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ABSTRACT 

Revealing the regulatory mechanisms that coordinate neural plate folding and neural tube 

closure could improve preventative measures for neural tube defects (NTDs). Among the most 

prevalent and serious birth defects, NTDs occur in 1 in 1000 births in the United States. Multiple 

causes, both genetic and environmental, have been recognized, including the use of antiepileptic 

drugs (AEDs) during pregnancy. There is a 10- to 20-fold increase in NTD incidence associated 

with the use of AEDs during pregnancy, but the teratogenic mechanisms are unknown. The 

prevalent paradigm that neural activity is not evident at early stages of development suggests that 

AED teratogenic effects are due to off-target mechanisms. However, recent evidence of 

embryonic excitability during neural tube formation has challenged this theory and supports the 

essential need to investigate the presence and regulation of neural activity during nervous system 

development.  

Voltage-gated sodium channels (Nav) are one of the most common and efficacious cellular 

target of AEDs in the mature nervous system yet remain relatively unexplored during neural tube 

formation. My findings demonstrate that Nav are expressed by Xenopus laevis neural plate cells 

throughout neural plate folding and neural tube closure and its insertion in neural plate cell 

membranes increases with the progression of neural tube formation, suggesting that Nav may play 

an important role in this process. Indeed, I demonstrate that both Nav blockers and Nav-AEDs elicit 

neural tube defects when exposed to neurulating Xenopus laevis embryos. In addition, Nav blockers 

and Nav-AEDs comparably reduce neural plate cell calcium activity and reverse the developmental 

progression of neural plate cell calcium dynamics during neurulation suggesting that AEDs may 

inhibit calcium transients by impairing Nav function. This work establishes FluoVoltTM membrane 

potential dye as a useful probe for studying neural plate cell resting membrane potential in Xenopus 
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laevis embryos and demonstrates that the resting membrane potential of neural plate cells is 

dependent on K+, Na+, and Cl- gradients. Moreover, I find that Nav blockers and Nav-AEDs 

hyperpolarize neural plate cells. Here I propose a model of mechanisms of Nav-AED induced 

NTDs. Resting membrane potential of neural plate cells allows for spontaneous activation of Nav 

which in turn leads to further depolarization of neural plate cells and activation of NMDAR and 

calcium dynamics. This calcium activity is important for regulating neural plate cell cycle and 

neural tube formation. Nav-AEDs interfere with Na+ currents and calcium dynamics leading to 

NTDs. This work significantly contributes to the mechanistic understanding of neural activity 

regulating neural tube formation to advance the discovery of safer therapeutic options for pregnant 

women with epilepsy. 
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Chapter I 
Antiepileptic drugs and neural tube defects 

 
1.1 Introduction 

 
1.1.1 Neural tube formation 

 
Vertebrate neurulation is a complex morphogenetic process occurring early in 

embryogenesis to form the neural tube, the prospective brain, and spinal cord (Figure 

1.1.1). It requires highly choreographed sequential cellular and molecular events. 

Following the establishment of the three germ layers - endoderm, ectoderm, and mesoderm, 

a subset of ectodermal cells receive signals from the notochord to commit to neural fate 

(Harland, 2000; Borodinsky, 2017). This neural induction results in a dorsal thickening of 

the ectoderm referred to as the neural plate. Sequentially, the neural plate undergoes drastic 

cellular shape changes, including (1) apicobasal cell elongation to thicken and narrow the 

neuroepithelium and (2) mediolateral cell migration and intercalation to narrow the plate 

transversely while elongating the anteroposterior axis, a process known as convergent 

extension (Keller et al., 1992a,b,c; Davidson & Keller, 1999; Copp & Greene, 2013; 

Nikolopoulou et al., 2017). Neural plate bending and folding begins when the lateral edges 

of the plate rise to form neural folds (Davidson & Keller, 1999; Nikolopoulou et al., 2017). 

The folds elevate and converge until they fuse at the midline, which initiates radial 

intercalation between the two cell layers to form a single-layered closed neural tube 

(Edlund et al., 2013; Nikolopoulou et al., 2017; Borodinsky, 2017).   

1.1.2 Xenopus laevis as a model organism to study neural tube formation 
 

Xenopus laevis is a powerful amphibian model for studying vertebrate central 

nervous system development. In addition to the highly conserved cellular and molecular 

processes across vertebrates, Xenopus laevis has many attributes that make them 
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advantageous over other vertebrates. They have a sizeable oocyte with transparent eggshell 

that allows visualization and manipulation of early embryogenesis via simple approaches. 

Genetic engineering studies are made possible by the complete sequencing of the Xenopus 

laevis genome (Session et al., 2016). Non-invasive imaging approaches and simple 

microinjections of constructs into the developing embryo allow for manipulation of gene 

expression. In addition, neural plate folding and neural tube formation occur in a short 

period of 7 hours at 23ºC (Figure 1.1.1). Moreover, the developmental rate can be altered 

by growing embryos at various temperatures (Khokha et al., 2002; Nieuwkoop & Faber, 

1994). Neurulation stages (stage 13, early neural plate, 15 hours post fertilization (hpf) at 

23ºC through stage 20, early neural tube, 22 hpf at 23ºC) are well defined, with each stage 

identifiable by an unequivocal and characteristic external morphology corresponding to the 

progression of neural plate folding and neural tube formation (Nieuwkoop & Faber, 1994). 

Finally, while the central nervous system of Xenopus laevis is simpler than in higher 

vertebrates, many aspects of early development including the formation of the neural tube 

and generation of main neural cell types are highly conserved across vertebrates, 

supporting the use of this model for studies ranging from developmental mechanisms to 

drug discovery and toxicology (Borodinsky, 2017).  
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1.1.3 Neural tube defects 
 

Neural tube defects (NTDs) are among the most common and debilitating 

congenital disabilities in the United States, occurring in 1 in 1,000 live births (Wallingford 

et al., 2013). NTDs are malformations of the brain, spine, or spinal cord associated with 

the failure of the neural tube to form and close properly. It is a heterogeneous phenotype 

defined by region-specific malformations, including (1) anencephaly, restricted to cranial 

Figure 1.1.1. Xenopus laevis neural plate folding and neural tube closure time course (in 
hours post fertilization, hpf) (adapted from Nieuwkoop & Faber, 1994; Gilbert, 2000) 
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regions, (2) spina bifida of the caudal neural tube, and (3) craniorachischisis, which is 

embryonic lethal and extends across the entire body axis (Copp & Greene 2014).   

Despite the prevalence and life-long patient impact, there is still little understood 

about NTD etiology. Hundreds of genes associated with the highly orchestrated operations 

of neural tube formation, such as cell adhesion and movement (Harris & Juriloff, 2010), 

cell polarity (Humphries et al., 2020), and DNA damage repair (Wallingford et al., 2013), 

have been identified in model systems to be associated with NTD risk. Studies have shown 

that patient-derived mutations of the core planar cell polarity gene VangI in Drosophila 

were causative of cell polarity defects, suggesting a potential causative relationship with 

resulting NTDs (Humphries et al., 2020). Nevertheless, no single gene mutation has been 

identified to cause human NTDs therefore they are considered multi-factorial disorders 

involving aberrant genetic and environmental interactions (Copp & Greene, 2013; Copp & 

Greene, 2014). 

Decades of epidemiological data highlight several environmental factors as 

influencing the incidence of NTDs. Periconceptional supplementation with folic acid 

significantly reduces a woman’s risk of an offspring with an NTD and is currently the 

primary preventative measure (Group et al., 1991; Berry et al., 1999; Blom et al., 2006). It 

is unclear how supplementation protects against a proportion of NTDs, mostly because 

folate is central to many cellular processes and why 30-50% of NTDs are not preventable 

(Blom et al., 2006). Maternal obesity and diabetes are well-recognized as complex risk 

factors for NTDs (Correa et al., 2003), as well as maternal fever and excessive use of hot 

tubs (Moretti et al., 2005). In addition, there is significant and increasing evidence of the 
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teratogenicity of antiepileptic drugs (AEDs) (Battino et al., 1992a,b; Kaneko et al., 1999; 

Kelly, 1984; Kelly et al., 1984a,b; Philbert & Dam, 1982; Wlodarczyk et al., 2012). 

1.1.4 Antiepileptic drugs 
 

Antiepileptic drugs (AEDs) treat various neurological disorders, including seizures, 

bipolar disorder, anxiety, and migraines (Sankaranen & Lachhwani, 2015; Wlodarczyk et 

al., 2012). AEDs decrease pathological hyperexcitability of the cerebral cortex via a 

multitude of primary targets and mechanisms of action (Falco-Walter, 2020; Kellogg & 

Meador, 2017). Seizures are disturbed brain functions resulting from abnormal electrical 

circuit excitation, affecting 10% of the global population (Falco-Walter, 2020). About 1 to 

2% of the worldwide population, or 50 million people, have seizures due to epilepsy 

(Falco-Walter, 2020). Epilepsy is a neurological disorder defined by spontaneous and 

recurring seizures. There are various known etiologies of epilepsy, such as traumatic brain 

injury, brain tumors, congenital brain defects, stroke, liver and kidney failure, and 

idiopathic epilepsy (Falco-Walter 2020; Wlodarczyk et al., 2012). Without a cure, the goal 

is to manage the symptoms of this spontaneous and lifelong disorder. AEDs remain the 

primary treatment for reducing or eliminating seizures. Most people with epilepsy have 

well-controlled seizures, are otherwise healthy, and expect to participate in life 

experiences, including childbearing (Falco-Walter, 2020; Harden et al., 2009; Sankaranen 

& Lachhwani, 2015; Wlodarczyk et al., 2012). 

1.1.5 Antiepileptic drugs and neural tube defects  
 

Despite the effectiveness of AEDs for managing neurological disorders, their use 

in pregnant women with epilepsy has 50 years of alarming epidemiological evidence of 

increased risk of malformations. The risk of pregnancy resulting in an offspring with 
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significant congenital malformation doubles when compared to untreated pregnancies 

(Bangar, 2016; Battino et al., 1992a,b; Kaneko et al., 1999; Kellogg & Meador, 2017; 

Kelly, 1984; Kelly et al., 1984a,b; Philbert & Dam, 1982; Wlodarczyk et al., 2012). 

Valproic acid (VPA) and carbamazepine (CBZ) are the most widely used first-generation 

AEDs. They pose a reported 10- to 20-fold increased risk of offspring with NTDs over the 

general population (Bangar, 2016; Harden et al., 2009; Kallen, 1994; Kellogg & Meador, 

2017; Little et al., 1993; Rosa, 1991; Wlodarczyk et al., 2012). The teratogenic mechanisms 

of AEDs are unknown. The prevailing paradigm is that AED-induced NTDs occur via off-

target effects, including (1) inhibition of folate metabolism (Finnell et al., 2003; Wegner 

& Nau, 1992) (2) buildup of AED metabolites and oxidative stress (Morimoto et al., 2016; 

Pippenger, 2003) and (3) inhibition of histone deacetylases altering necessary gene 

expression and inhibiting cell proliferation necessary during rapid growth (Eyal et al., 

2004; Gurvich et al., 2005). The role of AED primary targets in neural tube formation is 

commonly dismissed due to the mainstream belief that neural excitability is not apparent 

in early development. However, the evolving body of research supporting critical neural 

activity during early embryogenesis requires a closer look at AED molecular targets 

throughout neural tube formation (Blackshaw & Warner, 1976; Borodinsky & Spitzer, 

2006, 2007; Goyal et al., 2020;  Messenger & Warner, 1979; Sequerra et al., 2018). 

1.1.6 Voltage-gated sodium channel-targeting antiepileptic drugs 
 

For over 70 years, sodium channel blockers have been the pillar of epileptic 

pharmacological management. Voltage-gated ion channels regulate the flow of sodium 

(Nav), potassium (Kv), or calcium (Cav) to control neuronal excitability. VPA, CBZ, 

lamotrigine (LTG), and phenytoin are drugs that modulate ion channel gating, blocking 
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high-frequency repetitive spike firing that occurs during a seizure without affecting 

ordinary neural activity (Rogawski & Loscher, 2004; Sankaranen & Lachhwani, 2015). 

These drugs act on action potential firing by preferential binding to the inactive 

conformations of the channels (Davies, 1995; Rogawski & Loscher, 2004; Sankaranen & 

Lachhwani, 2015). Phenytoin and CBZ are first-generation voltage-gated sodium channel 

AEDs (Nav-AED) (Brodie, 2017). They are broad-spectrum, enzyme-inducing drugs with 

incredible efficiency in managing various seizures yet present complicated adverse effects 

and teratogenic warnings. The mission to develop safer and better-tolerated AEDs 

launched the second generation of Nav-AEDs, including LTG (Brodie, 2017; Sankaranen 

& Lachhwani, 2015). LTG possesses a wide range of efficacy, likely due to multiple 

mechanisms of action, including inhibition of CaV currents and enhancement of 

repolarizing K+ currents (Brodie, 2017; Stefani et al., 1996; Zona et al., 2002). Women 

with epilepsy of childbearing ages are strongly recommended to rely on a therapy regimen 

consisting of second-generation Nav-AEDs due to the reported increased safety profile 

(Brodie, 2017; Sankaranen & Lachhwani, 2015; Stefani et al., 1996; Zona et al., 2002). 

The question remains whether the safety of these new AEDs is due to improved 

mechanisms or the inherent lack of years of epidemiological data. It is of utmost 

importance to study first and second-generation AEDs in tandem to improve our 

understanding of the mechanisms that underly the teratogenic effects.  

 

In this chapter, I test the hypothesis that exposure to Nav-AEDs during neurulation 

induces NTDs in Xenopus laevis embryos. I define the dose-response relationship between 

Nav-AEDs and the incidence of NTDs by exposing neurulating Xenopus laevis embryos to 
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clinically relevant concentrations (Arfman et al., 2020; Falco-Walter, 2020; Ohman et al., 

2000; Patsalos et al., 2018). In addition, I assess the severity, histological and cellular 

phenotypes of AED-induced NTDs in Xenopus laevis embryos. 

 

1.2 Materials and Methods 
 

1.2.1 Animals 

Mature oocytes were collected from Xenopus laevis females previously injected with 

human chorionic gonadotropin hormone. In vitro fertilization was performed by exposing 

the oocytes to a small piece of minced testis in a dish with 10% Marc's Modified Ringers 

(MMR) saline solution containing (mM): 10 NaCl, 0.2 KCl, 0.1 MgSO4, 0.5 HEPES, 5 

EDTA, and 0.2 CaCl2. This defined time 0 of fertilization. Fertilized embryo jelly coats 

were partially removed by incubation with 2% cysteine solution (pH 8) followed by 10% 

MMR washes. Embryos were grown in 10% MMR at 23ºC. Animals were handled under 

an approved Institutional Animal Care and Use Committee protocol and guidelines.  

1.2.2 AED Incubations 

Fertilized embryos were grown to neural plate stages (stage 13, 15 hpf) for 

pharmacological incubations. At that point, they were incubated with 0.001 – 2 mM 

carbamazepine (CBZ, Sigma-Aldrich, catalog # C4024), 0.001 – 2 mM lamotrigine (LTG, 

Sigma-Aldrich, catalog # L3791), vehicle (10% MMR/0.05% DMSO) or control (10% 

MMR) from stage 13 until control embryos exhibit a closed neural tube (stage 20, 22 hpf). 

Incubations were at 23ºC. 

1.2.3 Immunohistochemistry 
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Embryos (stage 20 - 22) were fixed with 2% trichloroacetic acid (TCA) for 1 h at 23ºC or 

with 4% paraformaldehyde (PFA) for 2 h or 30 min at 4ºC or 23ºC, respectively. Fixed 

embryos were processed for immunostaining (Balashova et al., 2017; Belgacem & 

Borodinsky, 2015) and standard protocols for paraffin embedding and 10-µm transverse 

sectioning. Antigen retrieval was performed by microwaving sections in 0.05% citraconic 

anhydride (pH 7.4). 4% BSA was used for blocking and 0.1% Tween-20 was added to 

antibody and washing solutions. Primary and secondary antibody incubations were done 

overnight at 4ºC and 2 h at 23ºC, respectively. Primary antibodies included: anti-Sox2, 

1:500 (catalog # AF2018, R&D Systems), anti-E-cadherin 5D3, 1:50 (Developmental 

Studies Hybridoma Bank at the University of Iowa, Iowa City, IA), and anti-alpha Tubulin, 

1:500 (catalog # ab15246, Abcam). Secondary antibodies included Alexa FluorTM 

conjugated 488 (catalog # A-21202, Invitrogen) , 568 (catalog # A-11057, Invitrogen) and 

647 (catalog # A-31573, Invitrogen).  

1.2.4 Assessment of neural tube defect incidence and severity 

AEDs (0.001 – 2 mM), vehicle (0.05% DMSO), and saline (10% MMR) groups were 

scored for NTD incidence and severity. Incidence was reported as the percent of embryos 

per treatment group exhibiting the failed neural fold convergence phenotype at the midline 

(N > 6 independent experiments, n ³ 30 embryos per group). Nuclei in transverse sections 

(10-µm, 70 sections average per stage 20 – 22 embryo) were labeled with DAPI. NTD 

severity was determined by counting the number of sections exhibiting opened and closed 

neural tube and reported as percent of sections per embryo with open neural tube (N > 3 

independent experiments, n ³ 6 embryos per group).  

1.2.5 Assessment of neural tube morphological and histological abnormalities 
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Transverse sections (10 µm, stage 20 – 22) were labeled with DAPI, anti-Sox2, anti-E-

cadherin, and anti-alpha tubulin using the immunohistochemistry methodology previously 

mentioned. Control (10% MMR), vehicle (10% MMR / 0.05% DMSO), 0.1 – 0.5 mM LTG 

and 0.1 – 0.5 mM CBZ incubated embryos were assessed for morphological and 

histological abnormalities. Neural tube width was measured using a measuring tool within 

ImageJ (N > 3 independent fertilizations, n = 5 embryos/group, n = 3 medial 

sections/embryo). The number of Sox2+ and DAPI+ cells in the neural tube per 5 medial 

sections per embryo (N > 3, n = 8 embryos per group) was quantified using Olympus 

cellSens imaging and analysis software. A defined neural tube Region of Interest (ROI) 

was traced per sample. Independent fluorescent thresholds were defined as twice the 

background for both channels. The minimum object size was set to 100-pixels. These 

parameters remained consistent among independent samples. Cell counts were generated 

based on thresholded binary transformation within the ROI.  

1.2.6 Statistical analysis 

Nonlinear fit analysis with three or four parameters and a confidence level of 95% was 

employed to analyze incidence and severity data sets (N>6 independent experiments, n>30 

embryos). Extra sum-of-squares F Test was used to compare the EC50 values between 

groups to identify if there was a significant difference in experimental compared to control. 

For cell count data, ANOVA or Student's t-test followed by Tukey's post hoc test evaluated 

significance (N > 3 independent experiments, n > 8 embryos). Differences were considered 

significant when p<0.05.  
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1.3 Results 
 

1.3.1 AEDs induce NTDs in a dose-dependent manner 
 

Neurulating Xenopus laevis embryos were incubated in CBZ or LTG for the extent 

of neural tube formation (stage 13 – 20, 15 – 22 hpf). Clinically relevant concentrations of 

Nav-AEDs (0.001 – 2 mM) (Arfman et al., 2020; Falco-Walter, 2020; Ohman et al., 2000; 

Patsalos et al., 2018) were used in six independent fertilization batches of embryos. 

Treatments were paired with appropriate controls, including embryos incubated with saline 

(10% MMR) and vehicle (0.05% DMSO in 10% MMR). Incubations were done at 23ºC. 

When control embryos had reached 22 hpf and neural tube closure was complete, I scored 

the number of embryos from each group that presented a NTD or lack of fusion at the 

dorsal midline and the total number of embryos (Figure 1.3.1A).  

Incubation of embryos with either of the Nav-AEDs, CBZ or LTG leads to an 

increase in the incidence of NTDs in a concentration-dependent manner (Figure 1.3.1B). 

The fitting of dose-response curves reveals that the potency of CBZ is significantly higher 

than that of LTG (CBZ EC50 = 0.88 mM; LTG EC50 = 1.32 mM; Figure 1.3.1B). 

Nevertheless, they both elicit 100% NTDs at 2 mM dose.  
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Figure 1.3.1. AEDs induce NTDs in a dose-dependent manner. Embryos were incubated in either vehicle 
(0.05% DMSO), 0.001 to 2 mM carbamazepine (CBZ) or lamotrigine (LTG) during neurulation (7 h, stage 
13 through 20). A, Representative micrographs of stage-20 whole-embryos from each group incubated with 
vehicle (Control), 0.5 mM CBZ or 0.5 mM LTG. Arrowheads indicate the NTDs. B, Incidence of NTDs was 
assessed as the percent of embryos with an open neural tube, n ³ 30 embryos per group, N > 6 independent 
experiments. Data points represent mean±SEM, curves represent nonlinear fit with three (CBZ, R2 0.97) or 
four (LTG, R2 0.98) parameters with confidence level 95%, EC50: the concentration causing malformations in 
50% of the embryos. Extra sum-of-squares F Test to compare the EC50 values of CBZ and LTG,  F1,65  = 
18.45, ****p<0.0001. 
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1.3.2 CBZ has higher teratogenic potency than LTG 
 

With the evidence that CBZ and LTG cause NTDs in a dose-dependent manner, I 

sought to assess the severity of the NTDs. The embryos that were incubated in either 

vehicle (0.05% DMSO) or 0.001 to 2 mM carbamazepine (CBZ) or lamotrigine (LTG) 

during neurulation (7 h, stages 13 through 20) were fixed and processed for transverse 

sectioning and nuclear labeling with DAPI. The severity of NTDs was assessed by counting 

the 10-µm-thick sections from the entire anteroposterior axis of the embryo that exhibit an 

open neural tube (Figure 1.3.2A). This is clinically relevant as human NTDs are 

categorized by the location and extent of the defect along the central nervous system axis 

(Copp & Greene, 2014). The EC50 defines the concentration of the AED that causes 

malformations in 50% of the sections per embryo (Figure 1.3.2B). When comparing EC50 

values (CBZ EC50 = 0.16 mM; LTG EC50 = 1.37 mM; Figure 1.3.2B), CBZ is significantly 

(p<0.0001) more potent at producing severe NTDs than LTG.  
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Figure 1.3.2. CBZ has higher teratogenic potency than LTG. Embryos were incubated in either; vehicle 
(0.05% DMSO control 0 mM), 0.001 to 2 mM carbamazepine (CBZ) or lamotrigine (LTG) during neurulation 
(7 h, stage 13 through 20), when they were fixed and processed for transverse sectioning and nuclear labeling 
with DAPI. Severity of NTDs was assessed by counting the number of 10-µm -thick sections from the entire 
anteroposterior axis of the embryo that exhibit an open neural tube. A, Representative transverse sections of 
embryos (stage 20) from each group. White tracing shows a closed neural tube (control) versus open neural 
tube (CBZ and LTG). B, Data points represent mean±SEM percent of sections with open neural tube. Curves 
represent nonlinear fit with three parameters, R2 0.92 with confidence level 95%. N > 3 independent 
experiments, n ³ 6 embryos per group. EC50: the AED concentration causing malformations in 50% of the 
sections per embryo. Extra sum-of-squares F Test to compare the EC50 values of CBZ and LTG,  F1,80  = 
32.60, ****p<0.0001.  
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1.3.3 AED exposure during neurulation results in alterations in neural tube morphology 
 
 

Both CBZ- and LTG-exposed embryos present with a neural tube that was thicker 

in appearance than that of the control (Figure 1.3.3A). The measuring of three medial 

sections per embryo revealed that both 100, 500 µM CBZ- or 500 µM LTG-exposed 

embryos have a thicker neural tube (Figure 1.3.3B). Additionally, it was observed that the 

cellular organization of AED-exposed embryos differed from that of the control (Figure 

1.3.3A). Sox2+ neural stem cells line the lumen of the newly closed neural tube in control 

embryos, while neural progenitors and differentiating neurons (Sox2-immunonegative 

cells) position in outer regions of the neural tube (Figure 1.3.3A). In contrast in AED-

exposed embryos, Sox2+ cells can be identified throughout the defective neural tube 

(Figure 1.3.3A). These findings suggest that AED exposure interferes with the normal 

progression of neural stem cell differentiation in the neural tube. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 16 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

 Sox2 / E-Cadherin / a tubulin / DAPI 

Control 

 

500 µM CBZ 500 µM LTG 



 17 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 

Veh
icl

e 0.1 0.5 0.1 0.5

0

20

40

60

80

100

100 and 500 uM Pixel Measuring Data

100 Control 

100 

0 
500 

**** 

**** **** 

N
eu

ra
l t

ub
e 

w
id

th
 (µ

m
) 

100 500 

CBZ (µM) LTG (µM) 

Figure 1.3.3. AED exposure during neurulation results in alterations in neural tube 
morphology. Embryos were incubated in either vehicle (0.05% DMSO control 0 µM), or 100 µM to 
500 µM carbamazepine (CBZ) or lamotrigine (LTG) during neurulation (7 h, stage 13 through 20). 
Embryos from each group were fixed and processed for transverse sectioning (10 µm-thick), nuclear 
labeling (DAPI) and immunostaining for neural stem cell marker (Sox2), non-neural ectoderm marker 
(E-Cadherin) and alpha-tubulin. A, Representative transverse sections of embryos (stage 20) 
incubated with vehicle (control),  500 µM CBZ or LTG. Neural ectoderm can be identified by Sox2+ 
cells. Scale bar = 20 µm B, Shown is mean+SEM medial neural tube width in transverse (10-µm) 
sections; N = 3, n = 5 embryos/group; n = 3 medial sections/embryo, ****p<0.0001, 1-way ANOVA 
followed by Tukey’s test to compare control to treatment groups.  
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1.3.4 AED exposure during neurulation increases the number of cells in the neural tube 
 

The neural tube of embryos incubated with 100 µM to 500 µM CBZ or LTG during 

neurulation (7 h, stage 13 through 20) are mediolaterally thicker compared with controls 

(Figure 1.3.4A). Therefore I sought to determine if there was a significant difference in the 

number of cells in the AED treated groups. Embryos from each group were fixed and 

processed for transverse sectioning (10 µm-thick) and nuclear labeling (DAPI) and 

immunostaining for neural stem cells (Sox2) (Figure 1.3.4A).  

The neural ectoderm was identified by Sox2+ cells and used as the ROI (Figure 

1.3.4A). The number of DAPI+ and Sox2+ cells in 500 µM CBZ and LTG neural tubes 

were significantly higher than in control samples (Figure 1.3.4A,B). The ratio of Sox2+ to 

DAPI+ cells in the neural tubes of 500 µM CBZ- and LTG-treated embryos was 

significantly higher than that of controls and embryos exposed to lower concentrations of 

the AEDs (Figure 1.3.4A-C).  
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1.4 Discussion 
 

The use of first-generation AEDs during pregnancy is associated with an increased 

risk of congenital disabilities in offspring, yet much less is known about newer generation 

AEDs in this respect. Therefore, further studies such as this are critical to compare AEDs 

at different dosages to assess the teratogenic potential of newer generation AEDs. With the 

surge of new-generation AEDs approved and deemed safe for pregnancy, there is an 

urgency to better understand the effects on fetal development to predict risk rather than 

wait for decades of epidemiological data.  

CBZ has a long history of teratogenic evidence. Many years of studies and 

epidemiological data have concluded first-trimester exposure to CBZ increases 

malformations such as NTDs, craniofacial defects, developmental delays, and cognitive 

changes (Holmes et al., 2001; Kuo, 1997, 1998; Morimoto et al., 2005; Nie et al., 2016; 

Ornoy, 2009; Patsalos et al., 2018, Pippenger, 2003). GlaxoSmithKline (London, UK) 

began a database of women on LTG in 1992, which revealed a 2- to 3-fold increase in fetal 

malformations (Cunnington & Tennis, 2005; Nie et al., 2016). Another UK database 

suggests that LTG teratogenic effects are dose-dependent, with a higher risk for women on 

Figure 1.3.4. AED exposure during neurulation increases the number of cells in the neural tube. 
Embryos were incubated in either vehicle (0.05% DMSO control), or 100 µM to 500 µM carbamazepine 
(CBZ) or lamotrigine (LTG) during neurulation (7 h, stage 13 through 20). Embryos from each group were 
fixed and processed for transverse sectioning (10 µm-thick) and nuclear labeling (DAPI) and immunostaining 
for neural stem cell marker (Sox2). A, Representative transverse sections of embryos (stage 20) incubated 
with vehicle (control),  500 µM CBZ or LTG. Neural ectoderm can be identified by Sox2+ cells. B, Number 
of Sox2+ and DAPI+ cells in the neural tube per 10-µm transverse section; n = 8 embryos/group; n = 5 medial 
sections/embryo, mean±SEM, ****p<0.0001, 1-way ANOVA followed by Tukey’s test to compare control 
to treatment groups for each labeled cell. C, Ratio of Sox2+ to DAPI+ cells in the neural tube of control- and 
100 µM to 500 µM CBZ- or LTG-treated groups, n = 8 embryos per group, *p<0.05, ****p<0.0001 1-way 
ANOVA followed by Tukey’s test compared with control. 
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an LTG polytherapy. The database reports that pregnant women with epilepsy on LTG had 

a 5-fold greater risk of having a newborn with a facial cleft versus untreated women, 

creating further concern as to the actual gestational safety of LTG (Nie et al., 2016; Tennis 

& Eldridge, 2002).  

This study demonstrates that CBZ is a highly potent teratogen in Xenopus laevis, 

eliciting severe NTDs at the lowest clinically relevant concentration, similar to what is seen 

in humans (Banger, 2016; Harden et al., 2009; Hiilesmaa, 1992;  Holmes et al., 2001; 

Kallen, 1994; Kaneko et al., 1999, Kellogg & Meador, 2017; Kelly, 1984; Little et al., 

1993; Nie et al., 2016; Pippenger, 2003; Rogawski & Loscher, 2004; Rosa, 1991; 

Sankaranen & Lachhwani, 2015) validating the use of this model to investigate the 

mechanisms underlying the AED-induced NTDs and suggesting that these mechanisms 

may be conserved across species. In addition, the incidence and severity of LTG-induced 

NTDs in Xenopus laevis embryos are dose-dependent. We also observed a dose-dependent 

thickening of the neural plate in CBZ or LTG exposed embryos. Further investigation 

revealed that AED exposure increased the overall number of cells in the neural tube, with 

higher doses significantly increasing neural progenitor cells. The control neural tubes 

transition away from the stem cell fate to progress into neuronal differentiation, but the 

AED groups maintained the "stemness" phenotype. These data align with previous studies 

exploring the association of increased neural cell proliferation with NTDs (Keller-Peck & 

Mullen, 1997; Patterson et al., 2014; Sequerra et al., 2018; Wu et al., 2001). The 

overexpression of transcription factor Tumorhead in Xenopus laevis causes increased 

neural cell proliferation and impaired neural plate bending and neuronal differentiation 

(Wu et al., 2001). Studies with rodent models of spina bifida have reported increased cell 
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proliferation in the posterior neural tube (Keller-Peck & Mullen, 1997) and NTDs resulting 

from the disruption of neuronal cell cycle progression and differentiation in the early stages 

of neurulation (Patterson et al., 2014). The precise regulation of cell proliferation and 

differentiation is critical to the success of neural tube formation, and this study provides 

evidence that AEDs disrupt these processes.  

The findings of this chapter spotlight the importance of exploring the mechanisms 

of action underlying the teratogenic effects of CBZ and LTG. Our findings support the 

model that LTG presents a significant increase in the risk of NTDs, and its current safety 

profile, in comparison to other AEDs, is likely due to the lack of epidemiological data 

(Cunnington & Tennis, 2005; Nie et al., 2016; Tennis & Eldridge, 2002). Despite the 

associated danger, these drugs are frequently prescribed during pregnancy due to the 

importance of therapeutically controlling seizures in pregnant women. The overall goal of 

uncovering the teratogenic mechanisms of AEDs is to develop a new generation of drugs 

that protects the mother from epileptic symptoms and diminishes the danger to the 

offspring. 
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Chapter II: 
Voltage-gated sodium channels during neurulation 

 
2.1 Introduction 

 
2.1.1 Neural activity during early embryogenesis – neurotransmitters  

 
The mainstream paradigm of neural tube formation is that it is strictly coordinated 

by genetic programming, and electrical activity is not present in these early stages of 

development prior to establishing synapses. However, studies continue to provide evidence 

of neurotransmitter activity during the early stages of embryogenesis (Borodinsky, 2004; 

Borodinsky & Spitzer, 2006, 2007; Goyal et al., 2020; LoTurco et al., 1995; Root et al., 

2008; Sequerra et al., 2018; Smith & Walsh, 2020).  

Neurotransmitters and neurotransmitter receptors are expressed during neurulation 

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

neural cell proliferation and migration (Rowe et al., 1993). GABA, glutamate, dopamine, 

and noradrenaline are expressed in the medial-posterior neural plate of Xenopus laevis 

embryos (Root et al., 2008; Rowe et al., 1993). The presence of these neurotransmitters 

prior to synapse formation suggests non-synaptic mechanisms of neurotransmission 

(Borodinsky, 2014; Goyal et al., 2020; Sequerra et al., 2018). Recent studies have shown 

glutamatergic signaling throughout neural tube formation (Sequerra et al., 2018). When 

glutamate signaling is inhibited, there is an increase in proliferative cells in the neural plate 

(Sequerra et al., 2018). Glutamate signaling, in part through NMDA receptors, activates 

calcium dynamics during neurulation (Sequerra et al., 2018). Glutamate-mediated calcium 

signaling is essential for regulating neural plate stem cell proliferation and migration, as 

the disruption of this signaling results in NTDs (Sequerra et al., 2018). 



 24 

Calcium is one of the most potent second messengers in biology. Unlike many other 

second messengers, it cannot be metabolized, therefore the tight regulation of extracellular 

to intracellular movement is critical. The ability to control intracellular calcium 

concentration and location is pivotal for regulating various cell functions. Not surprisingly, 

electrical activity during neurulation relies on calcium dynamics (Goyal et al., 2020; 

Sequerra et al., 2018). Presumably a conserved feature of developmental biology, calcium-

mediated electrical activity has been identified during embryonic spinal cord development 

in mouse (Hanson & Landmesser, 2003), rat (Ren & Greer, 2003), chick (Sernagor et al., 

1995; Chub & O'Donovan, 1998; O'Donovan et al., 1998), Xenopus laevis (Gu et al., 1994; 

Gu & Spitzer, 1995; Borodinsky et al., 2004), Xenopus tropicalis (Marek et al., 2010) and 

zebrafish (Warp et al., 2012; Plazas et al., 2013). Neurotransmitters induce calcium 

transients resulting in cytoskeleton remodeling of developing neurons (Zheng & Poo, 

2007). Similar changes in cell shape and movement are necessary during neural tube 

formation. Studies have shown calcium influx activates neural-specific genes essential for 

neural induction, driving cells to neural fate (Moreau et al., 2008).  

The medial neuroectoderm of Xenopus laevis exhibits spontaneous transients in 

intracellular calcium concentration, and these transients increase in frequency with the 

progression of neural plate folding (Sequerra et al., 2018). Neural plate cell calcium activity 

is partially mediated by NMDA receptors (Sequerra et al., 2018) and T-type calcium 

channels (Abdul-Wajid et al., 2015). Interestingly, the AED valproic acid (VPA) inhibits 

calcium activity in the neural plate, comparable to the effects seen when inhibiting NMDA 

receptors, resulting in neural tube defects (NTDs) (Sequerra et al., 2018). The NMDA 

receptor blockade- and VPA-induced NTDs can be rescued by enhancing ERK 1/2 
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activation. Moreover, VPA-induced NTDs can be partially rescued by preincubating 

embryos with NMDA, suggesting that VPA induces NTDs by interfering with glutamate 

signaling necessary for neural tube formation (Sequerra et al., 2018). Given the relevance 

of neural activity, neurotransmitters and Ca2+ dynamics in presynaptogenic stages of the 

nervous system development, it is important to consider the primary targets of AEDs as 

the mechanisms underlying AEDs teratogenicity by assessing their effect on neural activity 

during neural tube formation. 

2.1.2 Neural activity during early embryogenesis – ion channels and membrane potential  
 

Ion conductance in the mature nervous system is the basis of neurotransmission. 

Synaptic function and neuronal excitability are dependent on the expression and gating 

mechanisms of various ion channels. However, the role of ion channels prior to the 

establishment of synapses and throughout neural tube formation is still unclear. In Xenopus 

laevis the expression of voltage- and neurotransmitter-gated ion channels is evident in 

neural stem cells as early as neural plate stages (Abdul-Wajid et al., 2015; Goyal et al., 

2020; Sequerra et al., 2018; Spencer et al., 2019).  

Studies have shown that sodium current is essential to neural differentiation 

(Messenger & Warner, 1979; Pai et al., 2015; Robinson & Stump, 1984). The folding 

neural plate of Xenopus laevis presents an ionic current pattern consisting of Na+-dependent 

inward current stronger in the mid-lateral neural plate which decreases near the midline of 

the neural groove (Robinson & Stump, 1984). A similar mediolateral current pattern was 

identified and disrupted by the overexpression of Kv1.5 and subsequent incubation with a 

chloride channel agonist. This disruption of the putative ionic currents resulted in defects 

in brain morphogenesis (Pai et al., 2015).  
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Neural plate stage Xenopus laevis embryos exposed to strophanthidin, a Na+/K+ 

ATPase inhibitor, display a reduction in neural differentiation and ultimately a 50% 

reduction in white matter of the mature nervous system (Messenger & Warner, 1979). In 

addition, increasing extracellular potassium during the strophanthidin treatment protects 

differentiating neurons from the inhibitory effects of the cardiac glycoside, suggesting that 

the activation of the sodium pump is essential to neural differentiation (Messenger & 

Warner, 1979). Furthermore, the mean resting membrane potential of neural plate cells of 

axolotl embryos increases when embryos enter mid-neural plate stages of development 

(Blackshaw & Warner, 1975). Increasing extracellular potassium during this spontaneous 

resting membrane potential change causes the neural plate cells to hyperpolarize 

(Blackshaw & Warner, 1975). Both the spontaneous increase in resting membrane potential 

and the potassium-induced hyperpolarization of neural plate cells can be prevented by the 

addition of cardiac glycosides, suggesting that the sodium pump is functional following 

neural induction (Blackshaw & Warner, 1975). 

Given the established presence of sodium currents in neural plate cells and the 

importance of sodium to neural differentiation (Blackshaw & Warner, 1975; Messenger & 

Warner, 1979; Pai et al., 2015; Robinson & Stump, 1984) it is important to consider 

channels that potentially contribute to sodium flux during neural plate stages. Scn1a is the 

gene that codes for the alpha subunit of voltage-gated sodium channels (Nav). Scn1a 

transcripts have been identified in the neural plate of Xenopus laevis embryos in early 

neurulation (stage 13) with expression levels that increase throughout neural plate folding 

(Sessions et al., 2016). Sodium channel-blocking antiepileptic drugs (Nav-AEDs) operate 

in the mature nervous system by binding to the alpha subunit of Nav (Yip et al., 2014). The 
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spatiotemporal expression, localization, and function of Nav during neural plate folding and 

neural tube development have yet to be investigated. 

 

In this chapter, I test the hypothesis that voltage-gated sodium channels (Nav) are 

expressed during neurulation and essential to neural tube formation. I discover the 

spatiotemporal presence of Nav in Xenopus laevis embryos during neural tube formation. 

Furthermore, I demonstrate the relevance of Nav during neural tube formation by utilizing 

Nav blockers to assess the consequences to neural plate cell calcium dynamics, resting 

membrane potential, and neural tube formation. 

 

2.2 Materials and Methods 
 

2.2.1 Animals 
 

Mature oocytes were collected from Xenopus laevis females previously injected with human 

chorionic gonadotropin hormone. In vitro fertilization was performed by exposing the oocytes 

to a small piece of minced testis in a dish with 10% Marc's Modified Ringers (MMR) saline 

solution containing (mM): 10 NaCl, 0.2 KCl, 0.1 MgSO4, 0.5 HEPES, 5 EDTA, and 0.2 CaCl2. 

This defined time 0 of fertilization. Fertilized embryo jelly coats were partially removed by 

incubation with 2% cysteine solution (pH 8) followed by 10% MMR washes. Embryos were 

grown in saline (10% MMR) at 23ºC. Animals were handled under an approved Institutional 

Animal Care and Use Committee protocol and guidelines.  

2.2.2 Nav blocker incubations 
 

Fertilized embryos were grown to neural plate stages (stage 13, 15 hours post-fertilization 

(hpf)) in saline (10% MMR) at 23ºC. Subsequently, they were incubated with 0.02% tricaine 
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methanesulfonate (TMS, Sigma-Aldrich, catalog # E10521), 0.0001% tetrodotoxin citrate  

(TTX, catalog # 1069, Tocris), 0.05% DMSO in 10% MMR vehicle for TTX or saline (10% 

MMR, vehicle for TMS) from stage 13 until control embryos exhibit a closed neural tube (stage 

20, 22 hpf). Incubations were at 23ºC. 

2.2.3 Immunohistochemistry 
 

Embryos (stage 20 - 22) were fixed with 2% trichloroacetic acid (TCA) for 1 h at 23ºC or with 

4% paraformaldehyde (PFA) for 2 h or 30 min at 4ºC or 23ºC, respectively. Fixed embryos 

were processed for immunostaining (Balashova et al., 2017; Belgacem & Borodinsky, 2015) 

and standard protocols for paraffin embedding and 10-µm transverse sectioning. Antigen 

retrieval was performed by microwaving sections in 0.05% citraconic anhydride (pH 7.4). 

Tween-20 was added to antibody and washing solutions. Primary and secondary antibody 

incubations were done overnight at 4ºC and 2 h at 23ºC, respectively. Primary antibodies 

included: anti-Pan-Nav1, 1:500 (clone N419/40, catalog # 75-405, UC Davis/NIH NeuroMab 

Facility), anti-Sox2, 1:500 (catalog #AF2018, R&D Systems); anti-E-cadherin 5D3, 1:50 

(Developmental Studies Hybridoma Bank at the University of Iowa, Iowa City, IA); and anti-

alpha Tubulin, 1:500 (catalog #ab15246, Abcam). Secondary antibodies included Alexa 

FluorTM conjugated 488 (catalog # A-21202, Invitrogen) , 568 (catalog # A-11057, Invitrogen) 

and 647 (catalog # A-31573, Invitrogen). 

2.2.4 Assessment of neural tube defect incidence and severity 
 

Incidence of NTDs was quantified as the percent of embryos per treatment group exhibiting 

the failed neural fold convergence phenotype at the midline (N > 3 independent experiments, 

n ³ 30 embryos per group). Groups included; 0.02% TMS, 0.0001% TTX, 0.05% DMSO, and 

saline (10% MMR). Nuclei in transverse sections (10-µm, 70 sections average per stage 20 – 
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22 embryo) were labeled with DAPI. NTD severity was determined by counting the number 

of sections exhibiting opened and closed neural tubes and reported as the percent of sections 

per embryo with an open neural tube (N > 3 independent experiments, n ³ 6 embryos per 

group).  

2.2.5 Western blot assay 
 

Whole embryos (stages 13, 17 or 20) were homogenized in an extraction buffer containing: 20 

mM Hepes (pH 7.4), 5 mM EDTA, 20 mM NaCl, and protease inhibitors (Thermo Scientific, 

Catalog # 784115). Samples were put on ice for 10 min with vortexing every 3 min then 

centrifuged at 16,100 rpm for 10 min at 4ºC. The pellet (nuclear fraction) was stored at -80 ºC 

for future processing. The supernatant (cytosolic and membrane fractions) was removed and 

centrifuged at 16,000 rpm for 30 min at 4ºC. The supernatant (cytosolic fraction) was removed 

and boiled with Laemmli buffer to prepare for running a 10% SDS-PAGE. The pellet 

(membrane fraction) was washed three times with extraction buffer at 16,000 rpm for 20 min 

each wash to remove residual cytosolic proteins. Following washes, the sample was boiled 

with Laemmli buffer. Both cytosolic and membrane fraction samples were run on a 10% SDS-

PAGE followed by transferring to PVDF membrane. Protein transfer to PVDF membrane was 

done overnight at 4ºC. The PVDF membrane was probed with anti-Pan-Nav1, 1:500 (clone 

N419/40, catalog # 75-405, UC Davis/NIH NeuroMab Facility), and the cytosolic protein 

phopsho-p38 MAP Kinase 1:1,000 (Cell Signaling Technology, catalog # 9211) antibodies in 

5% BSA. PVDF membranes were stripped in 0.2 M glycine HCl buffer, pH 2.5, 0.05% Tween 

for 20 min. The membranes were then probed using the membrane marker anti-α1 subunit 

sodium-potassium ATPase antibody 1:1,000 (Abcam, catalog # ab767) and the cytosolic 

protein p38α MAP Kinase 1:1,000 (Cell Signaling Technology, catalog # 9228) antibodies in 
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5% BSA. HRP-conjugated secondary antibodies 1:10,000 (Jackson ImmunoResearch) in 1% 

BSA were incubated for 10 min and visualized by the ECL+ substrate developing kit (Thermo 

Scientific, catalog # 32106) on a BioRad imager.  

2.2.6 Calcium imaging with Nav blockers 
 

DNA for the genetically-encoded Ca2+ sensor GCaMP6s (pGP-CMV-GCaMP6s was a gift 

from Douglas Kim & GENIE Project (Addgene plasmid # 40753 ; 

http://n2t.net/addgene:40753 ; RRID:Addgene_40753) (Chen et al., 2013)) was subcloned into 

pCS2+ vector. The restriction sites for Bg1II and NotI were included in the pCS2+ vector using 

the forward primer 5’-TCACTAAAGGGAACAAAAGATCTGGGTACCGGGCCCAA-3’ 

and the reverse primer 5’-TTGGGCCCGGTACCCAGATCTTTTGTTCCCTTTAGTGA-3’. 

mRNA for injections into Xenopus laevis embryos was in vitro transcribed from the plasmid 

using the mMessage mMachine (Ambion) standard protocol and kits. Two- to four-cell stage 

embryos previously dejellied were injected with GCaMP6s mRNA (0.8 – 1 ng per embryo). 

Embryos were incubated with 6% Ficoll in 10% MMR for 1 h post-injection and grown to 

neural plate stages in saline (10% MMR). Neural plate stage embryos 16 – 19 hpf were imaged 

using a Sweptfield confocal microscope (Nikon) at an acquisition rate of 0.1 Hz for a total of 

35 min. Imaging per embryo consisted of a control period (0-5 min, in 10% MMR) and a 

treatment period (5-35 min, treatment solution). A single embryo was situated for dorsal 

midline imaging by using clay in an imaging dish with saline (10% MMR). Following the 5 

min control period of imaging, TMS or TTX was added to the imaging dish to achieve the 

desired treatment concentration. As in previous studies, calcium transients were detected by a 

peak change in fluorescence of at least twice the level of the noise (Belgacem and Borodinsky, 

2011; Borodinsky et al., 2004; Borodinsky and Spitzer, 2007; Sequerra et al., 2018; Swapna 
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and Borodinsky, 2012; Tu and Borodinsky, 2014; (Figure 2.3.3)). Calcium transients were 

quantified at various time periods (0-5, 5-10, and 30-35 minutes). The number of calcium 

transients for each treatment period was compared to the control period to assess the percent 

change in calcium transients over time. Significance was determined by one-way ANOVA 

followed by Tukey’s multiple comparisons test.  

2.2.7 Membrane potential sensor incubation 
 

Xenopus laevis embryo jelly coats were partially removed by incubation with 2% cysteine 

solution (pH 8) followed by saline (10% MMR) washes. Two-cell stage embryos (1.5 hpf) 

were injected with membrane mCherry mRNA (mCherry-Mem was a gift from Narasimhan 

Gautam (Addgene plasmid #36075; http://n2t.net/addgene:36075; RRID: Addgene_36075) 

(Chisari et al., 2009). Embryos were incubated with 6% Ficoll in 10% MMR for 1-hour post-

injection and grown to neural plate stages in saline (10% MMR). When embryos reached stage 

13 - 14 (15 – 16 hpf), they were incubated with FluoVoltTM Membrane Potential dye 

(FluoVoltTM Membrane Potential Kit, catalog # F10488, ThermoFisher) using a 1:10 solution 

of FluoVolt dye (488) to Powerload Concentrate Loading Buffer with probenecid (catalog # 

P36400, ThermoFisher). Embryos were incubated with the FluoVoltTM solution for 30 min, 

protected from light at 23ºC. Embryos were subsequently washed three times with saline (10% 

MMR) and maintained at 23ºC (Figure 2.3.5). 

2.2.8 Imaging of changes in resting membrane potential in the presence of different 
extracellular ion concentrations and Nav blockers 
 

Xenopus laevis neural plate stage embryos (16 – 19 hpf) expressing mCherry-Mem and 

previously loaded with FluoVoltTM Membrane Potential Dye were imaged using a Sweptfield 

confocal microscope (Nikon) at an acquisition rate of 0.1Hz for 15 min with the 488 and 568 

lasers. A single embryo was situated for dorsal midline imaging by using clay in an imaging 
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dish with saline (10% MMR).  Each embryo was imaged for a control period (0-5 min) and a 

treatment period (5-15 min). After the 5 min control period, 250 µL of various stock solutions 

were added to image the following groups; (1) KCl (0.2 – 2 mM), (2) NaCl (10 – 100 mM), 

(3) Na+ gluconate (10 – 100 mM), (4) 0.02% TMS, (5) 0.0001% TTX, (6) sucrose (40 – 200 

mM), (7) saline (10% MMR) (N > 5, n > 4 per group). The percent change in fluorescence 

intensity (AU) over time of FluoVoltTM was normalized using the mCherry-Mem fluorescent 

intensity (Figure 2.3.5). The data is reported as the mean+SEM percent change in FluoVolt 

and mCherry-Mem ratio (N > 3, n > 5).   

2.2.9 Statistical analysis 
 

ANOVA evaluated significance, followed by Tukey's post hoc multiple comparisons test. N > 

3 independent fertilizations and n > 6 embryos per group for all data sets unless specifically 

indicated. Differences were considered significant when p<0.05.  

 

2.3 Results 
 
2.3.1 Nav are present during neurulation and localize to the membrane of neural plate cells 

during neural plate folding 
 

To investigate the spatiotemporal expression of Nav during neural tube formation, 

I prepared cytosolic and membrane fractions from embryo cell lysates for western blot 

assays. I detect Nav1 expression in the cytosol fraction of early (stage 13) neural plate stage 

embryos, whereas the Nav1 protein from mid-late neural plate stage embryos (stage 15 - 

20) was detected in the membrane fraction (Figure 2.3.1A). The expression and localization 

of Nav1 were confirmed by immunohistochemistry (Figure 2.3.1B). The neural plate of 

Xenopus laevis consists of two layers of neural plate cells, the superficial and deep, and 

Nav appears in the cytosol of both layers at early neural plate stages, stage 13 (Figure 
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2.3.1B). Nav is membrane-associated in neural plate cells from mid-late neural plate stage 

embryos (Figure 2.3.1B). Newly differentiated neurons line the periphery of the neural tube 

as revealed by the enrichment in a-tubulin from specialized microtubules essential to 

neuronal differentiation (Aiken et al., 2017). The a-tubulin-enriched cells on the periphery 

of the neural tube are associated with high levels of Nav immunolabeling (Figure 2.3.1C), 

confirming the specificity of Nav immunolabeling in neural plate stages. Therefore, 

increased expression and membrane localization of Nav is associated with maturing neurons 

in the newly closed neural tube (Figure 2.3.1C). These results indicate that Nav is expressed 

by Xenopus laevis neural plate cells throughout neural plate folding and neural tube closure 

and its insertion in neural plate cell membranes increases with the progression of neural 

tube formation (Figure 2.3.1). These findings suggest that Nav may play an important role 

in this process.  
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2.3.2 Nav blockers induce NTDs 

 
To investigate the function of Nav during neural tube formation Xenopus laevis 

embryos were incubated with either TMS or TTX throughout neurulation (stage 13 – 20). 

The exposure of either 0.02% TMS or 0.0001% TTX during neural tube formation resulted 

in NTDs (Figure 2.3.2). TMS exposure during neural tube formation resulted in a higher 

NTD incidence and severity when compared to TTX exposure (Figure 2.3.2B). TMS is a 

mainstream anesthetic for fish and amphibians as it blocks the activity of both sensory and 

motor nerves (Ramlochansingh et al., 2014). TMS is structurally similar to benzocaine and 

blocks the generation of action potentials by reversibly interacting with the central cavity 

of Nav via non-specific hydrophobic interactions (Martin and Corry, 2014; 

Ramlochansingh et al., 2014). Studies have attributed the potent inhibitory effects of TMS 

to the direct access route from the lipid bilayer through the hydrophobic pocket (Martin 

and Corry, 2014).  On the other hand, TTX is a uniquely structured peptide that binds to 

the outer pore of Nav specifically through guanidinium and hydroxyl groups to occlude 

sodium permeation into the cell (Lee and Ruben, 2008). Therefore, it is possible that the 

higher NTD incidence and severity caused by TMS compared with TTX is due to the 

differences in binding properties and accessibility to deeper cells in the neural tissue. 

Moreover, Nav binding affinity for TTX is greatly affected by changes in electrostatic 

Figure 2.3.1. Nav are present during neurulation and localizes to neural plate cell membrane during neural 
plate folding. A, Western blot assay from cytosolic and membrane fractions prepared from lysates from neural 
plate stage Xenopus laevis embryos at stage 13, 17 and 20 (Nieuwkoop & Faber, 1994). B-C,  Immunostained 
10 µm-thick transverse sections from stage 13, 17 or 20 embryos. Scale bar: 20 µm. 
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interactions between TTX and the amino acids lining the pore, giving rise to variations in 

TTX-sensitivity (Lee and Ruben, 2008). In addition, since TTX is a large peptide its access 

to the embryo is likely diminished by the embryo's jelly coat, reducing the penetration of 

the drug to the neural plate. 

 

 

 

 

 

 

 

 NTD incidence 
(average % embryos with open neural tube) 

NTD severity 
(average % open neural tube/embryo) 

Control (10% MMR) 1% 13% 
0.02% TMS 35% 79% 
0.0001% TTX 11% 48% 
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Figure 2.3.2. Nav blockers induce NTDs. Embryos were incubated with either saline (control), 0.02% TMS, 
or 0.0001% TTX during neurulation (7 h, stage 13 through 20) when they were fixed and processed for 
transverse sectioning and nuclear labeling with DAPI. A, Representative micrographs of stage-20 whole-
embryos from each group incubated with saline (Control), 0.02% TMS, or 0.0001% TTX. Arrowheads 
indicate the NTDs. B, Incidence of NTDs was assessed as the percent of embryos with an open neural tube, 
N > 6 independent experiments, n ³ 60 embryos per group. Severity of NTDs was assessed by counting the 
number of 10-µm -thick sections from the entire anteroposterior axis of the embryo that exhibit an open neural 
tube, N > 3 independent experiments, n ³ 6 embryos per group. 
 

A 
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2.3.3 Calcium dynamics are present during neurulation 
 

To assess the presence of and changes in calcium dynamics during Xenopus laevis 

neurulation I employed the genetically encoded calcium indicator GCaMP6s (Chen et al., 

2013). GCaMP6s mRNA was injected into two- or four-cell stage embryos and when 

embryos reached mid-neurulation (stage 15) time-lapse in vivo imaging was used to 

measure calcium dynamics. Imaging was done for a total of 35 min with a 5 min control 

period and 30 min treatment period (Figure 2.3.3A). Calcium transients were scored over 

three 5 min periods throughout the imaging window to compare the percent change in 

transients detected over time (Figure 2.3.3A). Neuroectodermal cells exhibit spontaneous 

calcium transients (Figure 2.3.3B). The calcium transients were quantified when the 

change in GCaMP6s fluorescence intensity at the peak was twice that of the noise (Figure 

2.3.3C), as previously reported (Belgacem & Borodinsky, 2011; Borodinsky et al., 2004; 

Borodinsky & Spitzer, 2007; Sequerra et al., 2018; Swapna & Borodinsky, 2012; Tu & 

Borodinsky, 2014). My findings show that embryos incubated with vehicle (0.05% DMSO) 

or saline exhibit a comparable change in the number of calcium transients within the 35 

min recording consisting in a steady increase in calcium transient frequency as neural plate 

folding progresses (Figure 2.3.4). 
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Figure 2.3.3. Ca2+ dynamics are present during neurulation. A, Schematic of Ca2+ imaging 
experimental design. Two-cell stage Xenopus laevis embryos were unilaterally injected with GCaMP6s 
mRNA. At stage 15, intact embryos were time-lapse in vivo imaged for 35 min. Treatment was added after 
5 min of imaging and number of Ca2+ transients were measured at the indicated time windows. hpf: hours 
post-fertilization at 23°C (Nieuwkoop and Faber, 1994). B, Representative image of stage 15 unilaterally 
GCaMP6s-expressing embryo. Scale bar: 100 µm C. Representative trace of in vivo spontaneous Ca2+ 
transient in a neural plate cell from a neurulating embryo. Transients were scored if change in fluorescence 
was at least double the noise. 
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2.3.4 Nav  blockers reverse the developmental progression of calcium dynamics of neural 

plate cells during neurulation 
 

Xenopus laevis embryos exposed to either TMS or TTX during neurulation resulted 

in diminished neural plate cell calcium dynamics detected by the genetically-encoded 

calcium sensor GCaMP6s (Figure 2.3.4). Within the first 5 min of exposure, both Nav 

blockers were effective in reducing calcium activity (Figure 2.3.4). Over 30 min, Nav 

blockers reverse the normal developmental progression of calcium activity during neural 

tube formation (Figure 2.3.4). TMS caused a greater reduction in calcium activity when 

compared to the effect of TTX exposure (Figure 2.3.4). Altogether these results indicate 

that Nav are important for enabling calcium dynamics in the neural plate necessary for 

neural plate folding and neural tube formation. 
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2.3.5 Method for assessing changes in neural plate cell resting membrane potential using 

FluoVolt, a voltage-sensitive dye 
 

FluoVoltTM (FV) is a member of the VoltageFluor family of fluorescent sensors that 

detect voltage changes by modulation of photo-induced electron transfer from an electron 

donor through a synthetic molecular wire to a fluorophore (Ceriani and Mammano, 2013). 

FV is an electrophysiological and optical approach to visualizing and quantifying 

connectivity in cell networks coupled by gap junctions (Ceriani and Mammano, 2013). It 

is advantageous because it is easy to load, gentle on the sample, and compatible with 
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Figure 2.3.4. Nav blockers reverse the developmental progression of Ca2+ dynamics of neural plate cells 
during neurulation. Ca2+ transients were detected by time-lapse in vivo imaging whole embryos (stage 15, 
17.5 hpf) expressing the GCaMP6s Ca2+ sensor. Embryos were incubated in either saline (n = 12), vehicle 
(0.05% DMSO, n = 30), 0.02% TMS (n = 8) or 0.0001% TTX (n = 8). Percent change was calculated by 
comparing the number of transients detected 5 min before starting the incubation with drugs or vehicle or 
saline to the number of transients detected at both 5 min and 30 min following the addition of the treatment. 
N > 3 independent experiments, mean±SEM, ***p<0.001, ****p<0.0001, one-way ANOVA followed by 
Tukey’s multiple comparisons test to compare vehicle or saline to treatment groups.  
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standard imaging equipment (FITC emission/excitation settings). Xenopus laevis embryos 

injected with mCherry-Mem and incubated with FV sensor developed normally, while 

other membrane potential probes caused malformations.  

Two-cell stage Xenopus laevis embryos were bilaterally injected with mCherry-

mem mRNA to account for changes in membrane fluorescence intensity independent of a 

change in membrane potential, for example, because of movement or changes in cell shape. 

Embryos were grown to neural plate stages and incubated in FV membrane potential dye 

at stage 14. Embryos were subsequently time-lapse in vivo imaged to assess changes in 

neural plate cell resting membrane potential (Figure 2.3.5 A). The mCherry-mem signal 

normalized the FV signal to report the percent change in FV to mCherry-mem fluorescence 

intensity (Figure 2.3.5 B-C). An increase in fluorescence intensity indicates depolarization 

of the membrane, such as the effects seen when extracellular K+ concentration is increased 

(Figure 2.3.5 B-C), while a decrease is caused by hyperpolarization. FluoVoltTM (FV) 

membrane potential dye is an effective reporter for studying neural plate cell resting 

membrane potential during Xenopus laevis neural tube development (Figure 2.3.5). 
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2.3.6 Resting membrane potential of neural plate cells is dependent on K+, Na+ and Cl- 
gradients 

 
The FluoVoltTM (FV) membrane potential dye was used to investigate the effects of 

ions on the resting membrane potential of Xenopus laevis neural plate cells. mCherry-Mem 

(mCH)-expressing neural plate stage embryos were loaded with FV (Figure 2.3.5). In vivo 

time-lapse imaging was employed to capture the effects of increasing the extracellular 

concentration of various ions on the resting membrane potential of neural plate cells 

(Figure 2.3.6). The FV intensity increased by 2-fold in the presence of 2 mM K+, indicating 

that neural plate cells depolarized (Figure 2.3.6). Increasing the extracellular concentration 

of Na+ depolarized neural plate cells (Figure 2.3.6). In addition, 100 mM Cl- hyperpolarized 

neural plate cells (Figure 2.3.6). The FV signal response to the indicated ions was 

reproducible across five experiments (independent fertilizations). The addition of 40-200 

mM sucrose did not elicit a change in FV fluorescence intensity, suggesting that FV 

fluorescence changes in response to changes in extracellular ion concentrations is 

independent of changes in osmolarity. These findings suggest that the resting membrane 

potential of neural plate cells is dependent on K+, Na+ and Cl- gradients.  

 
 
 

Figure 2.3.5. Method for assessing changes in neural plate cell resting membrane potential using 
FluoVolt, a voltage sensitive dye. Two-cell stage Xenopus laevis embryos were bilaterally injected with the 
membrane reporter mCherry (mCherry-Mem) mRNA. Neural plate stage embryos (stage 14-15) expressing 
mCherry-Mem were incubated with the voltage-sensitive dye FluoVolt. mCherry-Mem was used to 
normalize the FluoVolt fluorescence intensity. Embryos were time-lapse imaged with an acquisition rate of 
0.1 Hz before and after the addition of various treatments. A. Schematic of experimental design. B. 
Representative images of neural plate before and after the addition of 2 mM K+, scale bar 10 µm. C.  Traces 
represent changes in fluorescence intensity (AU) for FluoVolt (green) and mCherry-Mem (red) and ratio of 
FluoVolt over mCherry-Mem signal (black) over time.  
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2.3.7 Nav blockers hyperpolarize neural plate cells 
 

I investigated the effects of Nav blockers on the resting membrane potential of 

Xenopus laevis neural plate cells. Both 0.02% TMS and 0.0001% TTX hyperpolarize 

neural plate cells, identified by a reduction in the ratio of FV to mCH signal intensity 

(Figure 2.3.7). Interestingly, 0.02% TMS-induced reduction in FluoVoltTM signal is greater 

than that induced by 0.0001% TTX (Figure 2.3.7). These findings suggest that Nav blockers 

bind to neural plate cell Nav and diminish inward Na+ current, resulting in a hyperpolarized 

membrane. Nav blockers altering Na+ flow demonstrates that Nav is functional and essential 

to neural plate cell resting membrane potential. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3.6. Resting membrane potential of neural plate cells is dependent on K+, Na+ and Cl- 
gradients. Neural plate stage embryos (stage 15 to 17) expressing mCherry-Mem were incubated with the 
voltage-sensitive dye FluoVoltTM. Embryos were time-lapse imaged with an acquisition rate of 0.1 Hz before 
and after the addition of 2 mM K+, 100 mM Na+, or 100 mM Cl-. Sucrose was used as an osmolarity control. 
Shown are representative images of neural plate before and after the addition of indicated solutions, scale bar 
10 µm. Traces represent the mean +SEM percent change in FluoVolt (FV) / mCherry-Mem (mCH)  ratio 
over time, N > 5, n > 5, red arrow shows the addition of the indicated solution. 
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2.4 Discussion 
 

This study demonstrates the expression and localization of Nav during neural plate 

folding and neural tube development in Xenopus laevis embryos. Scn1a transcripts appear 

in early neural plate Xenopus laevis embryos with transcript levels increasing as neural 

plate folding progresses (Sessions et al., 2016). I demonstrate the presence of Nav protein 

throughout neurulation, with an apparent “shuttling period” suggested by Nav expressed in 
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Figure 2.3.7. Nav blockers hyperpolarize neural plate cells. Neural plate stage embryos (stage 15 to 17) 
expressing mCherry-Mem were incubated with the voltage-sensitive dye FluoVoltTM. Embryos were time-
lapse imaged with an acquisition rate of 0.1 Hz before and after the addition of 0.02% TMS or 0.0001% 
tetrodotoxin. Shown are representative images of neural plate before and after the addition of indicated 
solutions, scale bar 10 µm. Traces represent the mean +SEM percent change in FluoVolt / mCherry-Mem  
ratio over time, n > 6, red arrow shows the addition of the indicated solution. 
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the cytosol in early neural plate stages with membrane localization as neural plate folding 

progresses (Figure 2.3.1). In the mature nervous system, Nav are responsible for the 

depolarization of the neuronal cell membrane during the upstroke of an action potential. 

Nav are essential for the propagation of action potentials, therefore they are enriched in 

strategic regions of the axonal membrane (Catterall et al., 2017). They are comprised of a 

single a-subunit that is arranged into four homologous domains (I-IV) each consisting of 

six transmembrane segments (S1-S6) (Catterall & Swanson, 2015). The voltage sensor of 

the channel is credited to the charged amino acids of the S4 segments of each domain. In 

the central nervous system the a-subunit is associated with two b-subunits which can 

influence channel gating and kinetics (Hull & Isom, 2018). The Nav pore is divided into 

two parts: the outer mouth of the pore which is the site of ion selectivity and the inner 

cytoplasmic pore which serves as the activation gate (O’Leary & Chahine, 2017). The inner 

cytoplasmic pore is lined with the S6 segments and is the most common site of drug binding 

(Brodie, 2017; Sills & Rogawski, 2020). Because of their importance to the conduction of 

signals, Nav are the target of a wide variety of local anesthetic, antidepressant, and 

antiepileptic drugs (O’Leary & Chahine, 2017).   

The expression and localization of Nav during Xenopus laevis neurulation 

highlights the fact that targeting Nav during neural plate folding and neural tube formation 

may be a contributing mechanism underlying drug teratogenicity. This study demonstrates 

that Nav blockers alter neural activity in the neural plate by affecting the resting membrane 

potential of neural plate cells and their Ca2+ dynamics. Both TMS and TTX reduce the Ca2+ 

activity of Xenopus laevis neural plate cells and reverse the characteristic developmental 

increase in Ca2+ dynamics during neural plate folding (Figure 2.3.4). The medial 
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neuroectoderm of Xenopus laevis exhibits spontaneous transients in intracellular calcium 

concentration, and these transients increase in frequency with the progression of neural 

plate folding (Sequerra et al., 2018). The AED valproic acid causes a similar reduction in 

neural plate cell Ca2+ activity resulting in neural tube defects (Sequerra et al., 2018). 

Noteworthy, the neural tube defects caused by valproic acid inhibition of Ca2+ activity can 

be rescued by enhancing ERK 1/2 activation, suggesting the importance of Ca2+-mediated 

downstream signaling to neural plate folding (Sequerra et al., 2018). Calcium signaling has 

been shown to be required to activate neural fate by triggering neural-specific gene 

expression (Moreau et al., 2008). In addition, Ca2+ dynamics regulate actin contractions 

necessary for apical constriction in the folding neural plate (Christodoulou & Skourides, 

2015) and regulate the expression of cell adhesion molecules responsible for the fusion of 

neural folds (Abdul-Wajid et al., 2015). I demonstrate that exposing neural plate stage 

embryos to Nav blockers inhibits Ca2+ dynamics and results in neural tube defects (Figure 

2.3.2). 

While ion conductance is the basis of neurotransmission in the mature nervous 

system, the influence of ion currents and resting membrane potential during neurulation is 

still unclear. It has been shown that ion currents and membrane potential mediate cell 

division and cell cycle progression during early embryogenesis (Deng et al., 2007; 

Perathoner et al., 2014; Urrego et al., 2014). Sodium current is essential to neural 

differentiation (Messenger & Warner, 1979; Pai et al., 2015; Robinson & Stump, 1984). 

Neural plate stage Xenopus laevis embryos exposed to strophanthidin, a Na+/K+ ATPase 

inhibitor, display a reduction in neural differentiation and ultimately a 50% reduction in 

white matter of the mature nervous system (Messenger & Warner, 1979). The folding 
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neural plate of Xenopus laevis presents a current pattern consisting of Na+-dependent 

inward current stronger in the mid-lateral neural plate which decreases near the midline of 

the neural groove (Robinson & Stump, 1984). Furthermore, spontaneous alterations in the 

resting membrane potential of axolotl neural plate cells during mid-neural plate stages have 

been shown to be mediated in part by Na+/K+ ATPase activity (Blackshaw & Warner, 

1975).   

I demonstrate that Xenopus laevis neural plate cells are hyperpolarized when 

exposed to Nav blockers, suggesting that Nav is an essential and functional participant of 

Na+ flux during neural plate folding (Figure 2.3.7).  Interestingly, I find that the resting 

membrane potential of neural plate cells throughout neurulation is dependent on K+, Na+, 

and Cl- gradients (Figure 2.3.6). The resting membrane potential of mature neurons is 

governed by K+ leaky channels but during neural plate stages I find that neural plate cells 

are depolarized by increasing extracellular K+ of Na+ (Figure 2.3.6), and hyperpolarized by 

Nav blockers, suggesting that Nav contributes to Na+ permeability even at resting 

conditions.  

Potential hypotheses to explain neural plate stage Nav permeability to Na+ at rest 

include;  (1) Nav at neural plate stages differs in structure and gating kinetics compared to 

mature Nav or, (2) neural plate cells have a more depolarized resting membrane potential 

allowing for a high probability that Nav remains in an open state. An example of a receptor 

that has a fetal- and adult-type subunit is the nicotinic acetylcholine receptors (AChRs) and 

studies have elucidated that the subunits differ in function and kinetics (Nayak et al., 2016). 

While the binding sites of fetal- and adult-AChRs have homology in the core amino acids, 

the fetal subunit has a 30-fold higher affinity to bind the neurotransmitter ACh (Nayak et 
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al., 2016). Moreover, Blackshaw & Warner demonstrated a spontaneous shift in the resting 

membrane potential of axolotl neural plate cells from depolarized to hyperpolarized, as 

well as changes in the establishment of ionic gradients (Blackshaw & Warner, 1975). 

Further studies to explore potential structural and functional characteristics of embryonic 

Nav, as well as the resting membrane potential and ionic currents during neural plate folding 

and neural tube formation is essential to further understand the role of Nav in these 

processes and how interfering with their embryonic function can be avoided in newly 

developed drugs and therapeutics.  
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Chapter III  
Voltage-gated sodium channel-targeting antiepileptic drugs affect neural activity during 

neurulation 
 
3.1 Introduction 

 
3.1.1 Mechanisms of antiepileptic drug action 

 
Antiepileptic drugs (AEDs) decrease pathological hyperexcitability of the cerebral 

cortex via a multitude of primary targets and mechanisms of action (Falco-Walter, 2020; 

Kellogg & Meador, 2017). AEDs are categorized by their primary actions at various 

molecular targets, including (1) enhancement of γ-aminobutyric acid (GABA)-mediated 

inhibition, (2) inhibition of synaptic excitation mediated by ionotropic glutamate receptors, 

(3) modulation of voltage-gated ion channels (Davies, 1995; Kellogg & Meador, 2017; 

Rogawski et al., 2016; Sankaranen & Lachhwani, 2015). Noteworthy, AEDs achieve 

therapeutic benefits by targeting multiple cellular mechanisms, likely improving efficacy 

and tolerability (Rogawski et al., 2016; Rogawski & Loscher, 2004). The mechanism of 

action of several AEDs, including valproic acid and levetiracetam, remain unclear despite 

decades of clinical use (Loscher et al., 2002). AEDs can strategically target the 

enhancement of inhibitory (GABA) neurotransmission or the attenuation of excitatory 

(glutamate) neurotransmission to control the imbalance of the epileptic cerebral cortex 

(Sankaranen & Lachhwani, 2015). Phenobarbital and benzodiazepines bind to the GABA-

A receptor complex increasing the overall probability that the chloride channel is open 

(Davies, 1995; Rogawski & Loscher, 2004).  

Blockade of voltage-gated sodium channels (Nav) is the most common mechanism 

of action among currently available AEDs. Despite structural differences, there is a 

common binding site for Nav-AEDs on the a-subunit of Nav in the inner pore region of 
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domain IV transmembrane segment S6 (Kuo et al., 1998). Nav cycle through three 

conformational states; (1) closed state at hyperpolarized potentials, (2) open state that is 

permeable to Na+ at depolarized potentials, and (3) non-conducting inactivated state 

following depolarization (Catterall, 1992; 2017). Nav-AEDs bind with preferential affinity 

for Nav in the inactivated state (Schwarz & Grigat, 1989), which slows the conformational 

recycling process and delays the recovery of the channel. Therefore, Nav -AEDs extend the 

'refractory' period and reduce the conductance of Nav, resulting in an inhibition of repetitive 

neuronal firing (MacDonald & Kelly, 1995). Nav-AEDs, including carbamazepine (CBZ) 

and lamotrigine (LTG), block high-frequency repetitive spike firing that is necessary to 

spread seizure activity without affecting ordinary neural activity (Rogawski & Loscher, 

2004).  

3.1.2 Proposed mechanisms of antiepileptic drug teratogenicity  
 

Several hypotheses have been set forward to elucidate the mechanisms by which 

AEDs disrupt embryonic development. The prevailing paradigm is that AED-induced 

NTDs occur via off-target effects, including (1) inhibition of folate metabolism (Finnell et 

al., 2003; Wegner & Nau, 1992) (2) buildup of AED metabolites and oxidative stress 

(Finnell et al., 1995; Morimoto et al., 2016; Pippenger, 2003) and (3) inhibition of histone 

deacetylases altering gene expression and inhibiting cell proliferation necessary during 

rapid growth (Eyal et al., 2004; Gurvich et al., 2005). 

Studies in mice have shown that CBZ is biotransformed to a reactive teratogenic 

metabolite (Finnell et al., 1995). The primary metabolism pathway of CBZ involves the 

oxidative formation of CBZ-10, 11-epoxide (Lindhout et al., 1984). When pregnant mice 

were treated with this metabolite, it increased the incidence of malformations in fetuses 



 53 

(Tecoma, 1999). Valproic acid (VPA) is a first-generation AED with a 6.2% absolute risk 

of major congenital malformations, threefold the risk of CBZ (Harden, 2008). Therefore, 

VPA is most often used in studies attempting to elucidate the mechanisms of AED 

teratogenicity. VPA has been shown to act as a histone deacetylase (HDAC) inhibitor 

(Finnell et al., 2002; Phiel et al., 2001; Gottlicher et al., 2001). Modulating the acetylation 

status of histones can inhibit cell growth and induce terminal differentiation, adversely 

altering the typical pattern of embryonic development (Martin & Regan, 1991). Studies in 

rats have shown that VPA provoked hepatic DNA hypomethylation that impairs 

methionine availability and induces DNA hypomethylation (Alonso-Aperte et al., 1999). 

In addition, VPA interference with embryonic folate metabolism is a contributing 

mechanism to VPA-induced neural tube defects in mice (Wegner & Nau, 1992). VPA in 

murine embryos alters the pattern of folate metabolites resulting in neural tube defects. In 

contrast, a closely related analog of VPA does not alter folate metabolites or lead to neural 

tube defects (Wegner & Nau, 1992).  

3.1.3 Evidence of antiepileptic drugs targeting neural activity in early stages of 
neurodevelopment   
 

It is thought that AED efficiency and tolerability in the mature nervous system are 

likely due to AED action at multiple cellular targets (Hill et al., 2010; Ikonomidou & 

Turski, 2010; Macdonald & Kelly, 1995). VPA has been proposed to interfere with 

glutamate signaling by specifically inhibiting NMDA receptor-mediated synaptic activity 

(Gean et al., 1994; Gobbi & Janiri, 2006; Ko et al., 1997; Martin & Pozo, 2004; Zeise et 

al., 1991). Recent studies have demonstrated that VPA inhibits glutamate signaling in 

Xenopus laevis neural plate stage embryos, similarly to the glutamate antagonist D-AP5, 

and induces neural tube defects (Sequerra et al., 2018). These findings suggest that a 
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contributing mechanism of VPA teratogenesis is the disruption of NMDA receptor-

mediated signaling in neural plate cells of the developing embryo (Sequerra et al., 2018). 

VPA has been shown to cause an increase in rat neuronal progenitors (Laeng et al., 2004) 

and Xenopus laevis neural plate cells (Sequerra et al., 2018). These findings challenge the 

proposed explanation of VPA HDAC inhibitor action underlying teratogenesis, as 

inhibition of HDACs would decrease cell proliferation. In addition, VPA exposure reduces 

Xenopus laevis neural plate cell calcium activity and results in neural tube defects 

(Sequerra et al., 2018). Interestingly, the partial rescue of calcium signaling, and ultimately 

neural tube defects, can be achieved with NMDA treatment of the embryos (Sequerra et 

al., 2018). As we continue to advance our understanding of neural activity during neural 

plate folding and neural tube development, it is necessary to explore the potential of AED 

action at their primary targets as an underlying contributor to their teratogenic risk. 

 

In this final chapter, I test the hypothesis that voltage-gated sodium channel-

targeting AEDs (Nav-AEDs) disrupt neural activity essential for neural tube formation in 

Xenopus laevis embryos. I discover the action of Nav-AEDs on neural plate cell calcium 

dynamics and resting membrane potential in Xenopus laevis embryos. 

 
 
3.2 Materials and Methods 

 
3.2.1 Animals 

 
Mature oocytes were collected from Xenopus laevis females previously injected with 

human chorionic gonadotropin hormone. In vitro fertilization was performed by exposing 

the oocytes to a small piece of minced testis in a dish with 10% Marc's Modified Ringers 
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(MMR) saline solution containing (mM): 10 NaCl, 0.2 KCl, 0.1 MgSO4, 0.5 HEPES, 5 

EDTA, and 0.2 CaCl2. This defined time 0 of fertilization. Fertilized embryo jelly coats 

were partially removed by incubation with 2% cysteine solution (pH 8) followed by 10% 

MMR washes. Embryos were grown in 10% MMR at 23ºC. Animals were handled under 

an approved Institutional Animal Care and Use Committee protocol and guidelines.  

3.2.2 Calcium imaging in the presence of antiepileptic drugs 
 
Two- to four-cell stage Xenopus laevis embryos were injected with GCaMP6s mRNA (0.8 

– 1 ng per embryo). GCaMP6s mRNA was prepared as described in chapter 2 (section 

2.2.6). Embryos were incubated with 6% Ficoll in 10% MMR for 1-hour post-injection and 

grown to neural plate stages in saline (10% MMR). Neural plate stage embryos 16 – 19 

hours postfertilization (hpf) were imaged using a Sweptfield confocal microscope (Nikon) 

at an acquisition rate of 0.1 Hz for 35 min. Embryos were imaged for a control period (0-

5 min) and a treatment period (5-35 min). A single embryo was situated for dorsal midline 

imaging using clay in an imaging dish with saline (10% MMR). Following the 5 min 

control period, CBZ or LTG stock solutions were added to the imaging dish to achieve the 

desired treatment concentration (0.1 or 1 mM AED in 0.05% DMSO, n = 12). Controls 

included the addition of (1) saline (10% MMR; n = 12) or (2) DMSO for a final imaging 

concentration of 0.05% (n = 30). Stock solutions were made so that the volume (250 µL) 

added to the imaging dish was constant across groups. As in previous studies, calcium 

transients were detected by a peak change in fluorescence of at least twice the level of the 

noise (Belgacem and Borodinsky, 2011; Borodinsky et al., 2004; Borodinsky and Spitzer, 

2007; Sequerra et al., 2018; Swapna and Borodinsky, 2012; Tu and Borodinsky, 2014; 

(Figure 2.3.1)). Calcium transients were quantified at various time points (0-5, 5-10, and 
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30-35 minutes). The number of calcium transients for each treatment period was compared 

to the control period to assess the percent change in calcium transients over time. 

Significance was determined by one-way ANOVA followed by Tukey's multiple 

comparisons test.  

3.2.3 Membrane potential sensor incubation 
 
Xenopus laevis embryo jelly coats were partially removed by incubation with 2% cysteine 

solution (pH 8) followed by saline (10% MMR) washes. Two-cell stage embryos (1.5 hpf) 

were injected with membrane mCherry (mCherry-Mem) was a gift from Narasimhan 

Gautam (Addgene plasmid #36075; http://n2t.net/addgene:36075; RRID: 

Addgene_36075) (Chisari et al., 2009). Embryos were incubated with 6% Ficoll in 10% 

MMR for 1-hour post-injection and grown to neural plate stages in saline (10% MMR). 

When embryos reached stage 13 - 14 (15 – 16 hpf), they were loaded with FluoVoltTM 

Membrane Potential dye (FluoVoltTM Membrane Potential Kit, catalog # F10488, 

ThermoFisher) using a 1:10 solution of FluoVolt dye (488) to Powerload Concentrate 

Loading Buffer with probenecid (catalog # P36400, ThermoFisher). Embryos were 

incubated with the FluoVoltTM solution for 30 min, protected from light at 23ºC. Embryos 

were subsequently washed three times with saline (10% MMR) and maintained at 23ºC 

(Figure 2.3.5). 

3.2.4 Imaging of membrane potential in the presence of antiepileptic drugs 
 
Xenopus laevis neural plate stage embryos (16 – 19 hpf) previously loaded with FluoVoltTM 

Membrane Potential Dye were imaged using a Sweptfield confocal microscope (Nikon) at 

an acquisition rate of 0.1 Hz for 15 min. A single embryo was situated for dorsal midline 

imaging using clay in an imaging dish with saline (10% MMR). Embryos were imaged for 
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a control period (0-5 min) and a treatment period (5-15 min). Following the 5 min control 

period, stock solutions of CBZ or LTG were added (250 µL) to the imaging solution to 

achieve a final concentration of 500 µM AED in 0.05% DMSO (N > 3, n > 5 per group). 

Controls included the addition of (1) saline (10% MMR; N > 3, n > 5) and (2) DMSO for 

a final imaging concentration of 0.05% (N > 3, n > 5). The percent change in fluorescence 

intensity (AU) over time of FluoVoltTM was normalized using the mCherry-Mem 

fluorescence intensity (Figure 2.3.5). The data are reported as the mean+SEM percent 

change in FluoVoltTM over mCherry-Mem ratio (N > 3, n > 5).  

3.2.5 Statistical analysis 
 
ANOVA evaluated significance, followed by Tukey's post hoc multiple comparisons test. 

N > 3 independent fertilizations and n > 6 embryos per group for all data sets. Differences 

were considered significant when p<0.05.  

 

3.3 Results 
 
3.3.1 Antiepileptic drugs reverse the developmental progression of calcium dynamics of neural 

plate cells during neurulation mimicking the effect of Nav blockers 
 

Xenopus laevis embryos exposed to either of the Nav-AEDs, CBZ or LTG during 

neurulation resulted in diminished neural plate cell calcium dynamics detected by the 

genetically-encoded calcium sensor GCaMP6s (Figure 3.3.1). I find that 1 mM CBZ 

reduces the frequency of Ca2+ transients within 5 min of incubation and this decrease 

becomes even stronger after 30 min of exposure (Figure 3.3.1). Interestingly, 1 mM LTG 

resulted in a faster reduction in Ca2+ transient frequency in neural plate cells than CBZ 

(Figure 3.3.1). Lower (0.1 mM) dose Nav-AEDs were slower and less potent at eliciting a 

significant reduction in Ca2+ transient frequency in the folding neural plate (Figure 3.3.1). 
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Comparing the effect of Nav-AEDs on Ca2+ dynamics in the neural plate to the significant 

increase in Ca2+ dynamics that embryos exhibit in a 30-min period of neural plate folding 

demonstrates that these drugs reverse the normal developmental progression of Ca2+ 

activity during neural tube formation (Figure 3.3.1). Moreover, this reversal effect of AEDs 

on developmentally-regulated Ca2+ dynamics is similar to the effect of Nav blockers, 

suggesting that CBZ and LTG may inhibit Ca2+ transients by impairing Nav function. 
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Figure 3.3.1. AEDs reverse the developmental progression of Ca2+ dynamics of neural plate cells 
during neurulation. Ca2+ transients were detected by time-lapse in vivo imaging whole embryos (stage 
15, 17.5 hpf) expressing the GCaMP6s Ca2+ sensor. Embryos were incubated in either saline (n = 12), 
vehicle (0.05% DMSO, n = 30), LTG (0.1 or 1 mM, n = 12) or CBZ (0.1 or 1 mM, n = 12). Percent change 
was calculated by comparing the number of transients detected 5 min before starting the experiment (in 
saline for all groups) to the number of transients detected at both 5 min and 30 min following the addition 
of the treatment (or control). N > 6 independent experiments, mean±SEM, **p<0.01, ***p<0.001, 
****p<0.0001, one-way ANOVA followed by Tukey’s multiple comparisons test to compare vehicle to 
treatment groups.  
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3.3.2 Antiepileptic drugs hyperpolarize neural plate cells mimicking the effect of Nav blockers 
 

FluoVoltTM membrane potential dye is a useful reporter for studying the effects of 

ions and pharmacological agents on neural plate cell resting membrane potential during 

Xenopus laevis neural tube development. It is advantageous over other membrane potential 

probes because it is easy to use, gentle on the sample, and compatible with standard 

imaging equipment (see section 2.3.5). Embryos were injected with mCherry-Mem as a 

control for membrane movement inherent to neural plate folding. The mCherry-Mem-

expressing embryos were loaded with FluoVoltTM and exposed to AEDs during live 

confocal imaging to assess the change in fluorescence, indicating a change in resting 

membrane potential. An increase in fluorescence intensity indicates depolarization of the 

membrane, while a decrease is indicative of a hyperpolarized membrane (see sections 2.3.5 

and 2.3.6). Time-lapse imaging with FluoVoltTM reveals that exposure to 500 µM CBZ or 

LTG reduces the voltage-sensor fluorescence intensity (Figure 3.3.2). The change elicited 

by CBZ was faster than that of LTG which could be explained by potential differences in 

the AED’s ability to penetrate the embryo jelly coat (Figure 3.3.2). These results provide 

evidence that AEDs hyperpolarize neural plate cells during neurulation, similarly to the 

action elicited by Nav-blockers (Figures 2.3.7; 3.3.2).  
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Vehicle 500 µM CBZ Vehicle 500 µM LTG 

Figure 3.3.2. AEDs hyperpolarize neural plate cells. Neural plate stage embryos (stage 15 to 17) 
expressing mCherry-Mem were incubated with the voltage-sensitive dye FluoVoltTM. Embryos were time-
lapse imaged with an acquisition rate of 0.1 Hz before and after the addition of 500 µM CBZ or LTG. Shown 
are representative images of neural plate before and after the addition of indicated solutions, scale bar 10 µm. 
Traces represent the mean +SEM percent change in FluoVolt (FV) / mCherry-Mem (mCH)  ratio over time; 
N > 3, n > 5; red arrow shows the addition of the indicated solution. 
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3.4 Discussion 
 

While the risk of some AEDs has been established, the mechanisms underlying 

teratogenicity are still under debate. In addition, newer and highly prescribed AEDs have 

unknown teratogenic potential. LTG is a new generation Nav-AED that is thought to inhibit 

glutamate release by action at Nav (Leach et al., 1986). While its molecular makeup is 

dissimilar to CBZ, the drugs bind to the Nav pore at a common binding site on the α-

subunit in the inner pore region of domain IV transmembrane segment S6 (Kuo et al., 

1998). The similar Nav binding affinity and kinetics of CBZ and LTG pose speculation as 

to the accurate safety profile of LTG for use in pregnancy.  

This study provides evidence that both CBZ and LTG alter neural activity in the 

neural plate by affecting the resting membrane potential of neural plate cells and their 

calcium dynamics. The medial neuroectoderm of Xenopus laevis exhibits spontaneous 

transients in intracellular calcium concentration, and these transients increase in frequency 

with the progression of neural plate folding (Sequerra et al., 2018). Calcium signaling is 

required to activate neural fate (Moreau et al., 2008). Progressive calcium signaling has 

been shown to regulate actin contractions necessary for apical constriction in the folding 

neural plate (Christodoulou & Skourides, 2015) and regulate the expression of cell 

adhesion molecules responsible for the fusion of neural folds (Abdul-Wajid et al., 2015). 

When neural plate stage Xenopus laevis embryos are exposed to clinically relevant 

concentrations of Nav-AEDs, there is a reduction and reversal of the characteristic 

developmental increase in calcium activity during neural plate folding (Figure 3.3.1). 

Similarly, previous studies have shown that VPA diminishes calcium activity in Xenopus 

laevis neural plate cells, resulting in neural tube defects (Sequerra et al., 2018). 
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Xenopus laevis neural plate cell resting membrane potential is hyperpolarized by 

exposure to either CBZ or LTG (Figure 3.3.2). Classic studies have shown the relevance 

of sodium currents and resting membrane potential during neural plate stages (Blackshaw 

& Warner, 1975; Messenger & Warner, 1979; Robinson & Stump, 1984). In mid-neural 

plate stage axolotl embryos, a spontaneous increase in resting membrane potential occurs 

and an increase in extracellular potassium during this change causes neural plate cells to 

hyperpolarize (Blackshaw & Warner, 1975). The spontaneous increase in resting 

membrane potential and the potassium-induced hyperpolarization of neural plate cells can 

be prevented by the addition of cardiac glycosides, suggesting that the sodium pump is 

functional following neural induction (Blackshaw & Warner, 1975). Sodium current is 

essential to neural differentiation (Messenger & Warner, 1979; Pai et al., 2015; Robinson 

& Stump, 1984), and when neural plate stage Xenopus laevis embryos are exposed to a 

Na+/K+ATPase inhibitor, there is a reduction in neural differentiation and white matter of 

the mature nervous system (Messenger & Warner, 1979). I observed a dose-dependent 

increase in the number of neural plate cells in Nav-AED exposed Xenopus laevis embryos 

(Figure 1.3.3). In addition, the ratio of Sox2+ neural progenitor cells is increased in 

embryos exposed to higher doses of Nav-AEDs, suggesting that Nav blockade decreased 

differentiation and preserved the "stemness" phenotype (Figure 1.3.3).  

Most studies attribute AED's increased risk of NTDs to the off-target effects of 

these drugs (Eyal et al., 2004; Finnell et al., 2003; Gurvich et al., 2005; Morimoto et al., 

2016; Pippenger, 2003; Wegner & Nau, 1992). However, my findings suggest that a 

contributing mechanism of Nav-AED teratogenicity is the disruption of embryonic neural 

cell excitability via interactions with embryonic Nav causing an increase in neural plate cell 
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proliferation and NTDs. This study supports growing evidence that neural activity is 

critical to the early stages of embryogenesis (Borodinsky and Spitzer, 2006, 2007; Goyal 

et al., 2020; Kapur et al., 1991; Lauder et al., 1981; Root et al., 2008; Rowe et al., 1993; 

Sequerra et al., 2018; Smith & Walsh, 2020) and the use of drugs that antagonize essential 

components of embryonic excitability will result in NTDs. Therefore, the avoidance of Nav 

or the exploitation of potential differences between embryonic and mature Nav to develop 

new AEDs would minimize the risk of AED-induced NTDs.  

 
 
 
3.5 Conclusions & Future Perspectives 
 

This work demonstrates that Nav is expressed by Xenopus laevis neural plate cells 

throughout neural plate folding and neural tube closure and its insertion in neural plate cell 

membranes increases with the progression of neural tube formation. These findings suggest 

that Nav may play an important role in this process. Importantly, both Nav blockers and 

Nav-AEDs elicit neural tube defects when exposed to neurulating Xenopus laevis embryos. 

AED exposure increased the overall number of cells in the neural tube, with higher doses 

increasing the number of neural progenitor cells, suggesting that AEDs diminish neural 

differentiation (Figure 3.5.1). In addition, Nav blockers and Nav-AEDs comparably reduce 

neural plate cell calcium activity and reverse the developmental progression of neural plate 

cell calcium dynamics during neurulation suggesting that AEDs may inhibit calcium 

transients by impairing Nav function (Figure 3.5.1).  

Moreover, this study establishes FluoVoltTM membrane potential dye as a useful 

probe for studying neural plate cell resting membrane potential in Xenopus laevis embryos 

and that the resting membrane potential of neural plate cells is dependent on K+, Na+, and 
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Cl- gradients. Nav blockers and Nav-AEDs cause neural plate cells to hyperpolarize. This 

noteworthy finding of neural cell resting membrane potential dependence on Na+ poses 

speculation as to how Nav is open and permeable to Na+ at rest. Here I propose that the 

increased probability that Nav is open and permeable to Na+ at rest is due to either (1) 

structural differences in embryonic Nav or, (2) neural plate cells are more depolarized at 

rest. Regardless of the gating mechanism, the findings of this study propose a model of 

neural tube formation where spontaneous activation of Nav leads to further depolarization 

of neural plate cells and activation of NMDAR and calcium dynamics. This calcium 

activity is important for regulating the neural plate cell cycle and neural tube formation. 

Nav-AEDs interfere with Na+ currents and calcium dynamics leading to neural tube defects.  

The evidence of Nav expression, localization, and function during neural plate 

folding and neural tube formation highlights the need for future studies to further 

characterize embryonic Nav in an attempt to identify preventative therapeutic measures to 

reduce the risk of NTDs associated with Nav-AEDs.  
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Figure 3.5.1. Model of mechanisms of Nav-antiepileptics induced neural tube defects. Resting membrane 
potential of neural plate cells allows for spontaneous activation of Nav which in turn leads to further 
depolarization of neural plate cells and activation of NMDAR and calcium dynamics. This calcium activity is 
important for regulating neural plate cell cycle and neural tube formation. Nav-AEDs interfere with Na+ 
currents and calcium dynamics leading to neural tube defects. 
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