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ABSTRACT 30 

Failure of neural tube closure leads to neural tube defects (NTDs), which can have serious 31 

neurological consequences or be lethal. Use of antiepileptic drugs (AEDs) during pregnancy 32 

increases the incidence of NTDs in offspring by unknown mechanisms. Here we show that 33 

during Xenopus laevis neural tube formation, neural plate cells exhibit spontaneous calcium 34 

dynamics that are partially mediated by glutamate signaling. We demonstrate that N-methyl-D-35 

aspartate (NMDA) receptors are important for the formation of the neural tube and loss of their 36 

function induces an increase in neural plate cell proliferation and impairs neural cell migration, 37 

which result in NTDs. We present evidence that the AED valproic acid perturbs glutamate 38 

signaling, leading to NTDs that are rescued with varied efficacy by preventing DNA synthesis, 39 

activating NMDA receptors, or recruiting the NMDA receptor target ERK1/2. These findings 40 

may prompt mechanistic identification of AEDs that do not interfere with neural tube formation. 41 

 42 

SIGNIFICANCE STATEMENT 43 

Neural tube defects are one of the most common birth defects. Clinical investigations have 44 

determined that use of antiepileptic drugs during pregnancy increases the incidence of these 45 

defects in the offspring by unknown mechanisms. This study discovers that glutamate signaling 46 

regulates neural plate cell proliferation and oriented migration and is necessary for neural tube 47 

formation. We demonstrate that the widely used antiepileptic drug valproic acid interferes with 48 

glutamate signaling and consequently induces neural tube defects, challenging the current 49 

hypotheses arguing that are the side effects of this antiepileptic drug that cause the increased 50 

incidence of these defects. Understanding the mechanisms of neurotransmitter signaling during 51 
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neural tube formation may contribute to the identification and development of antiepileptic drugs 52 

that are safer during pregnancy. 53 

54 
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INTRODUCTION 55 

Development of the vertebrate nervous system starts with the induction of ectodermal cells to 56 

become neural cells. They constitute the neural plate that subsequently folds to form the neural 57 

tube. Neural tube defects (NTDs) are malformations associated with the failure of the neural tube 58 

to close (Wallingford et al., 2013). This leads to in utero degeneration of exposed neural tissue 59 

and depending on the location and severity of the defect, can cause perinatal lethality or severe 60 

neurological deficit in surviving individuals. NTDs are among the most common serious 61 

morphological defects diagnosed in human fetuses and newborns, with combined incidence of 62 

~1/1000. Environmental and genetic factors both contribute to the incidence of NTDs 63 

(Wallingford et al., 2013). 64 

Offspring of epileptic mothers exhibit an increased incidence in NTDs associated with 65 

the use of antiepileptic drugs (AEDs) during pregnancy (Robert and Guibaud, 1982; Lindhout 66 

and Schmidt, 1986; Rosa, 1991). Valproic acid (VPA) and carbamazepine, widely used AEDs, 67 

have been shown to increase the incidence of NTDs both in epidemiological and animal studies 68 

(Rosa, 1991; Lindhout et al., 1992; Padmanabhan and Ahmed, 1996). However, the mechanisms 69 

underlying AED-induced NTDs remain unclear. Most hypotheses have centered on AED side 70 

effects (Wegner and Nau, 1992; Finnell et al., 2003; Gurvich et al., 2005) and not on AED 71 

primary targets. Nevertheless, a direct cause-effect relationship between AED side effects and 72 

NTDs is still lacking. AEDs prevent seizures in the mature brain by targeting ion channels, 73 

neurotransmitter transporters, neurotransmitter metabolic enzymes or neurotransmitter receptors 74 

(Rogawski and Loscher, 2004). Whether there is neurotransmitter signaling and AEDs affect it in 75 

the developing neural tube remain uncertain. 76 
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Electrical activity and neurotransmitter signaling have been shown to regulate nervous 77 

system development even before synapses are formed (Spitzer, 2006). Long after neurulation 78 

occurs neurotransmitter signaling affects neural progenitor proliferation in the developing and 79 

adult rodent nervous system (Gould et al., 1994; LoTurco et al., 1995; Luk et al., 2003; Young et 80 

al., 2011) and regulates migration of telencephalic progenitors (Manent et al., 2005; Manent et 81 

al., 2006; Bortone and Polleux, 2009), both cellular processes that are required for neural tube 82 

formation. The role of neurotransmitter signaling in neural tube formation has not been 83 

previously investigated; however, it has been shown that neurotransmitters and neurotransmitter 84 

receptors are already expressed at early stages of development including neural plate stages 85 

(Lauder et al., 1981; Kapur et al., 1991; Rowe et al., 1993; Root et al., 2008).  86 

Here, we demonstrate the role of glutamate signaling during neurulation and the 87 

relevance to the cellular and molecular mechanisms underlying VPA-mediated NTDs in Xenopus 88 

laevis embryos. We find that neural plate cells exhibit Ca2+ transients that are in part mediated by 89 

glutamate through NMDA receptors (NMDAR). This signaling regulates neural plate cell 90 

proliferation and migration, and perturbation of this signaling by VPA disrupts neural plate 91 

folding and neural tube formation leading to NTDs. 92 

 93 

MATERIALS AND METHODS 94 

Animals 95 

Embryos were generated by in vitro fertilization. Mature oocytes were collected in a dish from a 96 

previously hCG-injected female frog and exposed to a small piece of minced testis. This is 97 

considered time 0 of fertilization. Fertilized oocytes were kept in 10% MMR saline, containing 98 

(in mM): 10 NaCl, 0.2 KCl, 0.1 MgSO4, 0.5 Hepes, 5 EDTA and 0.2 CaCl2. Dejellying of 99 
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embryos was done by briefly swirling fertilized eggs in 2% cysteine solution in 10% MMR, pH 100 

8. Animals were handled according to the IACUC guidelines and under an approved animal 101 

protocol using humane procedures. 102 

Ca2+ imaging in vivo 103 

DNA encoding the Ca2+ sensor GCaMP6s (pGP-CMV-GCaMP6s, a gift from Douglas Kim, 104 

Addgene plasmid # 40753, (Chen et al., 2013)) was subcloned into the pCS2+ vector using BglII 105 

and NotI restriction sites. The BglII restriction site was included in pCS2 with the following 106 

primers: foward 5' TCACTAAAGGGAACAAAAGATCTGGGTACCGGGCCCAA 3', reverse 107 

5' TTGGGCCCGGTACCCAGATCTTTTGTTCCCTTTAGTGA 3'. For all experiments in this 108 

study, mRNA was transcribed from the indicated plasmids using mMessage mMachine kits 109 

(Ambion). GCaMP6s mRNA was injected in 2-cell-stage embryos (1 ng mRNA/embryo). Neural 110 

plate stage embryos (14-19 h post fertilization (hpf)) were imaged under a macroscope (Nikon 111 

AZ100) at an acquisition rate of 0.1 Hz for 2 h. Detection of Ca2+ transients was thresholded by a 112 

peak change in fluorescence of at least 2 times the noise, as in previous studies (Borodinsky et 113 

al., 2004; Borodinsky and Spitzer, 2007; Belgacem and Borodinsky, 2011; Swapna and 114 

Borodinsky, 2012; Tu and Borodinsky, 2014). The number of Ca2+ transients at different 115 

developmental stages in the presence or absence of drugs, in Ca2+-free saline, or in unilaterally-116 

injected GluN1-Mo embryos was compared and significance was assessed by paired t-test or 117 

one-way ANOVA followed by Tukey or Dunnett post-hoc tests. 118 

Ca2+ imaging in vitro 119 

Neural plate cells from stage-15 embryos were dissociated and plated in a culture dish as 120 

previously described (Borodinsky et al., 2004; Borodinsky and Spitzer, 2007; Belgacem and 121 

Borodinsky, 2011; Swapna and Borodinsky, 2012). Cells were allowed to attach to the dish for 122 
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30 min followed by incubation with 1 M of the Ca2+ sensitive dye Fluo4-AM (Thermofisher) 123 

for 45 min. After washing the excess of Fluo4-AM cells were time-lapse imaged under a Swept-124 

field confocal microscope (Nikon) with an acquisition rate of 0.2 Hz during addition of 5 mM 125 

glutamate or 10 M NMDA for 5 min to record the Ca2+ response to these agents in control 126 

conditions. Cells were then washed and incubated with 100 M valproic acid (VPA) for 30 min 127 

followed by addition of glutamate or NMDA to record the Ca2+ response to these agents in the 128 

same cells in the presence of VPA. Cell cultures were washed and the response to glutamate and 129 

NMDA was recorded for a third time in the same cells. The number of responsive cells out of the 130 

total number of cells in the field of view was determined in each recording period and 131 

differences were assessed by paired comparisons in each experiment.  132 

RT-PCR 133 

Total mRNA was isolated from dorsal-half neural plate-stage embryos (15 hpf) using the 134 

RNeasy kit (Qiagen). cDNA was synthesized from 2 μg of mRNA using the Reverse 135 

Transcription Kit (Qiagen) according to manufacturer’s instructions. Specific primers utilized 136 

were: GluN1: forward 5’-GGCTGTGCTGGAGTTTGAGG-3’, reverse: 5’-137 

ATCCTTGTGCCGCTTGTAGG-3’; GluA1 forward 5’-GGCAGATTGTGATCGACTGC-3’, 138 

reverse 5’-CCACTGCTGCATGATTCTGG-3’; VGluT1 forward 5’-139 

GCAACTTGGGTGTAGCCATT-3’, reverse 5’-TGCCCATTTACTCCAGATCC-3’; EAAT5 140 

forward 5’-GTGGGATGTCTGCTTGGATT-3’, reverse 5’-ATGTGGCTTCCACAAGGTTC-3’; 141 

Stx1A forward 5’-ATGAAGGATCGGACCAGGGA-3’, reverse 5’-142 

TGTGGCGTTGTATTCGGACA-3’; VAMP1 forward 5’-GCCACAGGTGATCCTGGAAA-3’, 143 

reverse 5’-AGGAGACGCTCCACACAATG-3’; SNAP25 forward 5’- 144 
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AAGGCTTGGGGCAATAACCA-3’, reverse 5’- AACCACTGCCCAGCATCTTT-3’, designed 145 

using Primer-BLAST (www.ncbi.nlm.nih.gov). 146 

Western blot assays 147 

Whole embryos were homogenized in extraction buffer containing 1% Triton X-100, 150 mM 148 

NaCl, 25 mM Tris pH 7.4, 1 mM EDTA, 1 mM EGTA and protease inhibitors cocktail (Thermo 149 

Fisher Scientific). Samples were centrifuged at 16,100 rpm for 10 min and the pellet discarded. 150 

Supernatant was then boiled with Laemmli buffer and run on a 10% SDS-PAGE followed by 151 

protein transfer to PVDF membrane and incubation with GluN1 1:500 (cat#AB9864 EMD-152 

Millipore) and GAPDH 1:20,000 (cat# sc-47724 Santa Cruz Biotechnology, as a protein loading 153 

control) antibodies. 154 

For pERK1/2 Western blot assays, stage-15 embryos were snap-frozen, then homogenized in 155 

RIPA buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% NP-40, 0.05% SDS, 0.002% 156 

EDTA, protease inhibitor cocktail and phosphatase inhibitor cocktail (Sigma). Samples were 157 

then processed as described above. Membranes with transferred proteins were probed with 158 

antibodies for pERK1/2 1:300 (Cat # 4377S, Cell Signaling), ERK1/2 1:500 (Cat # 4377S, Cell 159 

Signaling), ERα 1:1000 (Cat # sc-542, SCBT) and α-tubulin 1:500 (Cat # T9026, Sigma), then 160 

probed with fluorescent secondary antibodies 1:10,000 (Licor) using SNAP id 2.0 (Millipore) 161 

and imaged on Odyssey CLx (Licor). 162 

Immunohistochemistry 163 

Stage-13-24 embryos were fixed for 2 h or 25 min at 4°C or 23°C, respectively, with freshly 164 

made 4% paraformaldehyde (PFA) or for 1 h at 23°C with 2% trichoroacetic acid (TCA), which 165 

better preserves membrane proteins and neural plate cell subcellular structures, and processed for 166 

tissue sectioning (10-30 m-thick) and immunostaining as previously described (Swapna and 167 
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Borodinsky, 2012; Belgacem and Borodinsky, 2015; Balashova et al., 2017). Incubations with 168 

primary and secondary antibodies were done overnight at 4°C and for 2 h at 23°C, respectively. 169 

Primary antibodies used were: anti-E-cadherin 5D3 1:10 (Developmental Studies Hybridoma 170 

Bank) to label the non-neural ectoderm, anti-Sox2 1:100 (Cat # AF2018, R&D Systems) to label 171 

the neural ectoderm, anti-PCNA (proliferating cell nuclear antigen) 1:500 (Cat # AV03018, 172 

Sigma-Aldrich) to label proliferating cells, anti-PH3 (phospho-histone 3) 1:100 (Cat # 06-570, 173 

Millipore) to label mitotic cells, anti BrdU (bromo-deoxyuridine) 1:500 (Cat # MCA2483, Bio-174 

Rad) to label proliferating cells that have gone through S phase. Tissue sections for BrdU 175 

immunostaining were microwaved in 10 mM sodium citrate, pH 6.0. For all other antigens, 176 

retrieval was performed by microwaving samples in 0.05% citraconic anhydride, pH 7.4 177 

(Namimatsu et al., 2005). 178 

Counterstaining of transverse embryo sections was performed with Phalloidin-Alexa 488 179 

conjugate (Thermo Fisher Scientific, Inc.) to stain F-actin according to manufacturer's protocol. 180 

Whole-mount immunostaining was done by fixing stage-13 through -18 embryos with 4% PFA 181 

for 2 hours at 23°C or overnight at 4°C followed by transection to isolate the dorsal half 182 

containing the neural plate. Samples were dehydrated with methanol and bleached using H2O2 in 183 

Dent’s fixative (80% methanol/20% dimethylsulfoxide), then rehydrated before blocking and 184 

staining. Primary and secondary antibody incubations were done overnight at 4°C and for 2 h at 185 

23°C, respectively. Antibodies used were pERK1/2 1:200 (Cat # 4377S, Cell Signaling), Sox2 186 

1:200 (Cat # AF2018, R&D Systems) and PCNA 1:4,000 (Cat # 2586S, Cell signaling). Samples 187 

were then cleared with 1:2 benzyl alcohol/benzyl benzoate before imaging with a confocal 188 

microscope. The z-series for each whole mount was quantitatively analyzed with the imaging 189 

software Imaris (Bitplane Inc.). 190 
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GluN1 knockdown 191 

Two-cell-stage embryos were bilaterally or unilaterally injected with 0.5-8 nl of 1 mM GluN1-192 

morpholinos, GluN1-Mo1 and GluN1-Mo2 (Gene Tools, LLC), sequences written from 5' to 3' 193 

and complementary to Xenopus laevis GluN1: AAAGGAAAAGGCGCATAGTGCCCAT and 194 

CTGTGCCAAGCGGAGCCAATGTCCT, respectively. Controls were sibling embryos injected 195 

with standard control morpholino (Control-Mo or C-Mo: 196 

CCTCTTACCTCAGTTACAATTTATA, Gene Tools, LLC). Morpholinos were injected along 197 

with a tracer dextran-Alexa-Fluor-568 or 647 (Thermo Fisher Scientific, Inc.). 198 

Rescue experiments of GluN1-Mo-injected embryos were implemented by co-injecting rat 199 

GluN1 mRNA, resistant to GluN1-Mo, or by incubating embryos with 10 μM NMDA starting at 200 

stage 2-4 and continuing until after neurulation when embryos were fixed and processed for 201 

phenotype assessment. mRNA was synthesized as previously described (Swapna and 202 

Borodinsky, 2012; Belgacem and Borodinsky, 2015; Balashova et al., 2017) using the rat GluN1 203 

template (pCI-EGFP-GluN1 wt, gift from Andres Barria & Robert Malinow, Addgene plasmid # 204 

45446 (Barria and Malinow, 2002)). Five hundred pg rGluN1 mRNA were bilaterally 205 

microinjected in 2-cell-stage embryos (250 pg/blastomere) with or without GluN1-Mo1.  206 

Assessment of incidence and severity of neural tube defects 207 

We determined the incidence of neural tube defects by examining whole stage 21 embryos and 208 

by evaluating the histology of the neural tube in transverse sections spanning the whole 209 

anteroposterior axis of stage 22-24 embryos. In whole embryos, the incidence of defective 210 

animals was recorded as the percent of embryos exhibiting the neural tube defect phenotype 211 

consisting in absence of neural fold convergence at the midline and protrusion and detachment of 212 

the neural tissue. By examining on average 80 transverse sections of the neural tube along the 213 
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whole extent of the anteroposterior axis we recorded the incidence of embryos with neural tube 214 

defects as the percent of embryos with any number of sections showing an open neural tube. The 215 

severity of the neural tube defect per embryo was determined as the proportion of the neural tube 216 

that remained open (percent of sections with open neural tube with respect to the total number of 217 

sections collected along the entire anteroposterior axis per embryo). The sections were labeled 218 

with anti-E-cadherin antibody to distinguish between the covering-up of the non-neural ectoderm 219 

versus the closure of the neural tube. 220 

Measurements of neural plate cell divisions and oriented cell migration in live embryos 221 

Two-cell-stage embryos were bilaterally injected with histone 2B-GFP mRNA (pCS-H2B-222 

EGFP, a gift from Sean Megason, Addgene plasmid # 53744 (Megason, 2009)) and unilaterally 223 

injected with 1 pmol GluN1-Mo or Control-Mo along with Alexa 568-conjugated dextran. 224 

Numbers of dividing cells were determined in time-lapse recordings of neurulating embryos over 225 

a 1.5-h period (stage 13-14) with an acquisition rate of 1 frame/3 min and normalized for the 226 

total number of H2B-GFP-expressing cells at each side of the neural plate. For oriented cell 227 

migration analysis, pairs of neural plate cells at comparable coordinates (distance from the 228 

midline and relative A-P axis localization) were selected in wild type and GluN1-Mo-containing 229 

tissue at the initial time frame, and their trajectories were tracked and measured during 2-h 230 

recordings (MTrackJ, Biomedical Imaging Group Rotterdam, Erasmus University Medical 231 

Center in the Netherlands). 232 

Pharmacological treatments 233 

Neural plate stage embryos (starting at stage 13) were incubated with 5-500 μM D-AP5 (Tocris), 234 

0.1-1 mM valproic acid (VPA, Sigma-Aldrich and Tocris) or vehicle only (saline). Rescue 235 

experiments for VPA-treated embryos were done by preincubating them with 10 μM NMDA 236 
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starting at 2-4-cell stage or by preincubating embryos with cell proliferation inhibitors 20 mM 237 

hydroxyurea and 150 μM aphidicolin (HUA, Sigma-Aldrich, (Harris and Hartenstein, 1991)) 238 

from stage 12.5 (30 min before VPA treatment). Additional rescue experiments for VPA- and D-239 

AP5-treated embryos were done by preincubating embryos expressing the inducible, 240 

constitutively active MEK1 (CA-MEK1-ERα, injected at 2-cell stage with mRNA transcribed 241 

from subcloning of CA-MEK1-ERα from plasmid CC2, a gift from Paul Khavari, Addgene 242 

plasmid # 21207 (Scholl et al., 2004)) with 500 nM 4-hydroxy-tamoxifen (4-OHT) from stage 243 

11. Incubation of wild-type embryos with 4-OHT from stage 11 did not affect the phenotype 244 

resulting from incubating embryos with vehicle, D-AP5 or VPA from stage 13 until stage 22. 245 

BrdU incorporation assay was performed by incubating stage-13 embryos with 4 mg/ml BrdU 246 

(Sigma-Aldrich) for 5 h. 247 

Experimental Design and Statistical Analysis 248 

For in vivo experiments at least 10 embryos were analyzed for each group and experiments were 249 

repeated in at least 3 independent clutches. Significance was evaluated using Student t-test or 250 

ANOVA followed by Tukey or Dunnett post-hoc tests, and differences were considered 251 

significant when p<0.05. Categorical data was assessed using a Chi-squared test. 252 

Embryos of both sexes were included in this study.  253 
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RESULTS 254 

Calcium dynamics and glutamate signaling are present during neural tube formation 255 

Neural tube formation lasts approximately 8 h in Xenopus laevis embryos (Fig. 1A). Expression 256 

of a genetically-encoded Ca2+ sensor, GCaMP6s (Chen et al., 2013), reveals that ectodermal cells 257 

exhibit spontaneous Ca2+ transients (Fig. 1B and Movie 1). The frequency of transients increases 258 

with the progression of neural plate folding (Fig. 1C and Movie 1). These Ca2+ transients last for 259 

30 to 80 s, and they are more frequent in central regions of the ectoderm, indicating that most of 260 

these transients occur in neuroepithelial cells (Fig. 1D and Movie 1).     261 

Proteins involved in neurotransmission are expressed in the embryo before neuronal 262 

differentiation and synapse formation (Root et al., 2008). We detect transcripts for subunits of 263 

ionotropic glutamate receptors GluN1 and GluA1, the vesicular glutamate transporter 1 264 

(VGluT1) and vesicular release machinery components: Syntaxin1A (Stx), Vesicle-Associated 265 

Membrane Protein 1 (VAMP1) and Synaptosomal-Associated Protein 25 (SNAP25), in early 266 

neural plate stages (stage 13, Fig. 1E). In contrast, transcripts encoding the excitatory amino acid 267 

transporter EAAT5, expressed later in eye development, are not detected (Fig. 1E), serving as a 268 

negative control. GluN1 protein is also present during neural plate folding (stage 18, Fig. 1F). 269 

Western blot assays show that the same predicted molecular weight band is the detected by the 270 

GluN1 antibody in neural plate and tailbud stages, the latter serving as a positive control for 271 

GluN1 expression during neurulation (Fig. 1F top). In addition, injection of either of two non-272 

overlapping Xenopus laevis GluN1-targeted, translation-blocking morpholinos (GluN1-Mo) 273 

decreases GluN1 protein levels (Fig. 1F and 2C), proving specificity of the GluN1 antibody. 274 

Addition of glutamate or N-methyl-D-aspartate (NMDA) induces acute Ca2+ transients in 275 

neural plate cells (Fig. 1G). Moreover, incubation of neurulating embryos with D-AP5, a NMDA 276 



 

 15 

receptor (NMDAR) antagonist, reduces the occurrence of spontaneous Ca2+ transients in the 277 

neural plate (Fig. 1H,I). These findings indicate that the neural plate exhibits glutamatergic 278 

signaling that results in Ca2+ dynamics mediated in part by NMDAR.  279 

 280 

NMDA receptor signaling is necessary for neural tube closure 281 

To determine the role of NMDAR signaling in neural tube formation we incubated embryos with 282 

D-AP5 starting at the early neural plate stages (stage 13, Fig. 1A). We determined the incidence 283 

of neural tube defects in D-AP5-treated embryos during neurulation by evaluating the histology 284 

of the neural tube in transverse sections of embryos at stage 24, 4.5 h after neural tube closure 285 

had concluded in control individuals. Examining sections of the entire neural plate along the 286 

anteroposterior axis revealed that the neural tube remains open in D-AP5-treated embryos, 287 

although in some cases the non-neural ectoderm obscures the defective neural tube from external 288 

detection. The neural tissue looks flatter than in control embryos and the neural folds fail to 289 

converge (Fig. 2A,B). Exposure of neurulating embryos to D-AP5 prevents the closure of the 290 

neural tube in a dose-dependent manner (Fig. 2A,B). The penetrance of NTDs due to D-AP5 291 

incubation is not 100%, even with D-AP5 concentrations known to saturate NMDAR. This may 292 

be due to the poor accessibility of D-AP5 (Morris, 1989) to neural plate cells located in deep 293 

layers of the folding neural plate leading to effective concentrations lower than the one in the 294 

bathing solution. Alternatively, the pharmacology and kinetic parameters of the embryonic 295 

NMDAR may differ from the mature receptor. The data show that NMDAR function is 296 

important for proper neural tube morphogenesis in agreement with the teratogenic effects of 297 

NMDAR antagonists in chick embryos (Andaloro et al., 1998).  298 
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Knocking down expression of the NMDAR subunit GluN1 by microinjecting either of 299 

two targeted translation-blocking morpholinos (GluN1-Mo, Fig. 1F and 2C) induces NTDs (Fig. 300 

2D,E). The presentation of the neural tube defect phenotype in whole embryos results in absence 301 

of neural fold convergence at the midline and protrusion and detachment of the neural tissue 302 

(Fig. 2D). The NTD phenotype is partially rescued by incubating embryos with 10 μM NMDA 303 

or by restoring GluN1 expression (Fig. 2E), supporting the specificity of the GluN1 knockdown-304 

induced NTD phenotype. Unilateral knockdown of GluN1 reveals that Ca2+ transient frequency 305 

in GluN1-deficient cells is significantly lower than in wild type (WT), contralateral neural plate 306 

cells (Fig. 2F), which is in agreement with an inhibition of Ca2+ transients in neural plate cells 307 

during folding by D-AP5 (Fig. 1H,I). In contrast, unilateral injection of a control morpholino (C-308 

Mo, control-Mo) does not affect Ca2+ transient frequency in the folding neural plate (Fig. 2F). 309 

These data demonstrate that glutamate signaling through NMDAR is necessary for a normal 310 

pattern of Ca2+ signaling during neurulation and for neural tube formation.   311 

 312 

NMDA receptor signaling regulates neural plate cell proliferation and oriented migration 313 

facilitating neural plate shaping during neurulation  314 

The cellular mechanisms necessary for neural tube formation include proliferation, polarization 315 

and migration of neural and non-neural cells (Wallingford et al., 2013). In the Xenopus laevis 316 

neural plate, data show that the number of proliferating cells immunolabeled for the proliferating 317 

cell nuclear antigen (PCNA) decreases with the advancement of neural plate folding during 318 

neurulation (Figs. 3A and 1A). We find that inhibiting NMDAR by incubating early neural plate 319 

stage embryos with D-AP5 for 5 h increases the number of mitotic neural plate cells, 320 

immunolabeled for phospho-histone 3 (PH3), mitotic marker (Fig. 3B, average numbers of PH3+ 321 
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cells shown on top of representative images). Moreover, while the unilateral presence of control-322 

Mo does not have a significant effect on the number of dividing cells during neurulation (Fig. 323 

3D), knocking down GluN1 expression increases the number of mitotic neural plate cells (Fig. 324 

3C) and neural plate cell divisions (Fig. 3D) compared to wild type contralateral neural tissue, 325 

and the affected neural plate fails to fold (Fig. 3C). 326 

Knockdown of GluN1 also perturbs the oriented displacement of neural plate cells during 327 

folding by reducing the lateromedial migration (Fig. 3E). In contrast, the presence of control-Mo 328 

does not change the pattern of neural plate cell movement (Fig. 3E).  329 

These results indicate that glutamate signaling is necessary for modulating neural plate 330 

cell proliferation and for regulating oriented neural plate cell migration, both of which required 331 

for proper neural tube formation. 332 

 333 

The antiepileptic drug valproic acid induces NTDs by inhibiting glutamate signaling 334 

We next sought to determine whether the AED VPA induces NTDs by affecting neurotransmitter 335 

signaling as it does in preventing epileptic seizures in the mature brain (Rogawski and Loscher, 336 

2004). VPA induces NTDs in Xenopus embryos incubated with the drug during neurulation. 337 

(Fig. 4A-B) as in other species including humans (Lindhout et al., 1992; Padmanabhan and 338 

Ahmed, 1996). The severity of the NTD, quantified by assessing the proportion of neural tube 339 

that remained open in each embryo, is concentration-dependent (Fig. 4B). We used a VPA 340 

concentration range that is within the level found in pregnant women, fetuses and newborns (Nau 341 

et al., 1981; Nau et al., 1984; Kondo et al., 1987; Ardinger et al., 1988; Omtzigt et al., 1992; 342 

Vajda et al., 2013) and within the optimal range for VPA antiepileptic action (Eadie, 2001). We 343 

find that in some cases the non-neural ectoderm appears to converge normally at the midline 344 
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over the defective neural tissue in VPA-treated embryos (Fig. 4A) in agreement with reports of 345 

skin-covered VPA-induced NTDs in humans (Clayton-Smith and Donnai, 1995).  346 

VPA decreases the responsiveness of dissociated neural plate cells to glutamate and 347 

NMDA (Fig. 4C,D) in agreement with the inhibition of NMDAR-mediated synaptic transmission 348 

by VPA in adult rat amygdalar and neocortical slices (Zeise et al., 1991; Gean et al., 1994). VPA 349 

also inhibits the frequency of spontaneous Ca2+ transients in the neural plate in vivo (Fig. 1H,I). 350 

Moreover, a partial rescue of VPA-induced NTDs is achieved when NMDAR signaling is 351 

enhanced (Fig. 4A,B), which is consistent with a partial restoration of the frequency of Ca2+ 352 

transients (Fig. 1H,I). The partial efficacy of the rescue of the VPA-induced NTD phenotype by 353 

preincubating embryos with NMDA could be due to better accessibility of VPA than NMDA 354 

into deeper neural plate cells during neural tube formation. Indeed, we found that longer NMDA 355 

preincubation (starting at 4-cell stage) was more efficient in rescuing the NTD phenotype than 356 

shorter (starting at stage 12.5, data not shown). Alternatively, the pattern of endogenous 357 

glutamate signaling, impaired by incubation with VPA, may not be accurately restored by the 358 

chronic incubation with NMDA, resulting in a partial rescue of the NTD phenotype. Together 359 

these data suggest that VPA acts on the neural plate by interfering with glutamate-mediated Ca2+ 360 

dynamics, resulting in defects in proliferation, oriented migration and neural tube formation. 361 

Supporting this idea, we find that VPA increases cell proliferation (Fig. 4E−H), 362 

replicating the effect of inhibiting NMDAR function (Fig. 3). Incubation of embryos with VPA 363 

during the first 5 h of neurulation results in an increase in the number of neural plate cells 364 

incorporating BrdU (Fig. 4E,F), more neural plate cells labeled with the proliferative marker 365 

PCNA (Fig. 4G), and a higher total number of cells in the affected neural plate (Fig. 4H). 366 

Moreover, blocking cell proliferation by inhibiting DNA synthesis through preincubation with 367 
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hydroxyurea and aphidicolin (HUA), partially rescues VPA-induced NTD phenotype by 368 

reducing the extent of open neural tube (Fig. 4I). 369 

 370 

ERK signaling is downstream NMDAR activation to facilitate neural tube closure. 371 

In developing and mature neurons NMDAR is known to activate ERK1/2 signaling through Ca2+ 372 

influx (Xia et al., 1996). Therefore, we investigated the involvement of ERK1/2 activation 373 

during glutamate signaling-dependent neural tube formation. First, we found that ERK1/2 374 

activity increases during the progression of neural plate folding and falls again as this process 375 

concludes (Fig. 5A,A’), in contrast to the profile of neural plate cell proliferation (Fig. 3A). 376 

Incubation of embryos with 10 μM NMDA for 5 minutes during an early neural plate stage 377 

(stage 13) when ERK1/2 activity is low (Fig. 5A) is sufficient to activate ERK1/2 in neural plate 378 

cells (Fig. 5B). We then assessed whether activating ERK1/2 signaling (Fig. 5C) rescues the 379 

NTD phenotype induced by either NMDAR antagonist, D-AP5 or the AED VPA. Results show 380 

that induction of an exogenously-expressed, constitutively-active MEK1 (Scholl et al., 2004), 381 

activator of ERK1/2, completely rescues D-AP5- or VPA-induced NTDs (Fig. 5D). These results 382 

demonstrate that ERK1/2 is recruited by glutamate signaling, is sufficient for the NMDAR-383 

dependent promotion of neural tube formation and support the model that VPA is interfering 384 

with neural tube formation through this pathway.    385 

  386 

DISCUSSION 387 

This study demonstrates that glutamatergic signaling regulates neural plate cell proliferation and 388 

oriented cell migration thus enabling appropriate neural tube formation. Disturbance of this 389 

signaling by AEDs leads to NTDs. Our findings agree with studies demonstrating the regulation 390 
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of cell proliferation by neurotransmitter signaling in later embryonic stages, as well as in the 391 

postnatal and adult nervous system in rodents (Gould et al., 1994; LoTurco et al., 1995; Liu et 392 

al., 2005; Young et al., 2011). Precise regulation of neural plate cell proliferation is important for 393 

the success of neural tube formation as evidenced in two etiologically distinct models of spina 394 

bifida, the curly tail and Pax3 splotch-delayed mice, that exhibit increased cell proliferation in 395 

the open posterior neural tube (Keller-Peck and Mullen, 1997). In Xenopus laevis, increased 396 

neural plate cell proliferation induced by overexpressing the transcription factor Tumorhead also 397 

results in failure of the neural folds to close and excessive expansion of neural progenitor 398 

domains at the expense of neuronal differentiation (Wu et al., 2001). Notwithstanding, 399 

knockdown of Tumorhead in Xenopus neural plate results in abnormal neural tube formation, 400 

presumably by decreasing neural plate cell proliferation, which leads to deficient neurogenesis 401 

(Wu et al., 2003). Similarly, in this study inhibiting DNA synthesis is also detrimental to neural 402 

tube formation. Altogether these studies and our findings suggest that a tight regulation of neural 403 

plate cell proliferation is important for appropriate neural tube closure. 404 

Our findings support a model in which glutamate signaling-triggered Ca2+ dynamics 405 

regulate neural plate cell proliferation and oriented migration during neural tube formation by 406 

recruiting ERK1/2 signaling. This recruitment may depend on the downstream participation of 407 

the Ca2+/calmodulin dependent kinase (Wei et al., 2006), or through direct interactions between 408 

NMDAR subunits and Ca2+/calmodulin-dependent Ras-guanine-nucleotide-releasing factor 409 

(Krapivinsky et al., 2003). Despite the known function of ERK1/2 activation in cell proliferation, 410 

recruitment of ERK1/2 upon glutamate signaling is known to lead to non-proliferative actions 411 

such as neuronal differentiation through the regulation of expression of immediate early genes 412 

(Xia et al., 1996) and long-lasting, long-term potentiation (Zhai et al., 2013). The duration of 413 
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ERK1/2 activation, regulated by feedback mechanisms triggered by Ca2+ dynamics (Paul et al., 414 

2003), is crucial to the cellular outcome (Marshall, 1995; Scott and Pawson, 2009). In particular, 415 

Ca2+ transients in Xenopus neuroectodermal cells are known to regulate apical constriction in the 416 

folding neural plate by inducing actin contraction pulses, process important for neural tube 417 

closure (Christodoulou and Skourides, 2015). It has also been shown that T-type Ca2+ channels 418 

expressed in the anterior neural folds are necessary for their fusion and closure of the neural tube 419 

in Xenopus laevis and in the primitive chordate Ciona savignyi (Abdul-Wajid et al., 2015). We 420 

find that the increase in number of proliferative cells when glutamate signaling is inhibited is 421 

accompanied by impaired oriented migration of neural plate cells. This suggests that persistence 422 

of proliferative status of the cell may interfere with the cytoskeletal dynamics necessary for the 423 

folding of the neural plate and formation of the neural tube and that Ca2+ dynamics are needed to 424 

enable this transition. 425 

We find that VPA mimics the NMDAR inhibitor in that it inhibits Ca2+ dynamics in 426 

neural plate cells during neural plate folding, resulting in an increase in neural plate cell 427 

proliferation. Moreover, NMDA partially rescues the VPA-induced NTD phenotype. These 428 

findings suggest that VPA perturbs neural tube formation by targeting NMDAR-mediated 429 

glutamate signaling. VPA-induced increase in cell proliferation is also seen in rat neuronal 430 

progenitors grown in vitro by a mechanism independent of histone deacetylase (HDAC) 431 

inhibition, a known off-target effect of VPA (Laeng et al., 2004). Indeed, inhibition of HDACs 432 

by VPA would be expected to decrease cell proliferation, since HDACs lead to more compacted 433 

chromatin enabling proliferation and inhibiting cell differentiation (Lane and Chabner, 2009). 434 

Altogether the results suggest that the primary, neural activity-related targets of VPA are likely 435 
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responsible for the increase in neural plate cell proliferation and consequently the occurrence of 436 

NTDs. 437 

This study suggests that identification of AEDs that do not target NMDAR signaling or 438 

development of strategies that counteract this effect in the neural plate may reduce the incidence 439 

of neural tube defects in offspring of epileptic patients. 440 
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FIGURE LEGENDS 613 

Figure 1. Ca2+ dynamics and glutamate signaling are present during neural tube formation. 614 

A, Developmental stages of Xenopus laevis neural tube formation. hpf: hours post-fertilization at 615 

23°C. Adapted from (Nieuwkoop and Faber, 1994). B, Representative trace of in vivo 616 

spontaneous changes in the Ca2+ sensor GCaMP6s fluorescence in a neural plate cell from a 617 

neurulating stage-14 embryo. C, Frequency of Ca2+ transients (per 40-min period, % of total 618 

number of transients in 2-h period, stage 12.5−14), mean±SEM, n=12 embryos, *p<0.05, 619 

ANOVA followed by Dunnett's test, compared to first 40-min period; St.: stage. D, Distribution 620 

of Ca2+ transients (per 2-h period) in the dorsal ectoderm (% of total number of transients per 2-h 621 

period, stage 12.5−14), mean±SEM, n=15 embryos, ****p<0.0001, ANOVA followed by 622 

Dunnett's test compared to the most lateral region. E, RT-PCR from the dorsal half of stage-13 623 

embryos. F, Western blot assay from whole-embryo lysates at neural plate (stage 18) and tailbud 624 

(stage 28) stages (top) and from neural plate-stage (stage 18) embryos injected at the 2-cell stage 625 

with control (C-Mo) or GluN1-specific morpholino 2 (GluN1-Mo2, bottom). Similar results 626 

were obtained in 3 independent experiments. G, Traces from stage-15-dissociated neural plate 627 

cells loaded with the Ca2+-sensitive dye Fluo4-AM and imaged during addition of 10 μM NMDA 628 

or 5 mM glutamate. Lines under the traces indicate the time of incubation with NMDA or 629 

glutamate. Samples were time-lapse imaged at a rate of 0.2 Hz for 5 min. Regions of interest 630 

were selected to measure the fluorescence intensity over time for individual neural plate cells 631 

with NIS Elements software (Nikon). Fluorescence (F) is normalized to the baseline for each cell 632 

(F0) in %. H, Examples of GCaMP6s-expressing embryos imaged in the absence (vehicle) or 633 

presence of the indicated drugs during 2 h starting at stage 12.5. Circles indicate occurrence of 634 

Ca2+ transients. 10 μM NMDA was preincubated for 30 min before addition of 1 mM VPA 635 
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(NMDA+VPA). I, Frequency of Ca2+ transients (per 2-h period, stage 12.5−14), mean±SEM, 636 

numbers between parenthesis are the number of embryos per treatment, *p<0.05, one-way 637 

ANOVA, followed by Dunnett’s test compared to vehicle-treated samples. 638 

 639 

Figure 2. NMDAR-mediated signaling is necessary for neural tube formation. A-B, 640 

Embryos were incubated with vehicle (0 M D-AP5) or 5-500 M D-AP5 starting at stage 13 641 

until stage 24 (~11-h incubation). A, Immunostained transverse sections from stage-24 embryos 642 

incubated with vehicle- or D-AP5. Scale bar: 20 μm. B, Incidence of neural tube defects (NTDs) 643 

is the percent of embryos with open neural tube (NT), n≥15 embryos per group, *p<0.05, 644 

***p<0.001 Chi-squared test, compared with vehicle-incubated embryos. C, Western blot assays 645 

from whole, stage-18 embryos previously injected at the 2-cell stage with GluN1-targeted 646 

morpholino 1 (GluN1-Mo1) or with control morpholino (C-Mo, Control-Mo). Similar results 647 

were obtained in 3 independent experiments. D, Examples of stage-21 embryos previously 648 

injected at the 2-cell stage with Control-Mo and GluN1-Mo1. Arrowheads indicate failure of 649 

neural fold convergence in the midline. Comparable phenotype was obtained with GluN1-Mo2, 650 

hence, GluN1-Mo1 was used for the remaining of this study. E, Incidence of NTDs is the percent 651 

of embryos with open neural tube, mean±SEM for n>10 embryos per group, N≥5 experiments, 652 

**p<0.01, ***p<0.001, ****p<0.0001, Chi-squared test. F, Images illustrate embryos bilaterally 653 

expressing GCaMP6s and unilaterally containing GluN1-Mo1 or Control-Mo and a fluorescent 654 

tracer. Circles indicate Ca2+ transients during a 2-h period (stage 12.5-14). Graphs show Ca2+ 655 

transient frequency (per 2-h period) in GluN1-Mo- or Control-Mo-containing and contralateral 656 

(wild type, WT) neural plate in individual stage-12.5-14 embryos, n=7 GluN1-Mo and Control-657 
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Mo embryos, *p<0.05, ns: not significant, paired t-test. Lines connect paired data from the same 658 

embryo. 659 

   660 

Figure 3. NMDA receptor signaling regulates neural plate cell proliferation and migration. 661 

A, Whole-mount, immunostained stage-13 through -18 embryos were imaged coronally and 662 

analyzed using Imaris 3D software. Top image shows a single plane of a representative z-stack 663 

image of the dorsal half of a stage-17 embryo. Bottom images are volume rendering of virtual 664 

transverse sections of the neural plate in which Sox2+ cells were identified and analyzed for 665 

PCNA expression; ne: neural ectoderm, non-ne: non-neural ectoderm. The graph shows the 666 

percent of neural plate cells (identified by Sox2 expression) immunopositive for PCNA, 667 

mean±SEM, n=4-7 embryos per stage. The line connects data points at sequential developmental 668 

stages (bottom x axis) corresponding to different times post fertilization (top x axis). B-C, 669 

Images illustrate immunostained transverse sections from vehicle and D-AP5-treated embryos 670 

(5-h incubation starting at stage 13, (B)) or from unilaterally GluN1-Mo-injected embryos during 671 

neural plate folding (stage 18, (C)). Numbers on top of images in (B) are the number of PH3+ 672 

cells in 10 30- m-thick sections of neural plate per embryo, mean±SEM, n=9 embryos per 673 

group, *p<0.05, t-test. C, Graph shows numbers of PH3+ cells in 10 30- m-thick sections of 674 

wild type (WT) and GluN1-Mo-containing neural plate in individual embryos (stage 16-18), 675 

*p<0.05, paired t-test. D-E, Embryos were unilaterally injected with GluN1-Mo or Control-Mo 676 

and bilaterally with H2B-GFP mRNA at the 2-cell stage and time-lapse imaged starting at stage 677 

13 for 1.5 (C) and 2 (D) h.  D, Image on left shows a single frame from a time-lapse series 678 

(Movie 2) of an embryo bilaterally expressing H2B-GFP (green) and unilaterally containing 679 

GluN1-Mo+tracer (red). Magnified images to the right depict a cell division (arrowheads). 680 
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Graphs show the number of cell divisions during 1.5 h starting at stage 13 in contralateral and 681 

ipsilateral neural plate as the percent of total H2B-GFP cells in each side, n=6 embryos per 682 

group, *p<0.05, ns: not significant, paired t-test. Scale bars in (A,B,C,D): 20 μm. Lines in C,D 683 

connect paired data from the same embryo. E, The trajectories of individual H2B-GFP-labeled 684 

cells were measured in both halves of the neural plate of embryos unilaterally containing GluN1-685 

Mo or Control-Mo during a 2-h period starting at stage 13 (Movie 2). Drawing on the left depicts 686 

the trajectories of individual cells (circles with straight arrows), and the lateromedial movement 687 

of these same cells (segments) that is reported in the graph. Schematic in the middle shows an 688 

example of the trajectories of pairs of cells initially equidistant from the midline (dashed line) in 689 

WT and GluN1-Mo-containing neural plate over 2 h with numbers positioned at time 0 of the 690 

trajectory. Graphs show lateromedial displacement for individual WT and GluN1-Mo-containing 691 

cells and the mean±SEM, n=50 cells, N=3 embryos per group, ***p<0.001, ns: not significant, t-692 

test. In (D,E), P: posterior, A: anterior.   693 

 694 

Figure 4. The antiepileptic drug valproic acid (VPA) induces neural tube defects by 695 

interfering with glutamate signaling and by increasing neural plate cell proliferation. A-B, 696 

Embryos were incubated with vehicle (control) or 0.1-1 mM VPA starting at stage 13 or 697 

preincubated with 10 M NMDA starting at the 4-cell stage until stage 22-24. A, Immunostained 698 

transverse sections from stage-22 vehicle-, VPA- and VPA+NMDA-treated embryos. Sox2 and 699 

E-cadherin immunostaining label neural and non-neural ectoderm, respectively. B, Severity of 700 

NTDs is the percent of transverse sections of the entire anteroposterior axis with open neural 701 

tube per embryo, mean±SEM, between parenthesis are number of embryos per group, from at 702 

least 3 independent experiments, **p<0.005, ****p<0.0001, ANOVA followed by Tukey's test. 703 
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C,D, Dissociated neural plate cells from stage-15 embryos were loaded with the Ca2+-sensitive 704 

dye Fluo4-AM and imaged during addition of 5 mM glutamate or 10 μM NMDA in the absence 705 

and presence (preincubation with VPA for 30 min) of 100 μM VPA. Cells were washed with 706 

saline for 10 min between recordings. Samples were time-lapse imaged at a rate of 0.2 Hz. 707 

Regions of interest were selected to measure the fluorescence intensity over time for individual 708 

neural plate cells with NIS Elements software (Nikon). C, Shown is an example of a neural plate 709 

cell responsive to glutamate only in the absence of VPA. Lines under the traces indicate the time 710 

of incubation of the culture with glutamate or VPA. Arrows indicate the time when washes with 711 

saline were performed for 10 min. Arrowhead represents a 30-min preincubation with VPA. 712 

Fluorescence (F) is normalized to the baseline for each cell (F0) in %. D, Graphs show numbers 713 

of responsive cells to 5 mM glutamate and 10 μM NMDA as % of the total number of cells in the 714 

field of view in the absence or presence of VPA for the same field of view; n=6 (glutamate, 70 715 

cells recorded) and 8 (NMDA, 217 cells recorded) independent experiments, *p<0.05, paired t-716 

test. Lines connect paired data from the same field of view. E−H, Embryos were incubated 717 

starting at stage 13 with vehicle (control) or 0.1 mM VPA for 5 h. In (E,F) BrdU was added to 718 

control and experimental groups during the 5 h of treatment. E, Transverse sections 719 

immunolabeled for BrdU. Scale bars in (A,E): 20 μm. F−H, Graphs show number of BrdU+ (F), 720 

PCNA+ (G) and DAPI+ (H) cells per 10 30-μm-thick sections of neural plate per embryo; 721 

mean±SEM, n=9 embryos per group, *p<0.05, t-test. I, Embryos were incubated with vehicle or 722 

0.1 mM VPA starting at stage 13 and/or preincubated with HUA: 20 mM Hydroxyurea + 150 723 

μM aphidicolin from stage 12.5 (30 min before VPA treatment) until stage 24. Severity of NTDs 724 

is the percent of transverse sections of the entire anteroposterior axis with open neural tube per 725 

embryo, mean±SEM, n≥10 embryos per group, *p<0.05, ANOVA followed by Tukey's test. 726 
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 727 

Figure 5. ERK1/2 activation is downstream of glutamate-NMDAR signaling in the 728 

promotion of neural tube closure. A, Whole-mount stage-13 through -18 embryos 729 

immunostained for pEK1/2 and Sox2 were imaged coronally and analyzed using Imaris 3D 730 

software. Images show a single plane of a representative z-stack of the dorsal half of a stage-17 731 

embryo; ne: neural ectoderm. The graph shows the percent of pERK1/2 immunopositive cells in 732 

neural plate cells identified by Sox2 expression, mean±SEM, n=4-7 embryos per stage. The line 733 

connects data points at sequential developmental stages (bottom x axis) corresponding to 734 

different times post fertilization (top x axis). A', To confirm specificity of the pERK1/2 antibody, 735 

embryos were incubated with either vehicle (Control) or 10 μM PD0325901 (MEK1/2 inhibitor) 736 

from stage 11.5 to 15, then processed for whole-mount immmunostaining. B, Stage-13 embryos 737 

were incubated with 10 μM NMDA or vehicle (Control) for 5 min followed by processing for 738 

pERK1/2 immunostaining. Shown are immunostained transverse sections of neural plate and 739 

number of pERK1/2 immunopositive cells per 10 30-μm sections of neural plate per embryo, 740 

mean±SEM, n=14 embryos per treatment, *p<0.05, t-test. C, Western blot assay from whole-741 

embryo lysates of wild type (WT) and CA-MEK1-ERα expressing (CA-MEK) stage-15 embryos 742 

treated with 500 nM 4-hydroxytamoxifen (4-OHT) from stage 11. Similar results were obtained 743 

in 3 independent experiments. D, Activation of ERK1/2 rescues D-AP5 or VPA-induced NTD. 744 

WT or CA-MEK-injected embryos were incubated with 4-OHT from stage 11 followed by 745 

incubation with vehicle or with 500 μM D-AP5 or 1 mM VPA from stage 13, then fixed and 746 

processed for transverse sectioning and immunostaining at stage 22. Graph shows the severity of 747 

NTDs, which is the percent of transverse sections of the entire anteroposterior axis with open 748 

neural tube per embryo, mean±SEM, between parenthesis are number of embryos per group, 749 
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from at least 3 independent experiments, ****p<0.0001, one-way ANOVA followed by Tukey's 750 

test. Scale bars: 20 m. 751 

 752 

Movie 1. Ca2+ transient frequency in the folding neural plate increases during neurulation. 753 

Stage-14 embryo expressing the Ca2+ sensor GCaMP6s was time-lapse imaged with an 754 

acquisition rate of 0.07 Hz. Shown are the first and last 10 min from a 2-h recording. Speed is 755 

50x real time. 756 

 757 

Movie 2. Time-lapse imaging of H2B-GFP-expressing neural plate stage embryos enables the 758 

detection of neural plate cell divisions and trajectories during neural tube formation. Two-cell 759 

stage embryos were unilaterally injected with 1 pmol GluN1-Mo or Control-Mo (shown) and 760 

Alexa 568-conjugated dextran (red) and bilaterally injected with H2B-GFP (green). Movie 761 

shows a 2-h recording starting at stage 13 with an acquisition rate of 1 frame/3 min. 762 
















