 

solution into lateral ventricles. All imaging experiments were performed at 37°C in the 217 
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imaging chamber (INUB-ZILCS-F1, Tokai Hit) under continuous supply of 5% CO2. 218 

Polarized neurons were chosen based on their single long protrusion. Neurons with 219 

complex dendritic geometry were excluded from recordings. We also selected cells 220 

which expressed calcium indicator moderately to avoid potential cytotoxicity of the 221 

probe and/or poor signal to noise ratio. All drugs were added through a syringe attached 222 

to the lid of the imaging dish. Images were acquired with an exposure time of 100 ms 223 

and 1 s intervals in most experiments. Samples were illuminated with the Lambda DG-4 224 

xenon lamp light source (Sutter Instruments) and excitation filters were switched online. 225 

The emission filters were mechanically controlled by MAC-5000 (Ludl) and 226 

synchronized with excitation filter switching. Emitted light was collected with 227 

C9100-12 EM-CCD (Hamamatsu Photonics) and all devices were under control of 228 

AQUACOSMOS software (Hamamatsu Photonics). Optical system is summarized in 229 

Figure 1C. Neurons which died during imaging were excluded from further analysis.  230 

 231 

Filters, mirrors and objectives used in this study are as follows: Excitation filters: 232 

FF01-474/23 (Semrock) for GCaMPs, FF01-575/15 (Semrock) for mCherry. Emission 233 

filters: FF02-520/28 (Semrock) for GCaMPs, ET630/75m (Chroma) for mCherry. 234 

Dichroic mirror: 51019bs (Chroma). Objective lens: 60x NA1.49 or 100x NA1.40 oil 235 

immersion lens (Olympus). 236 

 237 

Image processing 238 

Image processing was performed by using Fiji and Metamorph image processing 239 

software (Molecular Devices, RRID:SCR_002368). Acquired 256 x 256 pixel image 240 

stacks were converted to tiff format and aligned by using Fiji StackReg plugin if 241 
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necessary. After subtracting background intensity, we set six-pixel wide (~2 μm) linear 242 

regions of interest (ROIs) so that the neurites of interest remain in the ROIs during the 243 

whole imaging period. We used “kymograph” command in Metamorph to obtain a 244 

two-dimensional “raw kymograph”, which had a horizontal spatial axis and a vertical 245 

temporal axis.  246 

 247 

Briefly, the raw kymograph was obtained as follows.  248 

 249 

STEP 1: Time-invariant linear ROIs were set on the acquired stacks. We first obtained 250 

one-dimensional fluorescence intensity profile from the image taken at a given time. 251 

Each linear ROI has its own spatial coordinate along its axis and the fluorescence 252 

intensity was spatially averaged perpendicular to ROI by six pixel width (~2 μm) to 253 

reduce potential shot noise. If the length of the ROI is X0, one (vertical axis: temporal) 254 

by X0 (horizontal axis: spatial) one-dimensional fluorescence profile is obtained. 255 

Multiple ROIs gave corresponding number of one-dimensional fluorescence profiles. 256 

 257 

STEP 2: We repeated STEP 1 for all acquired frames. If the number of the frames is T0, 258 

we will repeat STEP 1 T0 times. We vertically combined the obtained one-dimensional 259 

profiles in the temporal order from 1 to T0. 260 

 261 

STEP 3: For multiple ROIs, we spatially (i.e. horizontally) combined images obtained 262 

in STEP 2. The resultant image was called raw kymograph. 263 

 264 

The obtained two-dimensional raw kymograph was represented as Fraw(x,t) which has 265 
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two variables space x and time t. Estimation of “basal intensity” was done by averaging 266 

the lower 20 % intensity of Fraw(x,t) during the whole imaging period at each spatial 267 

point x and defined as spatial function F0(x). For pharmacological experiments, basal 268 

intensity was calculated from the period before drug addition. 269 

 270 

All raw kymographs were normalized by the following normalization formula 271 

 272 

                                      …(1)… 273 

 274 

Fluorescence bleaching was corrected by assuming single exponential decay. The 275 

resultant images were simply called kymographs. All processing steps after making raw 276 

kymograph were done by using Matlab2014a (Mathworks, RRID:SCR_001622). 277 

Kymographs are color-coded so that high calcium pixels are represented in warmer 278 

color. 279 

 280 

 281 

Quantification of calcium elevations 282 

Cumulative calcium elevations (CCE) and drug modulation index (DMI) were defined 283 

as follows; Given that the spatial length of the kymograph is X0 and the imaging period 284 

used for obtaining CCE is from T1 to T2, CCE is calculated from the following formula. 285 

 286 

CCE =                                       …(2)… 287 

 288 
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DMI =                          …(3)… 289 

 290 

As the definition of CCE suggests, CCE is normalized both spatially and temporally. 291 

CCE represents the total amount of calcium influx normalized by time. We were 292 

therefore able to compare CCE not only within neurons but also across them. The 293 

parameters used in our experiments are T1=1, T2=1500 (T1=1, T2=1000 for Figure 3B). 294 

CCEs in drug experiments were separately calculated as follows; T1=1, T2=600 for 295 

before drug addition, T1=601, T2=900 for the early phase and T1=901, T2=1500 for the 296 

late phase. 297 

 298 

Pharmacological experiments 299 

All drugs were diluted with conditioned culture media and added via syringe. The 300 

drugs were purchased from the following manufacturers, diltiazem hydrochloride, 301 

thapsigargin (Sigma), nimodipine, D-APV, CNQX, FPL 64176 (Tocris), tetrodotoxin 302 

(Sumitomo Dainippon Pharma), EGTA (Nacalai Tesque), ryanodine (Abcam), 303 

ω-conotoxin MVIIC (Peptide Institute Inc.). The effects of the drugs on SRCaTs were 304 

quantified based on DMI. 305 

 306 

CCE comparison between axons and dendrites 307 

For comparison of CCE between axons and dendrites, we set axonal and dendritic 308 

ROIs determined by morphology. Axonal and dendritic CCE were calculated for each 309 

neuron and the data were pooled. We compared them in cell-matched condition (within 310 

cell). The neurites which went out of focus during imaging period were excluded from 311 

further analysis. 312 
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 313 

Immunocytochemistry 314 

Cultured neurons were fixed in 4 % paraformaldehyde (PFA)/ phosphate-buffered 315 

saline (PBS) for 20 minutes at room temperature (RT). Fixed samples were blocked in 316 

5 % normal goat serum, 1 % albumin, 0.2 % saponin containing PBS-based blocking 317 

solution for one hour at RT. 1st antibody reactions were performed at 4°C overnight. 318 

Incubated samples were washed in PBS three times and then incubated in 319 

Alexa-conjugated 2nd antibody solution with Hoechst for 90 minutes at RT. Then the 320 

samples were washed in PBS three times and mounted onto slide glass. 321 

 322 

Perfusion fixation 323 

Animals were anesthetized with lethal dose of pentobarbital and transcardially 324 

perfused with PBS followed by 4 % PFA/PBS for 5-10 minutes. Fixed brain tissue was 325 

removed from the skull and postfixed in 4 % PFA/PBS at 4°C overnight. Fixed brains 326 

were transferred to 10 %, 20 %, 30 % sucrose/PBS gradually for cryoprotection. 327 

 328 

Immunohistochemistry 329 

Transcardially perfused brains were embedded in O.C.T. compound (VWR) and 330 

sectioned with HM560 cryostat (Thermo Scientific). 50-μm-thick brain sections were 331 

washed with PBS and blocked with 5 % normal goat serum/1 % albumin/0.3 % Triton 332 

X-100-containing PBS-based blocking solution for 2 hours at RT. 1st antibody reaction 333 

were performed at 4°C overnight to three overnights. Sections were washed with PBS 334 

three times and then incubated in Alexa-conjugated 2nd antibody solution with Hoechst 335 

for 90 minutes at RT. The sections were further washed in PBS three times and 336 
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embedded in polyvinylalcohol-based homemade mounting media. The concentrations of 337 

the antibodies were as follows: 1st antibody 1:500 rabbit polyclonal anti-Cav1.2, 1st 338 

antibody 1:500 rabbit polyclonal anti-Cav1.3, 2nd antibody 1:500 Alexa 555 conjugated 339 

anti-rabbit IgG for Figure 4A; 1st antibody 1:500 mouse monoclonal anti-GFP, 1st 340 

antibody 1:500 rabbit monoclonal anti-HA, 2nd antibody 1:500 Alexa 488 conjugated 341 

anti-mouse IgG, 2nd antibody 1:500 Alexa 647 conjugated anti-rabbit IgG for Figure 4B; 342 

1st antibody 1:500 rabbit monoclonal anti-HA, 2nd antibody 1:500 Alexa 647 conjugated 343 

anti-rabbit IgG for Figure 4C; 1st antibody 1:500 rabbit polyclonal anti-GFP, 1st 344 

antibody 1:500 rat monoclonal anti-mCherry, 2nd antibody 1:250 Alexa 488 conjugated 345 

anti-rabbit IgG for GFP, 2nd antibody 1:250 Alexa 594 conjugated anti-rat IgG for 346 

Figure 6B-C; 1st antibody 1:2000 rabbit polyclonal anti-GFP, 2nd antibody 1:500 Alexa 347 

488 conjugated anti-rabbit IgG for Figure 7. 348 

 349 

Antibodies 350 

Primary antibodies used in this study are as follows. Rabbit polyclonal anti-GFP 351 

(Thermo Fisher, A11122, RRID:AB_221569), rat monoclonal anti-GFP (Nacalai, 352 

GF090R, RRID:AB_10013361), mouse monoclonal anti-GFP (Thermo Scientific, 3E6, 353 

RRID:AB_2313858) rabbit polyclonal anti-DsRed (Clontech, 632496, 354 

RRID:AB_10013483), rat monoclonal anti-mCherry (Thermo Scientific, M11217, 355 

RRID:AB_2536611), rabbit polyclonal anti-Cav1.2 (Alomone Labs, ACC-003, 356 

RRID:AB_2039771), rabbit polyclonal anti-Cav1.3 (Alomone Labs, ACC-005, 357 

RRID:AB_2039775), mouse monoclonal anti-HA (Cell Signaling, 6E2, 358 

RRID:AB_2314619), rat monoclonal anti-HA (Roche, 3F10, RRID:AB_2314622), 359 

rabbit monoclonal anti-HA (Cell Signaling, C29F4, RRID:AB_1549585), rabbit 360 
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polyclonal anti-GluR1 (Upstate, 07-660). Secondary antibodies are as follows. Alexa 361 

488, 555, 594, 647 conjugated anti-mouse/rat/rabbit IgG antibodies (Life Technologies). 362 

 363 

Western blotting 364 

Cortical neuronal culture was prepared from P0 pups of homozygous floxed Cacna1c 365 

mice. After a week, 1.5x106 cortical neurons were infected with 3.0 μL viral solution 366 

(1.1x1013 gc/mL) of an AAV expressing iCre-GFP (plasmid kindly provided by Thomas 367 

Sudhof). Non-infected neurons were used as control. GFP fluorescence was observed in 368 

most cells within five days. Cells were lysed at two weeks after infection. Neurons were 369 

collected with cell scrapers and sonicated in sucrose-based solution (250 mM sucrose, 370 

10 mM Tris, 10 mM HEPES and 1 mM EDTA pH 7.2 with NaOH). To prevent protein 371 

degradation, complete-mini (Roche Diagnostics) proteinase inhibitor cocktail was added 372 

to the solution.  373 

Cell homogenates were centrifuged at 4,000 g for 10 minutes at 4°C and the 374 

supernatant was further centrifuged at 50,000 g for 1 hour at 4°C to enrich membrane 375 

fraction. Centrifuged pellets were resuspended in the sucrose-based solution and protein 376 

concentration was determined by BCA Protein Assay Kit (Thermo Scientific). Proteins 377 

were denatured in Laemmli buffer supplemented with 5% 2-mercapto-ethanol. The 378 

protein was denatured for 10 minutes at 70°C. Proteins (10 or 20 μg/lane depending on 379 

the width of the lanes) were separated in 7% SDS-polyacrylamide gel. Protein bands 380 

were transferred onto polyvinylidenedifluoride membranes (0.45 μm pore size, Merck 381 

Millipore) in methanol-free transfer solution supplemented with SDS (30 V, 4°C, 382 

overnight). 383 

The membranes were blocked in blocking buffer (5% skimmed milk, 1% albumin and 384 
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0.05% Tween 20 containing PBS) for two hours at RT. The blocked membrane was 385 

incubated in 1/1000 1st antibody containing 1/2 blocking buffer (2.5% skimmed milk, 386 

0.5% albumin and 0.05% Tween 20 containing PBS) overnight at 4°C. GluR1 protein 387 

was used as a loading control for membrane protein. The incubated membranes were 388 

washed in PBS-0.05% Tween 20 three times each for five minutes and they were 389 

incubated in 1/5000 2nd antibody (HRP-conjugated anti-IgG) containing 1/2 blocking 390 

buffer for 90 minutes at RT. The membranes were washed in PBS-0.05% Tween 20 391 

three times each for five minutes. 392 

The HRP-positive bands were detected by using ECL select (GE Healthcare life 393 

sciences) and chemiluminescence images were acquired by LAS-4000 mini (Fujifilm). 394 

The obtained images were analyzed by using ImageJ.  395 

  396 

Pharmacological knockout experiment 397 

Dihydropyridine insensitive calcium channel (pCAG-sHA-Cav1.2-T1039Y or its 398 

mutant) with pCAG-Cavα2δ1-T2A-Cavβ3-P2A-mCherry-KRasCT auxiliary subunits 399 

and pCAG-Lck-G-CaMP7 1:1:2 mixture was introduced into cortical neurons by using 400 

in utero electroporation at E15.5. 10 μM of nimodipine was added into the imaging 401 

media to isolate dihydropyridine insensitive fraction of SRCaTs. 402 

 403 

Quantification of neurite length 404 

Future layer 2/3 excitatory cortical neurons were labelled by injecting 4 μg/μL 405 

pCAG-EGFP-KRasCT or pCAG-Cre-P2A-mCherry-KRasCT at E15.5 as shown in in 406 

utero electroporation section. Drugs were added to the culture media 6 hours after 407 

plating if necessary. Neurons were fixed 48 or 72 hours after plating depending on the 408 
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experiment. Fixed neurons were immunoenhanced against fluorescent proteins to 409 

facilitate tracing of neurites. Images were acquired by using DP70 microscope 410 

(Olympus). Axons and dendrites were determined by morphology as reported 411 

previously (Ageta-Ishihara et al., 2009). The longest thin neurite was defined as an axon. 412 

The lengths of the neurites were quantified by using NeuronJ plugin (Meijerling et al., 413 

2004). All axonal or dendritic tracings were summed according to the neurite type and 414 

subjected to analysis. For Cav1.2 conditional knockout experiment, the plasmids were 415 

electroporated at E12.5 in order to minimize the effect of residual calcium channel. 416 

Control neurons and Cre-expressing neurons were seeded on the same coverslip in order 417 

to reduce cell density effect on neurite length. We excluded the outliers whose neurite 418 

length was longer or shorter than the average by 3SD, while such cells were very few. 419 

 420 

Quantification of ectopic cells 421 

Transfection marker pCAG-mEGFP and other plasmids (calcium channels, auxiliary 422 

subunits and TRE inducer for doxycycline experiment at total concentration of 4 μg/μL) 423 

were electroporated into ICR mice embryos at E15.5. The ratio of plasmid was different 424 

from experiment to experiment. The ratio of pCAG-EGFP/pCAG-Cav1.2 or its 425 

variants/auxiliary subunits was 1:1:1 for constitutive expression experiment and the 426 

ratio of pCAG-EGFP/TRE-Cav1.2 or its variants/auxiliary subunits/pCAG-tTA or rtTA 427 

was 2:2:2:1 for doxycycline experiments. Pups were raised and transcardially perfused 428 

at P16. After immunostaining, fluorescence images were acquired with LSM 510 429 

(Zeiss). Neurons below layer 2/3 were counted and the location was confirmed 430 

according to Hoechst image. The most superficial nuclei-rich layer was defined as layer 431 

2/3 and the border to the deeper layer was considered as its lower edge. The ectopic cell 432 
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density was calculated as the number of ectopic cells divided by ROI area. Migration 433 

process can be affected by the exact date of in utero electroporation. Hours after 434 

fertilization can slightly vary from animal to animal. To minimize such variations, we 435 

injected control and gene of interest into both sides of the uterus and set as internal 436 

control. 437 

 438 

Postnatal gene expression/suppression by doxycycline 439 

Doxycycline was administered postnatally by replacing the mother’s drinking water 440 

with 1% Doxycycline/10 % sucrose containing water at P1. Doxycycline was delivered 441 

to pups through mother’s milk. 442 

 443 

Characterization of SRCaTs mediated by different calcium channels 444 

 Cells were prepared as in pharmacological knockout experiments. All neurons were 445 

imaged in the presence of 10 μM nimodipine. SRCaT events were manually identified 446 

on kymographs and their parameters analyzed using Fiji imaging software. For each 447 

SRCaT event, a two-dimensional ROI was selected on the kymograph. The ROI width 448 

on the x-axis and the ROI height on the y-axis were defined as spatial spread and 449 

duration, respectively. The average fluorescence intensity associated with this 450 

two-dimensional ROI was defined as SRCaTs amplitude. 451 

 452 

qRT-PCR of neonatal RNA expression of L-type calcium channels 453 

ICR mice pups were sacrificed every 24 hours from P0. On the last day of the 454 

experiment (P4), the mother was also sacrificed and used as control adult brain. Animals 455 

were decapitated and brains were removed from the skull and frozen in liquid nitrogen 456 
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immediately. RNA was extracted by Trizol (Thermo Scientific) and purified with 457 

RNeasy kit (Qiagen). Crude RNA was further purified and digested with DNaseI for 1 458 

hour at RT. DNase-treated RNA was reverse-transcribed by using Transcriptor kit 459 

(Roche). qPCR was performed by using SYBR Premix Ex Taq (Tli RNase H Plus) 460 

(TaKaRa). The primers were designed by UPL website if not cited. The level of RNA 461 

expression was normalized by GAPDH. The primers used in this study are as follows: 462 

GAPDH-F 5’-TGTCCGTCGTGGATCTGAC-3’, GAPDH-R 463 

5’-CCTGCTTCACCACCTTCTTG -3’, Cav1.2-F 464 

5’-TAGTGTCCGGAGTCCCAAGT-3’, Cav1.2-R 465 

5’-GAAGAGCACAAGAAGGGCAAT-3’, Cav1.3-F 466 

5’-GAAGCTGCTTGACCAAGTTGT-3’, Cav1.3-R 467 

5’-AACTTCCCCACGGTTACCTC-3’. 468 

 469 

Subcellular localization of calcium channels 470 

pCAG-EGFP/pCAG-Cavα2δ1-T2A-Cavβ3-P2A-mCherry-KRasCT/pCAG-sHA-Cav1.2471 

-G406R-T1033Y mixture solution was transfected into E15.5 ICR mice embryos by in 472 

utero electroporation at a ratio of 1:1:1. Pups were transcardially perfused at P1 and P3. 473 

The subcellular localization of calcium channels were determined by Alexa-647 474 

immunostaining against EGFP and HA antigen. To examine endogenous subcellular 475 

localization of calcium channels, we used SLENDR method (Mikuni et al., 2016). 476 

pX330-U6-Chimeric_BB-CBh-hSpCas9-Cav1.2-gRNA plasmid and 477 

pCAG-mEGFP-KRasCT (1 μg/μL each) and ssODNs against Cav1.2 (20 μM) were 478 

transfected by in utero electroporation at E12.5. Pups were transcardially fixed 479 

postnatally and the localization of endogenous channel was determined by anti-HA 480 
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immunohistochemistry. The sequences designed to target Cav1.2 were identical to those 481 

used in Mikuni et al. (2016). 482 

 483 

Experimental design and statistical analysis 484 

All statistical values are written in the legend of the corresponding figures. Here we 485 

summarize the experimental design of each experiment briefly. Calcium imaging data of 486 

38 neurons in Figure 2 were obtained from six independent batches. The obtained data 487 

were pooled and ROIs were set manually. CCE in dendrites and that in axons were 488 

compared with Wilcoxon matched pair test (n=38 neurons, one neuron from one dish, 489 

pooled data).  490 

To evaluate the effect of membrane hyperpolarization on SRCaTs, we used 491 

Mann-Whitney test in Figure 3B (n=12, pooled data from two independent experiments).  492 

The data of pharmacological experiments described in Figure 3, 4 and Table 1 were 493 

collected from at least three independent experiments except for EGTA, ryanodine, and 494 

diltiazem experiment. We initially screened all drug effects based on DMI with a sample 495 

size of about ten cells (1 cell per dish) per condition, using one sample t test against one 496 

as a criterion. We then proceeded to a further quantification round for the Ca2+ channel 497 

drugs. The obtained CCE data were normalized as described in quantification of 498 

calcium elevation section.. Similarly, for pharmacological knockout experiment, we 499 

used one sample t test against one. In figure 5, we pooled data from five cells in each 500 

condition. 501 

To evaluate the effect of genotype and drug on neurite length, we used a 502 

two-way ANOVA in Figure 6B. We pooled data from two independent experiments. As 503 

we found both factors were significant, we proceeded to post hoc analysis. The effect of 504 
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genotype was compared with Mann-Whitney test and the effect of drug was analyzed 505 

with Kruskal-Wallis test followed by Dunn’s multiple comparison test. The effect of Cre 506 

expression on neurite length was compared with Mann-Whitney test. Data in Figure 507 

7B-E were obtained from at least two individual experiments. To quantify radial 508 

migration, we measured ectopic cell density from one slice per pup. We pooled ectopic 509 

cell density data from at least two mothers and they were compared with unpaired t test. 510 

All statistical analyses were performed by using Prism 7 (GraphPad) software. 511 

 512 

513 
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Results 514 

Submembraneous calcium imaging identifies frequent spontaneous regenerative 515 

calcium transients (SRCaTs), especially in developing cortical axons. 516 

To record calcium influxes that are spontaneously generated in developing cortical 517 

neurons, we expressed a membrane-anchored genetically-encoded calcium indicator 518 

(GECI), Lck-G-CaMP7 through in utero electroporation, and performed a time-lapse 519 

imaging. In utero delivery at E15.5, three days prior to cortical dissection and plating, 520 

enabled to restrict the ultimate expression cell type to the excitatory cortical neurons of 521 

layer 2/3, and to obtain a high expression of the probe at the time of plating (Figures 522 

1A-C). Lck-G-CaMP7-expressing neurons, imaged at Days In Vitro (DIV) 0-2 revealed 523 

strikingly robust spontaneous calcium elevations that were generated both in axons and 524 

in dendrites (Figure 1D). Spontaneous calcium elevations were often localized and 525 

relatively slow events (about 10-second duration) (Figure 1D, lower panels), sometimes 526 

even in the absence of detectable somatic calcium rises, and were visible only hours 527 

after the nascence of the very precocious neurites (Figure 1E). These spatiotemporal 528 

characteristics were clearly distinct from the calcium elevations exerted by action 529 

potentials or synaptic transmission (Inoue et al., 2015). We thus termed these events 530 

spontaneous regenerative calcium transients (SRCaTs). SRCaTs were evident as early 531 

as 4 h or 6 h after plating when the neuronal polarity had not yet been clearly 532 

determined. SRCaTs were observed throughout the period of polarity formation and 533 

subsequent growth of axons and dendrites. Some SRCaTs were confined to a single 534 

neurite, while others spread over the whole cell.  535 

 To test whether SRCaTs were differentially regulated between axons and 536 

dendrites, we performed a kymograph analysis along the neurite axis, and recorded 537 
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SRCaTs’ spatiotemporal dynamics (Wang and Schwarz, 2009). Based on a 538 

one-dimensional stack of a ROI that was chosen on a neurite, time profiles of 539 

fluorescence stacks were subsequently obtained, and then normalized and color-coded 540 

to visualize SRCaT profiles in 3D (Figure 2A-B). Kymographs showed that 541 

Lck-G-CaMP7 enabled to unambiguously detect subtle fluorescence changes even in 542 

fine neurites with much higher spatial contrast than using cytosolic G-CaMP7, probably 543 

due to higher surface to volume ratio. Other Lck peptide-fused GECIs, such as 544 

Lck-GCaMP6s or Lck-GCaMP6m did not show significant improvement over 545 

Lck-G-CaMP7 (data not shown), but confirmed that SRCaTs were robust events. As it is 546 

reported that GCaMP6m and 6s have higher affinity and slower calcium dissociation 547 

kinetics than G-CaMP7, our results were in keeping with the idea that the characteristics 548 

of G-CaMP7 might indeed be suitable for detecting calcium changes with high temporal 549 

resolution. Some calcium elevations were apparently repetitive/oscillatory and 550 

spreading in space (Figure 2C left), which implied that some SRCaTs might be locally 551 

regenerated, as opposed to others which subsided after one event (Figure 2C right). We 552 

found little evidence for a unitary calcium elevation as the putative smallest calcium 553 

elevations we recorded greatly varied both in amplitude and duration within our 554 

detection limits. The rise time (several to 10 sec) of the intracellular calcium 555 

concentration was faster than its decaying speed. Sometimes, spontaneous calcium 556 

elevations propagated from the source along neurites to adjacent regions (Figure 1E).  557 

 We next investigated SRCaTs in axons and in dendrites. Both peak amplitudes 558 

and cumulative integrals of “time-averaged areas under the curve” (which we here call 559 

cumulative calcium elevations (CCEs), for simplicity) were significantly higher in 560 

axons than that in the dendrites of the same cells (dendrites, CCE = 0.50 ± 0.26 /μm/s, n 561 
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= 38; axons, CCE = 0.74 ± 0.48 /μm/s, n = 38; W = -478, P = 0.0003, Wilcoxon 562 

matched pair test, mean ± SD). A similar result was obtained when examining peak 563 

CCE (CCE index from the pixels whose ΔF/F0 ranked in top 5 % at each spatial point 564 

during the whole imaging period) (dendrites, CCE = 1.72 ± 1.09 /μm/s, n = 38; axons, 565 

CCE = 2.71 ± 0.30 /μm/s, n = 38; W = 499, P = 0.0002, Wilcoxon matched pair test, 566 

mean ± SD), thus ruling out artifacts due to saturation and thresholding. 567 

 568 

  569 

SRCaTs are primarily driven via L-type voltage-gated calcium channels. 570 

 We next examined what calcium sources most contributed to SRCaTs. We 571 

performed pharmacological experiments to screen the possible candidates. We measured 572 

CCE from Lck-G-CaMP7-expressing DIV 1-2 neurons before and after drug addition, 573 

and calculated a drug modulation index (DMI) such that DMI would be significantly 574 

larger or smaller than 1 when the drug enhances or diminishes SRCaTs, respectively. 575 

The drug effect was evaluated in early (0-5 min after drug addition) and late phase (5-15 576 

min after drug addition) because some drugs needed several minutes to act. First, we 577 

decreased the calcium concentration of the surrounding media by adding EGTA. When 578 

the extracellular calcium was chelated by EGTA, almost all SRCaTs were abolished as 579 

summarized in Table 1. Thus, the primary source of SRCaTs was found to be 580 

extracellular calcium.  581 

We first confirmed if membrane depolarization is required for calcium entry 582 

since voltage-gated calcium channels are one of the candidate molecules. To address 583 

this possibility, we hyperpolarized membrane voltage by overexpression of an inward 584 

rectifying potassium channel Kir2.1. Expression of Kir2.1, but not of its 585 
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hyperpolarization-deficient point mutant V302M, hyperpolarized membrane potentials 586 

(Bendahhou et al., 2003, Ma et al., 2007), thus resulting in significant reduction in 587 

SRCaTs in Kir2.1-WT-expressing neurons, as compared to V302M-mutant-expressing 588 

condition (Figure 3A and B). These results suggested that membrane depolarization was 589 

critical for generating SRCaTs.   590 

 We next tested the effect of a blocker of voltage-gated sodium channels, 591 

tetrodotoxin (TTX). TTX, at a concentration that blocked action potential generation (1 592 

μM) had no effect on SRCaTs in the early and the late phase (Figure 3C, 3D and Table 593 

1). Furthermore, 20 μM of ω-conotoxin MVIIC (CTX-MVIIC), a broad blocker of N, 594 

P/Q-type voltage-gated calcium channels showed no effect, either (Table 1). This result 595 

suggested that N, P/Q-type high threshold voltage-gated calcium channels were not 596 

involved in generating SRCaTs. However, 10 μM of nimodipine, a blocker of 597 

voltage-dependent L-type calcium channels significantly diminished SRCaTs (Figure 598 

3E left, 3F). Similar results were obtained using diltiazem, another blocker of 599 

voltage-gated L-type calcium channels (Table 1). Taken together, our results are 600 

consistent with the idea that opening of L-type voltage-gated calcium channels were 601 

necessary for SRCaT generation, but that Na+ spikes were dispensable.  602 

 To further test this, we applied 25 μM of FPL 64176, a potent activator of 603 

voltage-gated L-type calcium channels and found that this was sufficient to significantly 604 

increase axonal SRCaTs, with little correlation with somatic calcium transients (Figure 605 

3E right and 3F). CNQX (10 μM), a blocker of AMPAR, and D-APV (50 μM), a 606 

blocker of NMDAR had no effect on SRCaTs (Table 1). Furthermore, thapsigargin (10 607 

μM), a blocker of SERCA which is required for regenerating IP3-dependent Ca2+ stores, 608 

and ryanodine (20 μM), a blocker of ryanodine receptor involved in maintaining 609 
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Ca2+-induced Ca2+ stores, had no significant effects on SRCaTs, either (Table 1). We 610 

however noted that although the effect of thapsigargin was not significant, a 611 

subpopulation of neurons did show lower DMI in the late phase (data not shown), 612 

suggesting that perhaps intracellular Ca2+ stores may be involved in some but not all 613 

SRCaTs. 614 

These pharmacological evidences strongly suggested that spontaneous opening 615 

of voltage-gated L-type calcium channels triggered SRCaTs in developing neurons.  616 

 617 

Perinatally expressed Cav1.2 and Cav1.3 mediates SRCaTs 618 

Our observations that voltage-gated Ca2+ channels may mediate SRCaTs in 619 

immature neurons are in sharp contrast with prior reports in adult tissues, where the 620 

predominant pore-forming alpha1 subunits of voltage-gated L-type calcium channels 621 

are Cav1.2 and Cav1.3 (Striessnig et al., 2006, Vacher et al., 2008), which hardly open at 622 

resting membrane potential (Lipscombe et al., 2004).  623 

 To examine whether Cav1.2 and Cav1.3 were expressed during neuronal 624 

development, we performed quantitative reverse-transcriptase polymerase chain 625 

reaction to determine mRNA expression of Cav1.2 and Cav1.3 in comparison to adult 626 

expression levels, and found that the relative RNA expression levels of Cav1.2 and 627 

Cav1.3 in developing cortex were as high, if not higher, as in adult. The average RNA 628 

expression level of Cav1.2 and Cav1.3 in developing cortex was significantly higher 629 

than that in adult cortex. (P0:400 140%, P1:370±60%, P2:440±130%, P3:330±70%, 630 

P4:390±70% for Cav1.2 and P0:180±40%, P1:210±20%, P2:210±30%, P3:190±10%, 631 

P4:220±20% for Cav1.3. All values are normalized to adult.) In keeping with this, 632 

immunohistochemistry of mouse P1 cortical slices against Cav1.2 and Cav1.3 633 
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demonstrated punctate signals all over the cortex at the soma, in leading processes and 634 

in the trailing axons (Figure 4A). Cav1.2 signals were more prominent than Cav1.3 635 

(Figure 4A). The specificity of these antibodies were previously rigorously tested (Jing 636 

et al. 2013; Cheli et al. 2016). These signals disappeared when the antibodies were 637 

preabsorbed with the corresponding antigens. Furthermore, we verified that the 638 

immunoreactivity of Cav1.2 antibody we here used was diminished in Western blot 639 

analyses of Cav1.2 knockout neuronal lysates (Figure 6A). To confirm the presence of 640 

the predominant Cav1.2 subunit in axons of early cortical neurons in vivo, we examined 641 

the subcellular distribution of exogenously expressed sHA-Cav1.2, using an anti-HA tag 642 

antibody, and we found the HA signal of calcium channels not only in somas and 643 

dendrites but also in axons in P1 and P3 developing cortex (Figure 4B). Axonal 644 

expression of Cav1.2 was also confirmed in P21 mouse brain using a 645 

CRSIPR/Cas9-based gene tagging technique, SLENDR, which enabled to introduce HA 646 

tags into the C-terminal tail of endogenous Cav1.2 (Mikuni et al., 2016) (Figure 4C).  647 

To determine which alpha1 subunit(s) may generate SRCaTs, we employed a 648 

pharmacological knockout system (He et al., 1997, Zhang et al., 2006) (Figure 4D). 649 

Dihydropyridine (DHP)-insensitive mutant Cav subunits, Cav1.2-TY, Cav1.3-TY, or 650 

control DHP-sensitive wild type Cav1.2-WT were transfected by in utero 651 

electroporation at E15.5, along with auxiliary subunits Cavα2δ1, Cavβ3, and a Ca2+ 652 

reporter Lck-G-CaMP7. SRCaTs were then imaged in the presence of 10 μM 653 

nimodipine, to discriminate endogenous SRCaTs through wild type DHP-sensitive 654 

Cav1.2/1.3 from those driven by exogenous DHP-resistant Cav1.2/1.3 subunits. We 655 

found that nimodipine, which significantly diminished SRCaTs when Cav1.2/1.3 was 656 

wildtype and DHP-sensitive, was unable to block SRCaTs when a DHP-resistant Cav1.2 657 
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or Cav1.3 was expressed (Figure 4E). These results demonstrated that expression of 658 

Cav1.2 or Cav1.3 L-type voltage-gated Ca2+ channels was sufficient to trigger SRCaTs in 659 

immature neurons, though the extent of Cav1.2 or Cav1.3 expression sufficient for 660 

triggering SRCaTs remains to be determined. Next we examined whether SRCaTs-like 661 

calcium elevations were modulated by the kinetics and amplitude of Cav currents. 662 

Intriguingly, SRCaTs mediated by gain-of-function Cav1.2-G406R channels showed 663 

significantly larger spatial spreads and amplitude than those of Cav1.2-WT (Figure 5A, 664 

C). However, surprisingly, the duration of calcium elevation was shorter (Figure 5B). 665 

Reducing Ca2+ permeation through additional 4EQ mutations (Cav1.2-G406R-4EQ) 666 

reversed the effects on spatial spread and duration near to WT levels, although a 667 

significant SRCaT amplitude was still recorded, perhaps due to a conformational effect 668 

(Fig. 5A-C). 669 

 670 

Neurodevelopmental phenotypical signatures of Cav1.2 in perinatal corticogenesis 671 

To demonstrate a perinatal neurodevelopmental relevance of Cav1.2/1.3 subunits, we 672 

transfected Cre recombinase into embryonic cortical neurons of floxed Cav1.2 mice by 673 

in utero electroporation (Seisenberger et al., 2000). pCAG-EGFP-KRasCT (control) or 674 

pCAG-Cre-P2A-mCherry-KRasCT (knockout) plasmids were introduced into E12.5 675 

Cav1.2 conditional knockout (cKO) homozygote embryos. Cortical neurons were 676 

prepared from E18 embryos, and neurons marked with either EGFP 677 

(Cre-non-expressing) or mCherry (Cre-expressing) were mixed with non-transfected 678 

neurons and plated onto the same coverslips to minimize biases due to neuronal culture 679 

density. As shown in Figure 6B, both Cav1.2 pharmacology and genotype significantly 680 

affected the neurite length. The knockout of endogenous Cav1.2 reduced the total 681 
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neurite length in drug free condition, consistent with a promoting effect of Ca2+ 682 

signaling on immature neurite elongation. Although nimodipine had little additional 683 

effect on Cav1.2 knocked-out neurons, FPL 64176, an activators of L-type calcium 684 

channels, still marginally affected the neurite length in knockout condition, presumably 685 

through an effect on Cav1.3. Cre expression per se did not cause any effect (Figure 6C). 686 

Together, these results demonstrated the physiological importance of Cav1.2 for neurite 687 

elongation in perinatal brains. 688 

Having firmly established that Cav1.2 were expressed in young cortical neurons 689 

and promoted immature neurite growth, we next sought for other functions of Cav1-type 690 

voltage-gated Ca2+ channels during development. In particular, we were interested in 691 

radial migration as it is a key step for cortical formation. To address this, we introduced 692 

wild type and mutant Cav1.2 subunits, along with auxiliary subunits and a fluorescent 693 

marker in future layer 2/3 excitatory cortical neurons through in utero electroporation at 694 

E15.5. We compared the effect of control (transfection marker, auxiliary subunit only), 695 

Cav1.2-WT- and gain-of-function Cav1.2-G406R expression on radial migration of layer 696 

2/3 neurons (Figure 7A). Comparable expression of the exogenous channels was 697 

confirmed by immunohistochemistry against HA and ectopic neurons were identified 698 

and counted as cells located below the destined layer 2/3 at P16.  699 

Forced expression of wildtype Cav1.2 slightly but significantly impaired radial 700 

migration, while introduction of the Cav1.2-G406R mutant caused much severe 701 

phenotype (Figures 7B, C). Reducing Ca2+ permeation in the forcefully expressed 702 

Cav1.2-G406R subunit with 4EQ mutations abolished the migration deficit (Figure 7C), 703 

suggesting that aberrant calcium overload via Cav1.2 indeed disrupted the proper 704 

migration process in a calcium-dose dependent manner.  705 
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Next, we tried to determine the developmentally sensitive period of this 706 

Cav1.2-mediated calcium overload on the radial migration. In contrast to forced 707 

expression using a constitutive CAG promoter, we postnatally induced the expression of 708 

Cav1.2-G406R by using Tet-ON TRE/rtTA system (Figure 7D). Postnatal expression of 709 

Cav1.2-G406R showed little perturbation on radial migration as compared with 710 

Ca2+-non permeating Cav1.2-G406R-4EQ controls. This indicated that prenatal, but not 711 

postnatal, maladaptive calcium elevation was causing a radial migration defect (Figure 712 

7D).  713 

We further hypothesized that if we corrected the prenatally induced 714 

Cav1.2-mediated Ca2+ overload after birth, by postnatally shutting down Cav1.2-G406R 715 

expression, we might rescue the migration deficit. To test this directly, we initially 716 

forcefully expressed Cav1.2-G406R prior to birth using a Tet-OFF TRE/tTA system, and 717 

then eliminated postnatal Cav1.2-G406R expression by postnatal doxycycline treatment. 718 

Consistent with CAG promoter-mediated overexpression (Figures 7B, C), prenatal and 719 

postnatal overexpression of Cav1.2-G406R in the absence of doxycycline treatment led 720 

to significant migration deficit (Figure 7E, left). However, turning off Cav1.2-G406R 721 

expression postnatally using doxycycline resulted in a loss of phenotype, such that we 722 

were unable to detect any difference between Cav1.2-G406R and 723 

Cav1.2-G406R-4EQ-expressing conditions (Figure 7E, right).  724 

Taken together, these results provide compelling evidence that impaired radial 725 

migration was caused by aberrant calcium influx during a prenatal migration period via 726 

Cav1.2-mediated overload. When such calcium maladaptation was removed postnatally, 727 

migratory defects became undetectable suggesting that stalled ectopic neurons could 728 

catch up with normally migrated neurons, or were extinguished as they could not 729 
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survive in the cortical circuit. We thus conclude that a prenatal neurodevelopmental 730 

effect of Cav1.2-mediated overload could be rescued postnatally by correcting the 731 

Cav1.2 dysfunction.  732 

733 
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Discussion 734 

 735 

A prime role role for L-type Ca2+ channels in determining SRCaTs in immature 736 

neurons 737 

We visualized the dynamic spatiotemporal nature of SRCaTs in immature cortical 738 

neurons by combining in utero electroporation with membrane-tethered G-CaMP7. 739 

Pharmacological experiments revealed that the primary Ca2+ source of SRCaTs was 740 

L-type calcium channels. This was a surprising result because L-type calcium channels 741 

rarely open near resting potential (Lipscombe et al., 2004). Although TTX had no effect, 742 

Kir2.1 expression blocked SRCaTs, suggesting that a depolarizing shift of resting 743 

membrane potentials, driven either spontaneously or via effects of extracellular signals, 744 

might account for the apparently paradoxical opening of L-type calcium channels. We 745 

failed to detect any voltage fluctuation through voltage imaging using the genetically 746 

encoded voltage indicator ArcLight (Jin et al., 2012) or its faster variants. However, we 747 

cannot at this moment exclude that spatially and temporally restricted peaks of local 748 

voltage fluctuations may have escaped our measurements as they are either too subtle or 749 

too localized to be detected using currently available voltage-sensing probes. 750 

Differential splicing (Lipscombe et al., 2002, Liu et al., 2003) or distinct subunit 751 

composition of Cav1.2 and Cav1.3 (Hetzenauer et al., 2006, Striessnig et al., 2006) may 752 

also alter the biophysical properties of L-type channels in developing cortical neurons in 753 

a manner distinct from those found in adult channels. Indeed, some L-type calcium 754 

channels may open at relatively negative potential (Xu et al., 2003), and some neuronal 755 

L-type channels have different opening properties from well-studied cardiac channels 756 

(Helton et al., 2005).  757 
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We confirmed that both Cav1.2 and Cav1.3 were expressed in neurons of 758 

developing cortex, however, it remains to be seen whether SRCaT effect of both 759 

channels can be differently decoded locally, perhaps by distinct downstream effector 760 

molecules, or whether widespread Ca2+ signals downstream of either channel constitute 761 

the crux of SRCaTs. It is worthwhile to note that, indeed, there are precedents for 762 

location-specific Ca2+ signaling in axons and dendrites via differential usage of CaMKI 763 

isoforms (Takemoto-Kimura et al., 2007; Ageta-Ishihara et al., 2009). 764 

Experimentally however, we were unable to physically disambiguate SRCaTs 765 

derived from either Cav1.2 or Cav1.3 channels in living neurons. Furthermore, either 766 

channel, when expressed exogenously, was sufficient to drive SRCaTs, and both seem to 767 

be contributing to the neurite growth effects downstream of SRCaTs. We speculate that, 768 

in principle, information might possibly be encoded in SRCaTs either in the amplitude 769 

and/or frequency domains, both of which were severely affected by Cav1.2 mutations. 770 

These parameters then might dictate which downstream molecules were ultimately 771 

responsible for coupling developmental Ca2+ signals into long-term changes in gene 772 

expression or morphology (Bito et al., 1996, Deisseroth et al., 1996, Dolmetsch et al., 773 

1997, Wheeler et al., 2012, Fujii et al., 2013).  774 

As we used cultured neurons, an ultimate criticism is that the membrane 775 

integrity may be damaged during the dissociation process. Therefore, results should be 776 

interpreted with cautions especially for neurons immediately after plating. The 777 

bidirectional and reversible nature of the effects of Cav1.2 mutations, however, largely 778 

mitigate this concern. In addition, preliminary observations suggest the possibility that 779 

SRCaTs-like calcium elevations may also operate in mouse cortical slices (unpublished 780 

observation). Thus, it will be of great interest to test, in future work, the in vivo 781 
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functions of SRCaTs-like activities. Furthermore, the overall complexity and 782 

physiological landscape of L-type Ca2+ channel activity that may critically contribute to 783 

neurodevelopmental processes will need to be fully elucidated.  784 

 785 

Neurodevelopmental consequences of prenatal Cav1.2 malfunction may be 786 

postnatally corrected 787 

In this work, the identification of Cav1.2 as one of the likely source of SRCaTs’ Ca2+ 788 

entry prompted us to investigate the neurodevelopmental consequences of either up- or 789 

down regulating its Ca2+ influx using genetic means. Surprisingly, our findings showed 790 

that Cav1.2 activity showed a positive effect on the elongation of neurites. Furthermore, 791 

we found that maladaptive Ca2+ influx, through mutated Cav1.2, disrupted radial 792 

migration of immature cortical neurons. Removing Ca2+ permeation in the mutated 793 

Cav1.2 abolished the migration deficit, providing the most compelling evidence 794 

obtained so far in support for a role of L-type VGCC in radial migration. This extends 795 

previous reports in which expression of a constitutively active bacterial Na+ channel 796 

NaChBac caused disrupted migration that was accompanied with aberrant calcium 797 

transients (Bando et al., 2014, 2016).   798 

 L-type calcium channels are known to be involved in various fundamental 799 

neuronal processes such as LTP, synaptic transmission, gene transcription and 800 

cytoskeletal remodeling (Furuyashiki et al., 2002; Hofmann et al., 2014). Most 801 

researches about L-type calcium channels so far have mainly focused on its physical 802 

properties or functions in adult excitable neural cells and tissues. Several Genome-Wide 803 

Association Studies and Whole-Exome Sequencing studies suggested a significant role 804 

of Cav1.2 as a susceptibility gene involved in several neuropsychiatric disorders 805 



 

37 
 

(Splawski et al., 2004, 2005, Schizophrenia Psychiatric Genome-Wide Association 806 

Study (GWAS) Consortium, 2011, Cross-Disorder Group of the Psychiatric Genomics 807 

Consortium, 2013; De Rubeis et al., 2014; Purcell et al., 2014). Despite a growing 808 

interest in this issue, however, the molecular pathology that may underlie Cav1.2 809 

malfunction during the onset and/or progression of key neuropsychiatric diseases 810 

remains unknown. Our study provides compelling evidence that aberrant cortical wiring 811 

might be one key neurodevelopment signature of perinatal dysfunctional Cav1.2 activity.   812 

 We specifically focused on the well-established gain-of-function mutation of 813 

Cav1.2, G406R previously reported in a Timothy syndrome patient (e.g. Krey et al. 814 

2013; Li et al. 2016). We found that this mutation provides an increase in SRCaTs, and 815 

furthermore, continuously facilitated Ca2+ entry through Cav1.2 G406R led to 816 

significantly aberrant radial migration of cortical neurons in the layers 2/3, which are 817 

known to integrate various sensory and modulatory inputs and transform this kind of 818 

information into reliable signals that are further transmitted to the layer 5 output 819 

neurons. Because radial migration is a slowly developing process in the prenatal mouse 820 

brain, we tested whether cumulative maladaptation of the migratory effects of Cav1.2 821 

before birth could be corrected post hoc, by removing the Cav1.2-mediated Ca2+ 822 

overload postnatally. Our results are consistent with the idea that postnatal correction of 823 

the G406R mutation may significantly alleviate and even compensate for the prenatally 824 

acquired errors in cortical migration. Taken together, these results underscore hitherto 825 

unsuspected and crucial developmental impacts of perinatally expressed voltage-gated 826 

L-type calcium channel signaling in neurodevelopment. Our data hint that adequate 827 

Ca2+ dynamics in the immature cortical circuit provide the necessary template for proper 828 

wiring across various layers of the cortex, through positive and negative regulation of 829 
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neurite extension and radial migration. Further experiments are now undergoing to test 830 

this hypothesis.  831 

 832 

 833 

 834 

  835 
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Figure legends: 836 

Figure 1. Calcium imaging of developing neurons by using membrane-tethered 837 

G-CaMP7.  838 

(A) Selective labelling of future layer 2/3 excitatory cortical neurons by in utero 839 

electroporation at E15.5 840 

Injection of Lck-G-CaMP7 expressing plasmids, in utero electroporation, dissociation, 841 

plating and recording of electroporated neurons at E18 to E18.5. Neurons labelled at 842 

E15.5 are known to develop into layer 2/3 excitatory cortical neurons. 843 

(B) Primary structure of Lck-G-CaMP7 844 

Membrane targeting sequence from human tyrosine kinase Lck was fused to the 845 

N-terminus of G-CaMP7. Lck-G-CaMP7 was irreversibly inserted to plasma membrane 846 

by post-translational lipid modification. 847 

(C) Live imaging microscopy system 848 

Lck-G-CaMP7-expressing neurons were imaged in culture medium at 37°C under 849 

continuous supply of 5% CO2. Neurons were illuminated with DG-4 xenon lamp and 850 

excitation and emission filters were mechanically switched. Fluorescence was detected 851 

by C9100-12 EM-CCD camera. Drugs were added through the syringe attached to the 852 

lid of the imaging dish. 853 

(D) Representative fluorescence images of DIV 2 Lck-G-CaMP7-expressing neurons 854 

(Top) Whole cell view (13-s intervals, scale bar 10 μm) 855 

Spontaneous calcium elevations were observed in the middle of the axon. Two ROIs are 856 

shown in gray. 857 

(Bottom) Close-up view from each ROI (1-s intervals)  858 

Note that calcium elevations are slow and localized. Onset and offset of spontaneous 859 
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calcium elevations are shown. 860 

(E) Representative fluorescence images of Lck-G-CaMP7-expressing neurons 4 hours 861 

(top) and 6 hours (bottom) after plating 862 

Most calcium elevations were localized (arrowheads), while whole-cell calcium 863 

elevation also existed (second row). Some calcium elevations involved adjacent neurites 864 

(arrowheads, bottom). Images were acquired at 1-s intervals. Scale bars 5 μm 865 

 866 

Figure 2. Kymograph-based analysis reveals highly dynamic nature of SRCaTs.  867 

(A) Summary of kymograph-based analysis  868 

(Left) One-dimensional ROIs were set along neurites and the fluorescence intensity 869 

profiles in ROIs were obtained from all imaging frames. The obtained one-dimensional 870 

fluorescence profiles were combined in the temporal order. 871 

(Middle) Vertically combined one-dimensional fluorescence profiles (i.e. raw 872 

kymograph) were divided by basal intensity profile. Basal intensity profile is defined as 873 

the mean of lower 20 % fluorescence intensity at each spatial point during the imaging 874 

period. Normalization formula is F(x,t) = {Fraw(x,t)-F0(x)}/F0(x), where Fraw(x,t) is raw 875 

kymograph and F0(x) is basal intensity profile. 876 

(Right) Obtained two-dimensional images are simply called kymograph. The vertical 877 

axis is temporal and the horizontal axis is spatial. 878 

(B) Obtaining kymographs 879 

Example ROIs were set along neurites as shown (left). Raw kymographs were divided 880 

by basal intensity profile. The directions of arrows are proximal to distal. 881 

(C) Representative close-up kymographs of oscillatory pattern (left) and transient 882 

pattern (right). Note that calcium concentration rises to the maximum level immediately 883 
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after the onset (right). SRCaTs are not qualitatively uniform, which implies there are 884 

multiple co-existing SRCaTs generating/maintaining mechanisms. 885 

 886 

Figure 3. L-type VGCC mediates SRCaTs  887 

(A) Representative kymographs of Kir2.1-WT-expressing (left) or 888 

Kir2.1-V302M-expressing neurons (right) 889 

Less SRCaTs were observed in Kir2.1-WT-expressing neurons than in 890 

hyperpolarization-deficient Kir2.1-V302M-mutant-expressing neurons.  891 

(B) Comparison of CCE calculated from ΔF/F0 > 40 % pixels (Kir2.1-WT, CCE_ΔF/F0 892 

> 40 % = 0.08 ± 0.13 /μm/s, n = 12; Kir2.1-V302M, CCE_ΔF/F0 > 40 % = 0.19 ± 0.20 893 

/μm/s, n = 12; Mann-Whitney U = 32.00, P = 0.0393, Mann-Whitney test, mean ± SD) 894 

Membrane hyperpolarization significantly diminished CCE. SRCaTs were membrane 895 

voltage-dependent. An alternate CCE measure was used to mitigate the effect of an 896 

increase in the fraction of noise in low-level fluorescence readouts during baseline 897 

measurement under hyperpolarizing conditions. 898 

(C) Effect of 1 μM tetrodotoxin (TTX) on SRCaTs 899 

 DIV 2 Lck-G-CaMP7 expressing neurons were imaged in the following experiments. 900 

Voltage-gated sodium channel blocker TTX was added to the media at arrowhead. 901 

Representative kymographs from three neurons are shown. 902 

(D) Quantification of TTX effect on SRCaTs 903 

Drug modulation index (DMI) was calculated for early (left: 0-5 minutes after drug 904 

addition) and late phase (5-15 minutes after drug addition). TTX had no effect on 905 

SRCaTs in both early and late phase. DMI was not significantly different from one (left; 906 

TTX early, DMI = 128 ± 52 %, n = 14, t = 2.037, P = 0.0625; right; TTX late, DMI = 907 
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192 ± 169 %, n = 14, t = 2.041, P = 0.0621, one sample t test against 1, mean ± SD). 908 

(E) Effect of 10 μM nimodipine and 25 μM FPL 64176 on SRCaTs 909 

Drugs were added to the media at time points indicated by arrowheads. Representative 910 

kymographs from two nimodipine-treated neurons and one FPL 64176-treated neuron 911 

are shown. 912 

SRCaTs were gradually diminished after the addition of specific voltage-gated L-type 913 

calcium channels blocker nimodipine. On the contrary, FPL 64176, a potent activator of 914 

L-type calcium channels, enhanced SRCaTs amplitude. 915 

(F) The effect of voltage-gated calcium channels antagonist/agonist on SRCaTs 916 

SRCaTs were diminished by nimodipine and enhanced by FPL 64176 in both early (left; 917 

nimodipine, DMI = 56 ± 40 %, n = 25, t = 5.384, P < 0.0001; FPL 64176, 178 ± 146 %, 918 

n = 16, t = 2.155, P = 0.0478, one sample t test against 1, mean ± SD) and late phase 919 

(right; nimodipine, DMI = 48 ± 47 %, n = 25, t = 5.491, P < 0.0001; FPL 64176, 158 ± 920 

103 %, n = 16, t = 2.254, P = 0.0396, one sample t test against 1, mean ± SD).  921 

 922 

Figure 4. Exogenously expressed DHP-insensitive L-type VGCC alpha subunits 923 

replicated SRCaTs in vitro. 924 

(A) Immunohistochemistry of L-type calcium channels in P1 mouse cortex 925 

Anti-Cav1.2 (left) and anti-Cav1.3 (right) 926 

P1 mouse cortical sections were immunostained against Cav1.2 and Cav1.3. 927 

Immunohistochemistry showed that both subtypes were expressed in developing mouse 928 

cortex. Fewer punctate signals were observed in Cav1.3 staining condition. Scale bar 20 929 

μm 930 

(B) Subcellular localization of exogenously expressed Cav1.2 931 
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pCAG-sHA-Cav1.2-TY-G406R-4EQ, pCAG-EGFP and auxiliary subunits were 932 

introduced into future cortical layer 2/3 neurons by in utero electroporation at E15.5. 933 

Brain sections were immunostained against EGFP (green) and HA (magenta). Although 934 

immunofluorescence was mainly localized in somatic and dendritic region, there were 935 

weaker punctate signals on axons both in P1 (top) and P3 (bottom) slices. The 936 

subcellular localization of calcium channels in situ kept line with that SRCaTs were 937 

observed in both axons and dendrites. Scale bar 80 μm 938 

(C) Subcellular localization of endogenous Cav1.2 labeled by SLENDR technique 939 

pCAG-hSpCas9-Cav1.2, pCAG-EGFP-KRasCT and cognate ssODNs mixture was 940 

transfected by in utero electroporation at E12.5. P21 cortical sections were 941 

immunostained against HA. Due to relatively low expression level, we could not find 942 

any HA-positive neurons in the sections from earlier developing stages (P1 to P7). 943 

HA-signals (magenta) were detected in entire neurites. The distribution of endogenous 944 

Cav1.2 was consistent with the spatial pattern of SRCaTs in spite of the difference in 945 

developing stages. Maximum stack of z-projection, scale bar 20 μm 946 

(D) Schematics of pharmacological knockout 947 

DHP-insensitive voltage-gated L-type calcium channels were expressed in neurons (top) 948 

then treated with DHPs (bottom). Selective inhibition of endogenous channels enabled 949 

us to isolate the function of exogenously expressed channels. 950 

(E) Effects of exogenously expressed L-type calcium channels on SRCaTs 951 

SRCaTs were not suppressed in DHP-insensitive-channel-expressing neurons 952 

(sHA-Cav1.2-T1039Y, HA-Cav1.3-T1033Y). However, they were significantly 953 

diminished in DHP-sensitive-channel-(sHA-Cav1.2-WT)-expressing neurons 954 

(Cav1.2-TY, DMI = 107 ± 73 %, n = 17, t = 0.384, P = 0.7060; Cav1.3-TY, DMI = 127 ± 955 
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55 %, n = 14, t = 1.848, P = 0.0875; Cav1.2-WT, DMI = 40 ± 47 %, n = 14, t = 4.698, P 956 

= 0.0004; one sample t test against 1, mean ± SD). It was shown that both Cav1.2 and 957 

Cav1.3 were capable of mimicking SRCaTs in developing neurons near resting 958 

membrane voltage.  959 

 960 

Figure 5. Bidirectional modulation of SRCaTs by Cav1.2 mutations that affect 961 

channel inactivation and permeation  962 

All calcium channels used in this figure harbor nimodipine-insensitive mutations. 963 

(A) Spatial spread of SRCaTs (Cav1.2-WT, 6.56 ± 0.36 μm, n = 100; Cav1.2-G406R, 964 

20.93 ± 2.59 μm, n = 134; Cav1.2-G406R-4EQ, 7.04 ± 0.30 μm, n = 154; 965 

Kruskal-Wallis statistic = 38.53, P < 0.0001, Kruskal-Wallis test, mean ± SEM; 966 

Cav1.2-WT vs Cav1.2-G406R, Mean rank difference = -82.46, P < 0.0001; Cav1.2-WT 967 

vs Cav1.2-G406R-4EQ, Mean rank difference = -15.29, P > 0.05; Cav1.2-G406R vs 968 

Cav1.2-G406R-4EQ, Mean rank difference = 67.17, P < 0.0001; post hoc Dunn’s 969 

multiple comparison test) 970 

(B) Duration of SRCaTs (Cav1.2-WT, 19.07 ± 1.40 s, n = 100; Cav1.2-G406R, 12.54 ± 971 

0.79 s, n = 134; Cav1.2-G406R-4EQ, 16.74 ± 1.04 s, n = 154; Kruskal-Wallis statistic = 972 

19.94, P < 0.0001, Kruskal-Wallis test, mean ± SEM; Cav1.2-WT vs Cav1.2-G406R, 973 

Mean rank difference = 62.2, P < 0.0001; Cav1.2-WT vs Cav1.2-G406R-4EQ, Mean 974 

rank difference = 18.01, P > 0.05; Cav1.2-G406R vs Cav1.2-G406R-4EQ, Mean rank 975 

difference = -44.19, P < 0.01; post hoc Dunn’s multiple comparison test) 976 

(C) Amplitude of SRCaTs (Cav1.2-WT, 188.6 ± 10.4, n = 100; Cav1.2-G406R, 298.9 ± 977 

18.6, n = 134; Cav1.2-G406R-4EQ, 239.9 ± 11.0, n = 154; Kruskal-Wallis statistic = 978 

15.33, P = 0.0005, Kruskal-Wallis test, mean ± SEM; Cav1.2-WT vs Cav1.2-G406R, 979 
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Mean rank difference = -56.88, P < 0.001; Cav1.2-WT vs Cav1.2-G406R-4EQ, Mean 980 

rank difference = -41.61, P < 0.05; Cav1.2-G406R vs Cav1.2-G406R-4EQ, Mean rank 981 

difference = 15.28, P > 0.05; post hoc Dunn’s multiple comparison test) 982 

Spatiotemporal features of SRCaTs were accentuated by a gain-of-function G406R 983 

mutation and reversed by Ca2+-permeation-reducing 4EQ mutations, as compared to 984 

WT Cav1.2, demonstrating a causal link between Cav1.2 and SRCaTs. However, in one 985 

parameter (SRCaT amplitude), we found a lack of statistical significance between 986 

Cav1.2-G406R with or without 4EQ mutations, indicating a Ca2+-independent, 987 

conformation-dependent effect of Cav1.2 on SRCaT as well.   988 

 989 

Figure 6. Alteration of neurite length by modulation of endogenous L-type calcium 990 

channels 991 

(A) Representative Western blot analysis of proteins extracted from Cacna1c 992 

conditional knockout mice cortical neurons. Anti-Cav1.2(CACNA1C) intensity was 993 

attenuated (to 25%) in Cre-expressing condition compared to non-infected counterpart. 994 

Anti-Cav1.2 (top) and anti-GluR1 (bottom) immunoreactivities were compared in the 995 

upper (top) or lower (bottom) halves of the same blot. 996 

(B) Effects of drugs on neurite length in Cav1.2 conditional knockout background 997 

Transfection marker pCAG-EGFP-KRasCT or pCAG-Cre-P2A-mCherry-KRasCT was 998 

transfected by in utero electroporation into Cav1.2 conditional knockout mice embryos 999 

at E12.5. Dissociated EGFP- or Cre-P2A-mCherry-KRasCT-expressing neurons were 1000 

mixed and plated onto coverslips and drugs were added after 6 h. The neurons were 1001 

fixed 48 h after plating and immunoenhanced with antibodies. The length of neurites 1002 

was quantified (WT-mock, 309 ± 24 μm, n = 14; WT-nimodipine, 187 ± 29 μm, n = 1003 
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12; WT-FPL 64176, 338 ± 30 μm, n = 13; KO-mock, 224 ± 25 μm, n = 15; 1004 

KO-nimodipine, 170 ± 25 μm, n = 10; KO-FPL 64176, 281 ± 30 μm, n = 10; drug 1005 

effect, F(2, 69) = 11.60, P < 0.0001; genotype effect, F(1, 69) = 5.51, P = 0.0218, two-way 1006 

ANOVA, mean ± SEM) Comparison between genotype was performed in mock 1007 

condition (WT-mock vs KO-mock; Mann-Whitney U = 53, P = 0.0229, Mann-Whitney 1008 

test). Importantly, knockout of Cav1.2 resulted in shorter neurites. In EGFP transfected 1009 

neurons, the total neurite length was significantly shortened by nimodipine whereas 1010 

the pro-elongation effect of FPL 64176 was not clear (WT, Kruskal-Wallis stastic = 1011 

11.57, P = 0.0031, Kruskal-Wallis test; mock vs FPL 64176, Mean rank difference = 1012 

-0.846, P > 0.05; mock vs nimodipine, Mean rank difference = 13.09, P < 0.05; FPL 1013 

64176 vs nimodipine, Mean rank difference = 13.94, P < 0.01; post hoc Dunn’s 1014 

multiple comparison test). Although Cav1.2 was knocked-out, the effect of L-type 1015 

calcium channel modulators was marginally significant (KO, Kruskal-Wallis stastic = 1016 

5.991, P = 0.0500, Kruskal-Wallis test; mock vs FPL 64176, Mean rank difference = 1017 

-6.067, P > 0.05; mock vs nimodipine, Mean rank difference = 5.133, P > 0.05; FPL 1018 

64176 vs nimodipine, Mean rank difference = 11.2, P < 0.05; post hoc Dunn’s multiple 1019 

comparison test).  1020 

(C) Effects of Cre expression on neurite length in wildtype background 1021 

pCAG-EGFP-KRasCT or pCAG-Cre-P2A-mCherry-KRasCT were transfected into 1022 

wildtype C57/B6J cortical neurons by in utero electroporation at E12.5. The length of 1023 

neurites was quantified as in (A) (EGFP, 305 ± 30 μm, n = 13; Cre-P2A-mCherry, 332 ± 1024 

56 μm, n = 6; t = 0.309, P = 0.7614, unpaired t test, mean ± SEM).  1025 

 1026 

 1027 
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Figure 7. Impaired neuronal migration is caused by perinatal Ca2+ overload 1028 

through misregulated L-type VGCC and can be postnatally corrected  1029 

 (A) Representative images of P16 brain slices. pCAG-sHA-Cav1.2-WT or its mutant, 1030 

pCAG-EGFP and auxiliary subunits were transfected by in utero electroporation at 1031 

E15.5. Cav1.2 vector was substituted with pCAG-pro-C1 empty vector in control 1032 

condition. Calcium channels were constitutively expressed from E15.5 to P16. Control 1033 

(top), Cav1.2-WT (middle), Cav1.2-G406R (bottom) Overexpression of calcium channel 1034 

impaired proper radial migration. All sections were immunoenhanced with anti-GFP 1035 

antibody. 1036 

(B) Quantification of ectopic cell density in CAG-Cav1.2-expressing conditions 1037 

Control vs Cav1.2-WT (left), control vs Cav1.2-G406R (middle) and Cav1.2-WT vs 1038 

Cav1.2-G406R (right) 1039 

Cav1.2 or its mutant was transfected by in utero electroporation at E15.5. Channels were 1040 

constitutively expressed from E15.5 to P16. To reduce possible variability introduced by 1041 

transfection efficiency, birth timing difference and subtle immunohistochemistry 1042 

conditions, we compared the pups from the same animal side by side. Exogenous 1043 

overexpression of Cav1.2 significantly increased ectopic cell density (control, 0.45 ± 1044 

0.13 /mm2, n = 12; Cav1.2-WT, 2.09 ± 0.46 /mm2, n = 9; t = 3.851, P = 0.0011, unpaired 1045 

two-tailed t test; control, 0.29 ± 0.10 /mm2, n = 9; Cav1.2-G406R, 3.55 ± 0.84 /mm2, n = 1046 

9; t = 3.862, P = 0.0014, unpaired two-tailed t test; Cav1.2-WT, 0.93  0.87 /mm2, n = 1047 

10; Cav1.2-G406R, 8.38  3.30 /mm2, n = 7; t = 6.892, P < 0.0001, unpaired 1048 

two-tailed t test, mean ± SD). Ectopic cell density was highest in G406R, Timothy 1049 

mutant expressing condition. Expression of wildtype Cav1.2 gave less ectopic cells, 1050 

which implied the amount of calcium influx correlated the severity of the phenotype. 1051 
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Light gray bars represent the period when the promoter is active in the following 1052 

figures. 1053 

(C) Comparison among control, CAG-Cav1.2-G406R and CAG-Cav1.2-G406-4EQ 1054 

expressed conditions 1055 

Control vs Cav1.2-G406R (left) and Cav1.2-G406R-4EQ vs Cav1.2-G406R (right)  1056 

The channels shown above were constitutively expressed from E15.5 to P16. Calcium 1057 

impermeable 4EQ pore mutant could not impair migration (control, 0.12 ± 0.03 /mm2, n 1058 

= 12; Cav1.2-G406R, 1.09 ± 0.14 /mm2, n = 9; t = 7.78, P < 0.0001, unpaired two-tailed 1059 

t test; Cav1.2-G406R-4EQ, 0.12 ± 0.02 /mm2, n = 12; Cav1.2-G406R, 0.41 ± 0.10 /mm2, 1060 

n = 7; t = 3.787, P = 0.0015, unpaired two-tailed t test, mean ± SD). Although it is 1061 

known that calcium channels can transmit signals irrespective of calcium influx into 1062 

cells, according to this figure, migration defects were actually caused by calcium influx 1063 

through L-type calcium channels. 1064 

(D) Postnatally induced conditions (Tet-on with TRE-Cav1.2) 1065 

The expression of calcium channels was not constitutive but induced by postnatal 1066 

doxycycline administration to mother mice. pCAG-sHA-Cav1.2 or its mutants were 1067 

substituted with the mixture of pCAG-rtTA3G (Tet-on) and TRE-sHA-Cav1.2 or its 1068 

variants. Channels were inducibly expressed from P1 to P16.  1069 

TRE-Cav1.2-G406R without vs with rtTA3G (left) 1070 

TRE-Cav1.2-G406R vs 4EQ (right) 1071 

Postnatally expressed calcium channels could not impair radial migration (without rtTA, 1072 

0.12 ± 0.03 /mm2, n = 12; with rtTA, 0.17 ± 0.07 /mm2, n = 9; t = 0.730, P = 0.4762, 1073 

unpaired two-tailed t test; TRE-Cav1.2-G406R-4EQ, 0.12 ± 0.02 /mm2, n = 12; 1074 

Cav1.2-G406R, 0.12 ± 0.02 /mm2, n = 8; t = 0.026, P = 0.9797, unpaired two-tailed t test, 1075 
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mean ± SD).  1076 

(E) Postnatally suppressed conditions (Tet-off with TRE-Cav1.2) 1077 

The pCAG-rtTA3G plasmid used in Figure 8D was substituted with pCAG-tTA3G 1078 

(Tet-off). Channels were expressed from E15.5 to P1-P3 (immunohistochemistry 1079 

showed that most exogenous channels were degraded two days after doxycycline 1080 

administration, unpublished data).  1081 

Without doxycycline (left) and TRE-Cav1.2-G406R vs 4EQ (right) 1082 

Without doxycycline, L-type calcium channels are continuously expressed. The 1083 

observed phenotype was similar to that of constitutively expressed conditions. 1084 

(TRE-Cav1.2-G406R-4EQ, 0.07 ± 0.08 /mm2, n = 7; TRE-Cav1.2-G406R, 0.24 ± 0.14 1085 

/mm2, n = 3; t = 2.606, P = 0.0313, unpaired two-tailed t test, mean ± SD). 1086 

TRE-Cav1.2-G406R vs 4EQ (right) 1087 

(TRE-Cav1.2-G406R-4EQ, 0.32 ± 0.05 /mm2, n = 11; Cav1.2-G406R, 0.35 ± 0.07 /mm2, 1088 

n = 11; t = 0.295, P = 0.7712, unpaired two-tailed t test, mean ± SD). Postnatal 1089 

suppression of Cav1.2 expression was enough for the stalled neurons to catch up with 1090 

normally migrated neurons. 1091 

 1092 

Legend for Table 1093 

Table 1. Summary of pharmacological effects on SRCaTs 1094 

 1095 

 1096 

  1097 
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Table 1. 1294 

 1295 

drug name 
concentration 

(μM) 
N 

early DMI 

(%) 

SD 

(%) 
p 

late DMI 

(%) 

SD 

(%) 
p 

Tetrodotoxin 1 14 128 52 0.0625 192 169 0.0621 

Nimodipine 10 25 56 40 <0.0001 48 47 <0.0001 

FPL 64176 25 16 178 146 0.0478 158 103 0.0396 

Diltiazem 200 7 21 23 0.0001 7.2 16 <0.0001 

Thapsigargin 10 12 118 115 0.6006 69 57 0.0866 

Ryanodine 20 6 119 49 0.3822 125 66 0.3965 

ω-conotoxin 

MVIIC 
20 16 142 56 0.0098 144 118 0.1576 

CNQX 10 11 108 63 0.6820 110 71 0.6641 

D-APV 50 9 167 81 0.0385 147 76 0.1026 

EGTA 2000 4 3.0 1.6 <0.0001 0.2 0.3 <0.0001 
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