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Abstract 

 
Roles of the SCN1A and SCN8A Voltage-Gated Sodium Channel Genes in Neurological Disease  

 
By George Andrew S. Inglis 

 
The neuronal voltage-gated sodium channel genes, SCN1A and SCN8A, play a critical role in the 
control of normal neuronal excitability. Mutations in both genes have been linked to several 
neurological disorders, most prominently epilepsy. Though both channels are detectable in a 
variety of neuronal subtypes, loss-of-function mutations in SCN1A particularly impact the activity 
of GABAergic interneurons that drive neuronal inhibition. Therefore, modulating SCN1A 
transcription may have broad translational relevance to neurological disorders associated with 
impaired neuronal inhibition, such as epilepsy, schizophrenia, or Alzheimer’s disease. In contrast, 
increased SCN8A activity in excitatory pyramidal neurons is sufficient to induce seizures in mice, 
suggesting that SCN8A mutations may drive neuronal hyperexcitability. However, patients with 
SCN8A mutations exhibit a diverse range of clinical phenotypes, thereby complicating efforts to 
develop efficacious treatments. Given the broad contributions of SCN1A and SCN8A to 
neurological disease, the aims of this dissertation were (1) to identify genetic elements or pathways 
contributing toward transcriptional regulation of SCN1A and (2) to characterize the phenotypic 
impacts of novel, overlapping Scn8a mutations. For the first aim, we analyzed publicly available 
neuronal open chromatin data to identify putative functional genomic elements in SCN1A, such as 
transcriptional enhancer sequences. Given that SCN1A is robustly expressed in GABAergic 
interneurons, we also performed ATAC-seq and mRNA-seq at three time points during interneuron 
development from human-derived iPSCs, to identify additional genetic elements associated with 
elevated SCN1A expression. At the same time, we developed a comprehensive profile of genome-
wide epigenomic and transcriptomic changes concordant with GABAergic interneuron 
development. From this study, we identified several genes that may play an important role in 
interneuron function and the pathogenesis of schizophrenia. In line with our second aim, we 
generated three mouse lines with varying degrees reduced activity of the Scn8a channel protein, 
Nav1.6: Δ9, ∇3, and Δ35. Our results suggest that hypomorphic Scn8a alleles may exert effects on 
Nav1.6 function that are distinct from null alleles, potentially due to aberrant channel 
heterodimerization. Altogether, the results presented in this dissertation expand our existing 
knowledge of SCN1A regulation, the pathways contributing toward a GABAergic interneuron cell 
fate, and the phenotypic impact of hypomorphic and loss-of-function Nav1.6 mutations.  
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 1 

CHAPTER 1: Introduction 
 

1.1 The voltage-gated sodium channel gene family 

The voltage-gated sodium channel (VGSC) gene family is comprised of nine α subunits and four 

accessory β subunits that collectively initiate and propagate action potentials in a variety of 

excitable cell types, such neurons and myocytes (Table 1.1) (1,2). VGSC α subunits consist of 

four repeat domains (denoted DI-DIV), each of which is composed of six transmembrane 

segments (S1-S6; Fig. 1.1) (3,4). The S4 voltage sensor segment in each repeat domain is 

enriched for positively charged amino acid residues, and plays an important role in voltage-

dependent channel gating (Fig. 1.1A) (4). The S5-S6 extracellular linkers constitute the channel 

pore-forming loop and establish a sodium cation selectivity filter (Fig. 1.1A) (3,4). In response to 

membrane depolarization, the channel will open and permit the influx of sodium cations into the 

cell (5-7). This depolarizing sodium current is sustained until the transmembrane potential 

reaches approximately +30 mV, at which point the channel closes and temporarily enters a 

refractory period of activity as the membrane is repolarized (5,6,8). While VGSCs α subunits 

were initially reported to act as monomers, recent work has demonstrated that α subunits also 

form homodimers (9,10). In contrast, the accessory β subunits are monomeric proteins consisting 

of a single, type I transmembrane domain, with an extracellular immunoglobulin-like hook (Fig. 

1.1A) (3,11). Up to two β subunit proteins (β1 or β3, with β2 or β4) may interact with VGSC α 

subunits to modulate membrane localization and channel kinetics (11-14).  



 

 2 

Figure 1.1. Structure of the human voltage-gated sodium channel (VGSC) proteins. (A) The 
VGSC α subunit is comprised of four repeat domains (DI-DIV), each consisting of six 
transmembrane segments (S1-S6). Plus signs (+) indicate the positively charged S4 voltage 
sensor segment in each domain. The VGSC β subunit consists of a single type I transmembrane 
domain. (B) Topological view of the VGSC α subunit tertiary structure in the plasma membrane. 
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1.2 Voltage-gated sodium channels in the central nervous system 

 

1.2.1 Overview of the neuronal voltage-gated sodium channels 

Four VGSC α subunit genes are predominantly expressed in the central nervous system: SCN1A 

(encoding Nav1.1), SCN2A (Nav1.2), SCN3A (Nav1.3), and SCN8A (Nav1.6, Tables 1.1-1.2) 

(3,15). These four genes are broadly expressed throughout the brain, with weaker expression in 

the retina and spinal cord (16,17). SCN3A expression peaks during embryogenesis and declines 

after birth, whereas SCN1A, SCN2A, and SCN8A mRNA levels increase throughout gestation and 

early life (16,18). Expression of these VGSCs is not mutually exclusive, as each channel exhibits 

unique electrophysiological properties and subcellular distribution (Table 1.2). Nav1.3 is 

predominantly localized to the soma, while Nav1.1, Nav1.2, and Nav1.6 exhibit more variable 

distribution across neuronal membranes (Table 1.2) (17,19). Nav1.1 and Nav1.2 are broadly 

expressed throughout the neuron, though Nav1.1 is primarily localized to the soma and axon 

initial segment and Nav1.2 is enriched at unmyelinated nodes of Ranvier (Table 1.2) (17,19). As 

axons become fully myelinated, Nav1.6 replaces Nav1.2 to become the primary VGSC at the 

mature nodes of Ranvier (3,20-22). Nav1.6 also plays an important role at the axon initial 

segment, where it contributes to repetitive action potential firing (Table 1.2) (3,20,21). 
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Table 1.1. Genomic organization and tissue-specific expression of human voltage-gated 
sodium channel α subunit genes.  CNS and PNS denote expression the central nervous system 
and peripheral nervous system, respectively. 
 

 
 
Table 1.2. Subcellular distribution of neuronal voltage-gated sodium channel α subunit 
genes. Circled numbers denote channel localization to the dendrites (1), soma (2), axon initial 
segment (3), or nodes of Ranvier (4). 
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1.2.2 SCN1A, SCN8A, and the excitatory-inhibitory balance 

SCN1A and SCN8A demonstrate salient contributions to the normal control of neuronal 

excitability. Though both channels are detectable in a variety of neuronal subtypes, SCN1A is 

preferentially expressed in inhibitory cells, particularly GABAergic interneurons (GINs) (19,22-

27). Conditional deletion of Scn1a in GINs and inhibitory Purkinje neurons of mice is sufficient 

to reduce the excitability of these cells, but excitability of pyramidal cells is not significantly 

altered following Scn1a deletion (26,28). In contrast, conditional expression of a gain-of-

function Scn8a allele in excitatory neurons, but not GINs, is sufficient to induce seizures and 

premature lethality in mice (29). Taken together, these findings support the hypothesis that 

SCN1A expression is essential for proper inhibitory neuronal signaling, whereas aberrant SCN8A 

activity may drive neuronal hyperexcitability (3,20,21). SCN1A and SCN8A therefore contribute 

to the delicate balance between neuronal excitation and inhibition, which is often disrupted in 

neurological disease (17). Accordingly, aberrant Nav1.1 and Nav1.6 expression or activity have 

been implicated in several neurological disorders, including migraine, epilepsy, and Alzheimer’s 

disease (17,30-32). 

 

1.3 SCN1A and SCN8A dysfunction in neurological disease 

 

1.3.1 Familial hemiplegic migraine 

Familial hemiplegic migraine (FHM) is an autosomal dominant form of migraine with aura 

accompanied by paralysis of one side of the body (33,34). FHM is classified into one of three 

subtypes, based on the causative gene: FHM1 (CACNA1A), FHM2 (ATP1A2), and FHM3 

(SCN1A) (33,34). To date, over ten pathogenic mutations in SCN1A have been identified in 
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patients with FHM3, representing both gain-of-function, as well as loss-of-function variants that 

induce folding defects in the tertiary structure of Nav1.1 (30,33-35).  

 

1.3.2 SCN1A-derived epilepsy 

Epilepsy is a neurological disorder characterized by recurrent, spontaneous seizures that affects 

over 50 million people worldwide (36). Since the first epilepsy mutation in SCN1A was 

described in 2000, over 1,250 additional pathogenic mutations have been identified in patients 

with multiple forms of early-onset epilepsy (37-39). SCN1A mutations are responsible for at least 

10% of cases of genetic epilepsy with febrile seizures plus (GEFS+), which is marked by both 

febrile and afebrile seizures that begin in adolescence and persist beyond six years of age 

(14,40). Heterozygous loss-of-function mutations in SCN1A account for 70-80% of cases of 

Dravet syndrome, a refractory, severe early-life epileptic encephalopathy (14,41). In addition to 

seizures, patients with SCN1A-derived epilepsy exhibit a spectrum of additional clinical 

phenotypes, including intellectual disability, developmental delay, sleep disturbances, 

gastrointestinal distress, impaired mobility or ataxia, and autistic features (41,42). 

 

1.3.3 SCN8A-derived epilepsy 

In contrast to SCN1A, the first SCN8A mutation in a patient with epilepsy was only reported in 

2012 (31). Since this initial report, over 150 additional pathogenic mutations have been 

identified in SCN8A, spanning multiple forms of severe, refractory epilepsy (31,43-48). Though 

several loss-of-function alleles have been identified in patients in epilepsy, most reported cases 

of SCN8A-derived epilepsy are due to gain-of-function mutations in SCN8A (49-55). Patients 

with SCN8A-derived epilepsy also exhibit a range of clinical comorbidities, including 
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developmental delay, intellectual disability, autism, tremor, ataxia, reduced bone density, and 

hypotonia (43,46,56-58).  

 

1.3.3.1 The contribution of Nav1.6 voltage sensors to epilepsy 

The phenotypic spectrum of patients with SCN8A mutations is diverse, even among individuals 

with mutations that impact the same regions of Nav1.6, such as the S4 voltage sensor domains 

(44,47,48,52,55,59-62). To date, 21 pathogenic mutations have been identified in the four Nav1.6 

voltage sensor domains in epilepsy patients (4,47,48,61,62). Patients with these mutations exhibit 

early-onset refractory epilepsy and a spectrum of additional clinical phenotypes including 

developmental delay (p.R223G, DIS4), tremor and intellectual disability (p.F846S, DIIS4), and 

hypotonia (p.R850Q, DIIS4) (46,57,58). This phenotypic variability also extends to patients with 

mutations within the same S4 voltage sensor. For instance, both p.R1617Q and p.R1620L occur 

in the DIVS4 voltage sensor; however, whereas p.R1617Q was identified in a patient with 

refractory seizures, intellectual disability and impaired motor function, p.R1620L was found in a 

patient with autism, intellectual disability, dyskinesia, and attention deficit hyperactivity disorder 

without severe epilepsy (58,63,64).  

 

1.3.3.2 Phenotypic variability among mouse models of Scn8a dysfunction 

Rodent models offer a powerful tool to study the impact of specific SCN8A mutations on seizure, 

behavior, and motor phenotypes. Since the first mouse model expressing a Scn8a mutation (med-

jo) was reported in 1965, over 20 additional models of Sc8na dysfunction have been generated 

(Table 1.3) (65). Mice that are homozygous for Scn8a mutant alleles exhibit motor abnormalities 

and/or reduced survival relative to wild-type or heterozygous mutant littermates (Table 1.3) 
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(53,65-69). Mice that are heterozygous for gain-of-function SCN8A alleles may also exhibit mild 

deficits in motor coordination relative to wild-type littermates, and develop convulsive, 

spontaneous seizures that contribute to premature lethality (Table 1.3) (29,69). In contrast, mice 

that are heterozygous for loss-of-function Scn8a alleles often demonstrate comparable motor 

function and survival to wild-type littermates, though they are more resistant to induced seizures 

(Table 1.3) (70-72).  

 There are broad phenotypic differences in terms of survival, behavior, and motor 

phenotypes between mice with loss-of-function Scn8a mutations (Table 1.3). The severity of 

motor impairment varies between lines, ranging from mild tremor (med-jo) or lurching gait (9J) 

to progressive hind-limb paralysis (med; Table 1.3) (53,65,73). Motor phenotypes may also vary 

between lines with mutations in the same region of the Nav1.6 channel protein. For instance, the 

nmf2, nmf5, and nmf58 missense mutations all affect the Nav1.6 DIII pore-forming loop, yet 

while Scn8anmf2/nmf2 and Scn8anmf5/nmf5 homozygous mutants exhibit hind-limb paralysis, 

Scn8anmf58/nmf58 animals demonstrate milder dystonia (Table 1.3) (67). Seizure phenotypes and 

survival are also dependent on the genetic background of the mutant animals. For instance, 

Scn8amed-jo/+, Scn8amed/+, or Scn8a8J/+ heterozygous mutants develop absence seizures when bred 

onto the C3HeB/FeJ, but not C57BL/6J , genetic background (74). Similarly, Scn8amed-j/med-j 

homozygous mutants exhibit neonatal lethality when bred on the C57BL/6J background, but 

survive to adulthood when crossed onto the C3HeB/FeJ, A/J, DBA/2J, or 129S6 genetic 

backgrounds (75,76). Given the contribution of genetic background to observed phenotypes in 

mutant animals, it is crucial to compare the phenotypic impacts of alleles between mice bred on 

the same genetic background. 
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Table 1.3. Overview of reported Scn8a mouse models. Phenotypes refer to wild-type (WT), 
heterozygous (m/+) or homozygous (m/m) mutant mice. 

 
 

Allele Type of Mutation Effect on Nav1.6 Location Reference(s) Phenotypes 

med LINE insertion Null Exon 2 Duchen 1970, J. Neurol. Neurosurg. Psychiatry 

m/+: enhanced fear conditioning freezing, absence 
seizures, elevated resistance to induced seizures 
m/m: hind-limb paralysis, premature lethality 

med-Tg Transgene insertion Null [Undetermined] Kohrmann et al. 1995, Genomics 
McKinney et al. 2008, Genes, Brain Behav. 

dmu Frameshift deletion Null Exon 10 De Repentigny et al. 2001, Hum. Mol. Genet. 

ataxia3 Missense (p.S21P) Null N-terminus Sharkey et al. 2009, J. Neurosci 

8J Missense (p.V929F) Null DII pore-forming loop Papale et al. 2009, Hum. Mol. Genet. 

Δ35 Frameshift deletion Null Intron 14 Inglis et al. 2019, Genes, Brain Behav. 

Scn8afl Conditional knockout Null Exon 1 

Levin & Meisler et al. 2004, Genesis 
Woodruff-Pak et al. 2006, Behav. Neurosci. 

Levin et al. 2006, J. Neurophysiol. 
Makinson et al. 2017, Neuron 
Chen et al. 2018, Sci. Rep. 

Pcp2-Cre, m/m: ataxia and tremor, impaired spatial 
memory, impaired motor coordination 
Gabra6-Cre, m/m: impaired motor coordination 
Pcp2/Gabra6-Cre, m/m: ataxia and tremor, impaired 
motor coordination 
Ppp1r2-Cre, m/+: absence seizures 
Foxg1-Cre, m/+: elevated resistance to induced 
seizures 
Emx1-Cre, m/+: elevated resistance to induced 
seizures 
Camk2a-Cre, m/+: elevated resistance to induced 
seizures 
Dlx5/Dlx6-Cre, m/+: absence seizures 
Emx1/Dlx5/Dlx6-Cre, m/+: absence seizures, 
elevated resistance to induced seizures 
Scn10a-Cre, m/m: comparable to WT littermates 

med-jo Missense (p.A1071T) Hypomorph DIII S4-S5 linker Dickie 1965, Mouse News Lett. m/+: absence seizures,  
m/m: tremor, ataxia 

med-j Splice site mutation Hypomorph Intron 2 Kohrman et al. 1996, J. Biol. Chem m/m: dystonia, muscle weakness 

jolting2J [Undetermined] Hypomorph [Undetermined] Thompson et al. 2004, 
MGI Direct Data Submission 

m/m: shortened lifespan, tremors, unsteady gait, 
reduced auditory brainstem response 

nmf2 Missense (p.N1370T) Hypomorph DIII pore-forming loop Buchner et al. 2004, Mamm. Genome. m/m: hind-limb paralysis 

nmf5 Missense (p.I1392F) Hypomorph DIII pore-forming loop Buchner et al. 2004, Mamm. Genome. m/m: retinal degeneration, hind-limb paralysis 

nmf58 Missense (p.L1404H) Hypomorph DIII pore-forming loop Buchner et al. 2004, Mamm. Genome. m/m: dystonia 

tremorD Missense (p.W935L) Hypomorph DII pore-forming loop Timms et al. 2008, MGI Direct Data Submission m/+: mild, sporadic tremor 
m/m: persistent tremor, abnormal gait 

cth Missense (p.D981V) Hypomorph DIIS6 Mackenzie et al. 2009, Genes, Brain Behav. m/m: hearing loss, tremor 

9J In-frame deletion Hypomorph DIVS6 Jones et al. 2016, Neurobiol. Dis. m/m: lurching gait, shortened lifespan, reduced size 

R1627H Missense (p.R1627H) Hypomorph DIVS4 Makinson et al. 2016, Exp. Neurol. m/m: impaired motor coordination, audiogenic 
seizures, reduced auditory brainstem response 

Δ9 In-frame deletion Hypomorph DIIS4 Inglis et al. 2019, Genes, Brain Behav. 

m/+: impaired motor coordination, absent acoustic 
startle response, elevated resistance to induced 
seizures 
m/m: ataxic gait with frequent loss of posture, 
premature lethality, reduced size 

∇3 In-frame insertion Hypomorph DIIS4 Inglis et al. 2019, Genes, Brain Behav. 

m/+: reduced grip strength, impaired motor 
coordination, absent acoustic startle response, 
elevated resistance to induced seizures 
m/m: ataxic gait with frequent loss of posture, mild 
tremor, premature lethality, reduced size 

R1620L Missense (p.R1620L) Hypomorph DIVS4 Wong et al., under review 

m/+: elevated motor activity, impaired object 
recognition, abnormal social interaction, increased 
susceptibility to induced seizures, spontaneous 
seizures, absent freezing behavior 
m/m: premature lethality  

N1768D Missense 
(p.N1768D) Gain-of-function C-terminus Wagnon et al. 2015, Hum. Mol. Genet. 

Lopez-Santiago et al. 2017, PNAS 
m/+: spontaneous seizures, premature lethality, 
impaired social discrimination 
m/m: SUDEP, premature lethality, tremor 

R1872W Conditional knock-in 
(p.R1872W) Gain-of-function C-terminus Bunton-Stasyshyn & Wagnon et al. 2019, Brain 

EIIa-Cre, m/+: reduced survival, spontaneous 
seizures 
Emx1-Cre, m/+: reduced survival, spontaneous 
seizures 
Gad2-Cre, m/+: comparable to WT littermates 
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1.3.4 Neuropsychiatric disorders and dementia 

Patients with epilepsy demonstrate increased risk of neuropsychiatric disease relative to the 

general population, with ~20% greater risk of developing autism spectrum disorder or 10-25% 

risk of major depressive disorder (77,78). The inverse is also true, as patients with Alzheimer’s 

disease (AD) and dementia experience a 10-fold elevated risk of developing epilepsy (79). One 

common clinical feature of neuropsychiatric disorders, dementia, and epilepsy is impaired 

cognition or executive function (80-83). These cognitive symptoms may arise independently of 

epilepsy, as several SCN8A mutations have been identified in patients with autism or intellectual 

disability, but no seizures (52,63). Patients with AD also exhibit decreased levels of Nav1.1, and 

patients with schizophrenia demonstrate reduced activity from the GINs that preferentially 

express SCN1A (80-83). Ciccone et al. recently reported that Nav1.6 is upregulated in 

hippocampal neurons following exposure to Aβ1-42 in vitro, suggesting that heightened network 

excitability in AD patients is also linked to Nav1.6 dysfunction (84).  Several studies have also 

demonstrated that broad pharmacological inhibition of VGSC activity with phenytoin, or siRNA-

mediated knockdown of Scn1a, can impair context-dependent and spatial memory (32,80). 

Altogether, these results suggest that altered VGSC activity, and specifically reduced SCN1A 

expression, can contribute toward cognitive decline. Furthermore, these cognitive phenotypes 

may be a result of aberrant activity from GINs that rely on Nav1.1 function  (80,85,86). For 

example, by injecting Nav1.1-overexpressing GINs into AD model mice or crossing hAPP 

animals onto a Nav1.1-BAC transgenic background, researchers were able to elevate inhibitory 

neurotransmission, prolong survival, improve cognitive performance in the Morris water maze, 

and reduce hyperactive behavior (80,85).  
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1.4 Regulation of SCN1A and SCN8A  

 

1.4.1 Pharmacological modulation of Nav1.1 and Nav1.6 activity 

Given the contribution of Nav1.1 and Nav1.6 to several neurological diseases, the ability to 

selectively modulate activity of either VGSC α subunit could have translational relevance. 

Common pharmacological treatments for epilepsy or migraine include phenytoin, valproic acid, 

carbamazepine, and lamotrigine, all of which broadly inhibit VGSC activity by prolonging the 

channel refractory period (87,88). However, given that these drugs also inhibit Nav1.1 activity, 

they are not viable treatments for patients with loss-of-function mutations in SCN1A. Recently, 

the Hm1a venom peptide was demonstrated to reduce hyperexcitability and seizure frequency in 

the Scn1a+/- model of Dravet syndrome, reportedly due to activity as a Nav1.1/Nav1.3-selective 

agonist (89). However, mice were only observed for 4 days post-treatment, making it unclear 

whether Hm1a would be efficacious as a long-term treatment (89). The VGSC antagonist 

GS967/Prax330 has also been demonstrated to extend the lifespan of mutants in animal models 

of Scn1a, Scn2a, and Scn8a epileptic encephalopathy (29,90-92). However, the efficacy of 

GS967 is highly variable, as a majority of animals with a global knock-in of the SCN8A 

p.R1872W epilepsy mutation exhibited only one additional week of survival relative to vehicle-

treated littermates, compared to an additional two months in Scn8aN1768D/+ mutant animals 

(29,91).  
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1.4.2 Transcriptional regulation of SCN1A and SCN8A expression 

1.4.2.1 Regulation of transcription initiation 

Both SCN1A and SCN8A exhibit complex 5′ genomic regions that span 72-75 kb upstream of the 

first coding exon (Fig. 1.2) (93-95). SCN1A possesses seven alternative noncoding exons 

(denoted a-g) and three alternative promoters (denoted 1A, 1B, and 1C) within this region, while 

SCN8A has three alternative noncoding exons (a-c) and a single characterized promoter (Fig. 

1.2) (93-95). Of the three SCN1A promoters, only 1C is known to have a proximal genetic 

regulatory element, which is bound by the transcriptional repressor, RACK1 (96). SCN8A 

possesses a conserved silencer element in intron 1, which is bound by the chromatin remodeler 

protein, CDYL (97). While there are no confirmed transcriptional enhancer elements for either 

gene in humans, Hsiao et al. reported a long, noncoding RNA with a transcription start site 

downstream of SCN1A that, when knocked down using antisense RNAs, led to an increase in 

SCN1A mRNA and Nav1.1 protein levels (98). Several studies have also observed that the VGSC 

β2 subunit undergoes sequential cleavage by β- and γ-secretases, thereby releasing an 

intracellular domain (β2-ICD) that localizes to the nucleus of cells (99,100). When the β2-ICD is 

overexpressed in vitro, there is a subsequent increase in SCN1A mRNA levels, though it is 

unclear whether this effect is due to β2-ICD binding within the SCN1A locus or a more indirect 

mechanism (99,100).  

 

Figure 1.2. 5′ genomic organization of human SCN1A and SCN8A. The horizontal black line 
denotes human SCN1A or SCN8A, in which noncoding (lettered, a-g) and coding (numbered, 1) 
exons are indicated by vertical bars. Green arrows denote promoters.  
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1.4.2.2 Post-transcriptional regulation 

Both SCN1A and SCN8A exhibit alternative splicing of several coding exons (101-105). SCN1A 

and SCN8A exhibit two developmentally-regulated forms of exon 5, resulting in distinct protein 

isoforms which differ by two amino acids (101-103). Exon 5N is preferentially included in 

transcripts during early development, but is largely replaced by exon 5A after birth (101-103). 

SCN1A and SCN8A also possess unique alternative exons that result in truncated, nonfunctional 

VGSC proteins, namely “poison” exon 20N in SCN1A and exon 18N in SCN8A (104,105). 

SCN1A and SCN8A transcript stability is also regulated by the RNA binding proteins GAPDH 

and PUM2, respectively, thereby leading to reduced Nav1.1 or Nav1.6 protein levels (106-108). 

Given that GAPDH and PUM2 have wide-ranging activity throughout the nervous system, it is 

unclear whether modulation of these proteins would be beneficial in the context of treating 

VGSC-derived neurological disease. PUM2 alone is known to bind at least 875 distinct mRNAs 

in the mouse brain, and altered expression can significantly impair neurogenesis, while GAPDH 

is a critical glycolytic enzyme involved in ATP production (106,109). 

 

1.4.3 Detecting additional putative functional genomic elements 

 

1.4.3.1 Evolutionary conservation of noncoding sequences 

While progress has been made in identifying silencers of SCN1A and SCN8A expression, there 

are no identified transcriptional enhancer elements for either gene in humans. Previous strategies 

to detect genetic regulatory elements in VGSCs have largely relied on the analysis of 

evolutionarily-conserved noncoding regions of the genome (94-97,106,110). By definition, 

noncoding genomic regions are not translated into protein and are therefore spared from 
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purifying selection, leading to sequence variation across species as a result of genetic drift (111). 

Therefore, noncoding regions that have been conserved across evolution may indicate genetic 

elements that play a functional role in gene expression (111). While conservation-based analyses 

have been successful in identifying promoter elements for both SCN1A and SCN8A, they have 

yet to identify cis-regulatory enhancers or silencers that may also influence transcription 

(94,112). It is also unclear whether genetic elements that tightly control neuron-specific gene 

expression would be conserved across species, given the substantial changes in brain 

morphology across mammalian evolution (113). For instance, the 5′ genomic organization of 

SCN1A varies substantially between mice and humans: only two promoters (1A and 1B) and 

three noncoding exons (a-c) are evolutionarily conserved between species (Fig. 1.2) (95,110).  

 

1.4.3.2 Accessible chromatin as a marker of functional genomic elements 

An additional approach to identify putative regulatory elements is the use of epigenomic markers 

of accessible chromatin, such as post-translational modifications of histones (114-116). In 

eukaryotes, chromosomal DNA is tightly packaged into nucleosomes that consist of 147 bp DNA 

wrapped around a histone protein octamer (117). The conformation of nucleosomes directly 

impacts gene expression and is influenced by post-translational modifications of individual 

histones, particularly methylation or acetylation of histones H3 and H4 (117,118). 

Transcriptionally inactive DNA is marked by histone modifications, such as H3K9me3 or 

H3K27me3, that promote a condensed heterochromatin state in which DNA is inaccessible to 

regulatory proteins (118,119). In contrast, actively transcribed genes are marked by histone 

modifications such as H3K27ac and H3K36me3, which relax nucleosome packaging to promote 

an “open” chromatin state conducive to transcription factor binding (118,119). Cis-regulatory 
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functional genomic elements are also associated with specific histone post-translational 

modifications, such as H3K4me1 (transcriptional enhancers) and H3K4me3 (promoters) (119).  

 

1.4.3.3 Techniques to detect accessible regions of chromatin 

With the advent of next-generation sequencing, several techniques have been developed to detect 

the epigenomic signatures of chromatin that is accessible to proteins such as transcription factors 

(Fig. 1.3) (114-116).  Chromatin immunoprecipitation sequencing (ChIP-seq) relies on the use of 

antibodies to enrich for DNA associated with specific histone post-translational modifications 

(e.g. H3K4me1, H3K27ac), thereby indicating putative transcriptional regulatory elements (119). 

In contrast, other sequencing-based technologies involve a step to digest and isolate accessible 

chromatin, rather than sequences linked to specific histone modifications. DNase-seq utilizes the 

DNase I endonuclease to digest exposed DNA, whereas formaldehyde-assisted isolation of 

regulatory elements (FAIRE-seq) involves a phenol-chloroform separation step to enrich for 

DNA that is not tightly associated with a nucleosome (115,116). The assay for transposase-

accessible chromatin (ATAC-seq) is a more recent technique that isolates open chromatin based 

on the ability of the Tn5 transposase to integrate into DNA (114). 

However, each technique comes with its own set of limitations. ChIP-seq results are 

entirely contingent on the fidelity of the antibody, and require several independent controls to 

account for the immunoprecipitation step or the absence of nucleosomes (119,120). While 

DNase-seq, FAIRE-seq, and ATAC-seq are capable of detecting open chromatin, they do not 

distinguish between enhancer and promoter elements, which possess unique epigenomic 

signatures (121). While ATAC-seq enables high-resolution detection of open chromatin with as 
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few as 500 cells, ChIP-seq, FAIRE-seq, and DNase-seq may require upwards of 100,000 cells, 

making them less practical approaches when the cellular input is limited (114,122).  

 

 

Figure 1.3. Comparison of high-throughput approaches to detect accessible chromatin. 
“Ac” denotes the H3K27ac post-translational modification associated with active transcription. 
Adapted by permission from Springer Nature Customer Service Centre GmbH: Nature, Nat. Rev. 
Genet. (123).   
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1.5 Summary and goals of dissertation 

The SCN1A and SCN8A VGSC genes are critical for the normal control of neuronal excitability, 

making them important targets for the treatment of neurological disease. In particular, loss-of-

function mutations in SCN1A are the primary cause of the severe childhood epilepsy, Dravet 

syndrome, and reduced Nav1.1 levels may broadly contribute to cognitive dysfunction by 

impairing GIN activity. Therefore, methods that could increase expression of SCN1A or enhance 

GIN function could have translational relevance to several disorders. In contrast, both loss-of-

function and gain-of-function mutations in SCN8A result in a diverse spectrum of clinical 

phenotypes, even among patients with mutations affecting the same region of the Nav1.6 

channel. Though there are several existing animal models of SCN8A dysfunction, the fact that 

they are on separate genetic backgrounds may confound comparisons between mouse lines. 

Furthermore, despite the clinical variability observed among patients with mutations in the 

Nav1.6 voltage sensor domains, there are no existing comparisons of how mutations within the 

same voltage sensor affect phenotypic outcomes in mice. 

The overarching goals of this dissertation research were: (1) to identify noncoding 

genetic elements that contribute to SCN1A transcriptional regulation and (2) to characterize how 

mutations within the same domain of the Nav1.6 channel protein elicit unique behavioral and 

motor phenotypes. First, I discuss my initial approach to identifying putative functional genomic 

elements (FGEs) underlying SCN1A transcription through the use of publicly available neuronal 

open chromatin data (Chapter 2). Though we did not identify any FGEs with robust cis-

regulatory activity, an alternative strategy would be to examine transcriptomic and epigenomic 

changes in developing human GINs, which preferentially express SCN1A (Chapter 3). Finally, 

to assess how altered Nav1.6 contributes to diverse phenotypic outcomes, we characterized three 
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mouse lines on the C57BL/6J genetic background with distinct mutations in the Nav1.6 DIIS4 

voltage sensor domain (Chapter 4). As a result of this study, we identified that hypomorphic and 

null Scn8a mutations may result in unique clinical consequences. Altogether, these studies have 

provided a deeper understanding of the genetic elements underlying neuronal inhibition, and how 

altered Nav1.6 function contributes toward varied clinical phenotypes (Chapter 5).   
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CHAPTER 2: Towards the identification of transcriptional regulatory elements for the 
voltage-gated sodium channel gene, SCN1A  
 

2.1 Abstract 

Aberrant function or expression of the voltage-gated sodium channel α subunit gene, SCN1A 

(encoding the protein Nav1.1), is associated with multiple neurological disorders, most 

prominently epilepsy. In particular, SCN1A heterozygous loss-of-function mutations cause 70-

80% of cases of Dravet syndrome (DS), a catastrophic, early-life encephalopathy. Despite the 

important role of SCN1A in epilepsy and, more broadly, in the normal regulation of neuronal 

excitability, little is currently known about the machinery underlying the regulation of SCN1A 

transcription. By integrating neuronal open chromatin and transcription factor ChIP-seq data 

from a variety of primary human tissues and immortalized cell lines, we identified 32 regions 

within the SCN1A locus that may indicate functional genomic elements (FGEs), such as 

transcriptional enhancers. While none of these FGEs individually elicit a robust increase in 

reporter activity in a dual luciferase assay, at least two FGEs may act synergistically to enhance 

transcription.  
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2.2 Introduction 

Mutations in the voltage-gated sodium channel α subunit gene SCN1A (encoding the protein, 

Nav1.1) cause several neurological disorders, particularly epilepsy and migraine (35,40,124-126). 

Heterozygous loss-of-function SCN1A mutations alone account for 70-80% of cases of Dravet 

syndrome (DS), a severe childhood form of epilepsy(124,125,127-130). DS is characterized by 

spontaneous and recurrent febrile and afebrile seizures that begin within the first year of life, 

which are resistant to treatment by most anti-epileptic drugs (2,14,124,131,132). Despite ongoing 

research into novel pharmacological treatments for DS, many patients currently do not achieve 

adequate seizure control (133). Strategies by which SCN1A expression could be increased from 

the intact, wild-type allele would be predicted to be efficacious in DS. Previous strategies used to 

postnatally increase Scn1a mRNA levels in DS mouse models resulted in reduced seizure 

frequency and severity, thereby supporting the predicted benefits of elevating SCN1A 

transcription in the context of epilepsy (98,134). Given that SCN1A is preferentially expressed in 

inhibitory GABAergic interneurons (GINs), modulating SCN1A transcription may also have 

translational relevance to other neurological disorders associated with impaired neuronal 

inhibition, such as schizophrenia or Alzheimer’s disease (19,23-25,85,135-137). Despite the 

association of SCN1A with DS, and, more broadly, GIN function, there has been little progress 

towards identifying the transcriptional machinery that contributes to SCN1A regulation. To date, 

only one protein inhibitor of SCN1A transcription (RACK1) has been identified (96). 

Underlying the current gap in knowledge of SCN1A transcription is the poor 

characterization of noncoding genetic regulatory elements for SCN1A, such as enhancers. These 

functional genomic elements (FGEs) are critical for tissue-specific transcriptional control of gene 

expression through interactions with proteins such as transcription factors (TFs). Enhancer 
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elements are marked by open chromatin and are thereby accessible to TFs that mediate 

transcriptional regulation (114,116). FGEs have been identified through the use of techniques 

that can detect regions of open chromatin, including DNase-seq, FAIRE-seq, ATAC-seq, or 

ChIP-seq for the histone modifications H3K27ac, H3K4me1, and H3K4me3 (114,116,138). 

Disease-associated SNPs may also affect gene expression by altering or creating binding motifs 

for TFs, and have previously been utilized to identify FGEs (139-142). Genome-wide association 

studies (GWASs) of common forms of epilepsy have identified three SNPs in the SCN1A locus, 

which may also mark putative FGEs (143,144). 

Here, we report 32 putative FGEs within the SCN1A locus that possess signatures of open 

chromatin in neuronal cells, two of which encompass epilepsy-associated SNPs: rs11890028 in 

FGE6 (5¢-UTR) and rs6732655 in FGE20 (intron 16) (143,144). We have evaluated these FGEs 

in a dual luciferase assay for potential regulatory activity, and identified several elements that 

may collectively contribute toward SCN1A transcriptional regulation. 

 

2.3 Materials and Methods 

 

2.3.1 Identification of putative functional genomic elements (FGEs) in the SCN1A locus 

We previously defined the SCN1A locus as the genomic interval from 115 kb upstream of the 

SCN1A translation start site to 15 kb downstream of the poly(A) termination site (95). Publicly 

available neuronal open chromatin and transcription factor (TF) ChIP-seq data were obtained 

from the NIH ENCODE and NCBI Gene Expression Omnibus (GEO) databases, as detailed in 

Table A1 (145-158). Sequencing reads from GEO data sets were aligned to the hg19 annotation 

of the human genome using Bowtie2, and peaks of enriched signal were determined using 
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HOMER software (159,160). Intersection of open chromatin markers and TF binding were 

determined using the BEDTools suite of command line programs (161). FGE1-17 were 

identified based on evidence of at least one marker of open chromatin and TF binding from 

neuronal ChIP-seq data, while FGE18-32 were identified by the presence of >2 markers of open 

chromatin. Coordinates for each FGE along with identifying open chromatin markers or putative 

TFs from ChIP-seq data are listed in Table A2. 

 

2.3.2 Generation of luciferase reporter vectors 

The evolutionarily-conserved 1B SCN1A promoter was PCR-amplified from human genomic 

DNA (gDNA) using primers tagged with 5′-SacI or -XhoI restriction sites, then digested and 

cloned into the pNL1.1 NanoLuc luciferase reporter vector (Invitrogen), such that the SCN1A 

promoter drove NanoLuc expression (96,112). A second reporter vector was generated by 

subcloning the constitutive thymidine kinase (TK) promoter from pGL4.54[luc2/TK] (Promega) 

to drive NanoLuc expression. These reporter vectors are denoted as pSCN1A and pTK, 

respectively. 

To facilitate high-throughput molecular cloning of putative FGEs, a gene cassette 

containing attR sites for Gateway destination cloning was PCR-amplified from pDEST26 

(ThermoFisher) using primers with 5′-SacI restriction sites and cloned directly upstream of the 

respective promoter in the pSCN1A and pTK reporter vectors. FGEs within the SCN1A locus 

were individually PCR-amplified from human gDNA with forward primers containing a 5′-

CACC tag, for directional cloning into the pENTR™/D-TOPO® Gateway entry vector 

(Invitrogen). FGEs were subsequently integrated into pSCN1A or pTK utilizing the Gateway LR 

clonase II system to generate recombinant FGE NanoLuc reporter vectors (Invitrogen). Vectors 
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containing the minor allelic variants of epilepsy-associated SNPs were subsequently generated 

with the QuikChange II XL site-directed mutagenesis kit (Agilent), by using pTK vectors with 

the major SNP allele as a template. Vectors were transformed into subcloning efficiency DH5α 

competent (ThermoFisher) or XL10-Gold ultracompetent cells (Agilent), and plasmids were 

isolated utilizing the PureLink™ Quick Plasmid Miniprep or HiPure Plasmid Filter Midiprep kits 

(Thermofisher). 

For initial amplification of the SCN1A and TK promoters, as well as the Gateway 

destination cloning gene cassette, PCR was carried out in a 25 μL volume containing 5× Green 

GoTaq Reaction Buffer (Promega), 0.2 mM dNTPs (Promega), 10 μM primers, and 1 unit Taq 

DNA polymerase (Promega). The reaction parameters were: 1 cycle with 3 min at 95°C; 30 

cycles with 30 s at 95°C, 30 s at 58°C, 1 min/kb at 72°C; then a final extension step of 5 min at 

72°C. Subsequent amplification of FGEs was carried out in a 20 μL volume containing 5× 

Phusion HF Buffer (Invitrogen), 0.2 mM dNTPs (Promega), 10 μM primers, and 1 unit Phusion 

HotStart II Polymerase (Invitrogen). The reaction parameters were: 1 cycle with 30 s at 98°C; 30 

cycles with 10 s at 98°C, 30 s/kb at 72°C; 1 cycle with 5 min at 72°C. Mutagenesis PCR 

reactions were carried out in a 50 μL volume containing 10× reaction buffer (Agilent), 10 ng 

template plasmid, 125 ng primers, 0.2 mM dNTPs (Agilent), 6% QuikSolution reagent (Agilent), 

and 1 unit PfuUltra HF DNA polymerase (Agilent). The reaction parameters were: 1 cycle with 

1 min at 95°C; 18 cycles with 50 s at 95°C, 50 s at 60°C, 1 min/kb at 68°C; 1 cycle with 7 min at 

68°C. Amplification products were treated with DpnI restriction enzyme to digest the template 

plasmid containing the major SNP allele. Vector integrity was confirmed by Sanger sequencing, 

through Psomagen Inc. (http://macrogenusa.com/). All primer sequences are listed in Table A3. 
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2.3.3 SH-SY5Y cell culture and transfection 

SH-SY5Y human neuroblastoma cells (ATCC) were cultured at 37°C with 5% CO2 in DMEM 

(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen). Cells were regularly tested 

for mycoplasma infection, and discarded after passage number 20. 

For dual luciferase reporter assays, 2.5-3.0×105 cells were seeded onto each well of a 24-

well dish in Opti-MEM Reduced Serum Medium (Invitrogen) and co-transfected with 900 ng 

NanoLuc vector (pNL1.1, pSCN1A, pTK, etc.) and 100 ng pGL4.54[luc2/TK] (Promega) using 

TransFast transfection reagent (Promega). At 24 hrs post-transfection, NanoLuc and firefly 

luciferase activity were measured on a Synergy H1 Hybrid Multi-Mode Microplate Reader 

(BioTek) using the Nano-Glo® Dual-Luciferase® Reporter Assay System (Promega). NanoLuc 

luminescence was normalized to firefly luciferase expressed from pGL4.54[luc2/TK] in order to 

control for transfection efficiency. 

To assess the impact of TF overexpression on SCN1A mRNA levels, 1.5-2.0×106 SH-

SY5Y cells were seeded onto each well of a 12-well dish in Opti-MEM Reduced Serum Medium 

(Invitrogen). Cells were then individually transfected with 1.8 μg of a vector which 

constitutively expressed Pbx3 (pcDNA3-mPbx3), MEF2A (pCAGMS-hMEF2A), or FRA2 

(pCMV-FRA2), using TransFast transfection reagent (Promega) (162-164). To determine 

transfection efficiency, cells were co-transfected with 0.2 μg pcDNA3.1-EGFP (AddGene), 

which constitutively expresses a fluorescent EGFP reporter. As a control, additional pools of 

cells were solely transfected with 2 μg pcDNA3.1-EGFP (AddGene). At 48 hrs post-transfection, 

cells were dissociated using 0.05% Trypsin-EDTA (Invitrogen) and RNA was isolated using a 

PureLink RNA Mini kit (Invitrogen). We consistently observed 10-15% transfection efficiency 

across all experiments. 
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2.3.4 Quantitative real-time PCR (qRT-PCR) 

The concentration and quality of RNA isolated from SH-SY5Y cells were determined utilizing a 

NanoDrop 2000 spectrophotometer (ThermoFisher). RNA samples were then incubated with 

amplification-grade DNase I (Invitrogen) for 15 min at 25°C to digest genomic DNA. DNase I 

was inactivated by adding 25 mM EDTA solution to each sample and incubating at 65°C for 10 

min. DNase-treated RNA samples were then reverse-transcribed into cDNA using a SuperScript 

III first-strand cDNA synthesis kit with random hexamer primers (Invitrogen). 

qRT-PCR was carried out in technical triplicate in a 20 μL volume containing iQ SYBR 

Green SuperMix (Bio-Rad) and 5 μM primers, on a CFX96 Real-Time PCR Detection System 

(Bio-Rad). The reaction parameters were: 1 cycle with 2 min at 95°C; 40 cycles with 15 s at 

95°C, 30 s at 60/61°C; 1 cycle with 10 s at 95°C. To prevent amplification of genomic DNA, 

qRT-PCR primers were designed to span exon-exon junctions, using Primer3 software 

(http://primer3.ut.ee/; Table A3) (165). The optimal annealing temperature to generate standard 

curves with 90-100% amplification efficiency was determined for each primer pair. SCN1A 

expression was normalized to ACTB (encoding β-actin) using the Pffafl equation, as previously 

described (166,167). 

 

2.3.5 Statistical analysis 

Statistical comparisons were calculated using Prism v8.1.2 software (GraphPad, San Diego, CA, 

USA). One-way ANOVA with Dunnett’s post-hoc multiple comparisons was used to compare 

normalized NanoLuc reporter activity in recombinant FGE NanoLuc vectors relative to pSCN1A 

or pTK. One-way ANOVA with Dunnett’s post-hoc multiple comparisons was also used to 
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compare normalized SCN1A expression between cells transfected with vectors expressing EGFP, 

Pbx3, MEF2A, or FRA2. One-way ANOVA with Tukey’s post-hoc multiple comparisons was 

used to compare normalized NanoLuc reporter activity between pSCN1A, pTK, and a 

recombinant pTK vector containing the F16 enhancer element (168). All error bars in figures 

indicate + standard error of the mean (SEM). 
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2.4 Results 

 

2.4.1 Open chromatin and transcription factor ChIP-seq data predict 32 putative 

functional genomic elements (FGEs) within the SCN1A locus 

By analyzing public data sets for markers of open chromatin in various human neuronal cell lines 

and brain tissue from the UCSC ENCODE and NCBI GEO databases, we generated a 

comprehensive map of open chromatin regions in the SCN1A locus (Fig. 2.1, Table A1) 

(145,169). We previously defined the SCN1A locus as the genomic interval from 115 kb 

upstream of the SCN1A translation start site to 15 kb downstream of the poly(A) termination site 

(95). From our analysis of existing data, we identified 32 regions of open chromatin ranging in 

size from ~100-2200 bp, which could potentially represent functional genomic elements (FGEs) 

that contribute to SCN1A transcription. We identified FGE1-FGE17 based on evidence of at least 

one marker of open chromatin and TF binding from neuronal ChIP-seq data (Fig. 2.1, Table 

A2). In contrast, FGE18-FGE32 were identified by the presence of two or more markers of open 

chromatin (Fig. 2.1, Table A2). FGE10 and FGE12 coincided with the evolutionarily-conserved 

1A and 1B SCN1A promoters, thereby supporting the ability of this approach to identify genetic 

regulatory elements (Fig. 2.1, Table A2) (112). 
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Figure 2.1. Neuronal open chromatin data indicate 32 putative functional genomic elements 
(FGEs) in the SCN1A locus. Each FGE is represented by a triangle, in which the colors indicate 
relevant open chromatin markers in neuronal cells (key in bottom left, source data sets described 
in Tables A1-A2). Black arrows denote the alternative SCN1A promoters: 1A, 1B, and 1C 20. The 
horizontal black line denotes the SCN1A gene, in which coding exons are indicated by vertical 
bars. The dashed grey line denotes the region upstream of the 1A SCN1A promoter, but within 
the genomic interval considered for this study. Coordinates refer to the hg19 annotation of the 
human genome (Feb 2009) 37,38. 
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We collectively evaluated 30 of these 32 FGEs in a dual luciferase assay for regulatory activity. 

FGE10 and FGE12, which contain known SCN1A promoters, were excluded from analysis 

(96,112). We first cloned the major human SCN1A promoter (1B) into the pNL1.1 NanoLuc 

luciferase expression vector (Promega, Fig. 2.2A) (112). In this new vector, denoted pSCN1A, 

NanoLuc expression was driven by the SCN1A promoter (Fig. 2.2A). Next, we generated 

additional recombinant NanoLuc vectors by individually cloning each FGE upstream of the 

promoter in pSCN1A (Fig. 2.2A). These recombinant vectors were individually transfected into 

SH-SY5Y human neuroblastoma cells to assess whether each FGE altered luciferase reporter 

activity, relative to pSCN1A. To account for transfection efficiency, we co-transfected each FGE 

vector into SH-SY5Y cells with pGL4.54[luc2/TK] (Promega), which expresses firefly 

luciferase. Of the 30 FGEs tested, only FGE29 elicited a significant decrease in NanoLuc activity 

(Fig. 2.2B). In contrast, FGE2, 17, 23, and 26 all evoked significant increases in luciferase 

reporter activity, suggesting these four FGEs may possess transcriptional enhancer activity (Fig. 

2.2B). 

 

Figure 2.2. Several FGEs demonstrate cis-regulatory activity in a dual luciferase reporter 
assay. (A) Diagrams of NanoLuc reporter vectors. (B) FGEs were individually cloned upstream 
of the SCN1A promoter driving NanoLuc expression, then expressed in SH-SY5Y cells (n=8). 
NanoLuc values were normalized to firefly luciferase to account for transfection efficiency, and 
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are presented relative to the pSCN1A vector (black bar). Asterisks (*) denote statistical 
comparisons to pSCN1A. Mean + SEM. *p < 0.05, ****p < 0.0001. 
 

2.4.2 FGE2 and FGE17 moderately enhance luciferase reporter activity 

Out of the four FGEs that significantly increased luciferase reporter activity, FGE2 and FGE17 

were in part identified by TF binding from neuronal ChIP-seq data (Table A2). Specifically, 

ChIP-seq data indicated that FGE2 was bound by PBX3, MEF2A, and FRA2, while FGE17 was 

bound by the chromatin looping factors RAD21 and CTCF (Table A2) (145,146,170). As a first 

step to evaluate whether these TFs may alter SCN1A expression, we transfected SH-SY5Y 

human neuroblastoma cells with plasmid vectors expressing EGFP or one of the three TFs bound 

to FGE2, then used qRT-PCR to quantify SCN1A expression (Fig. A1). However, we did not 

observe any significant changes in SCN1A expression between cells transfected with each 

individual TF or EGFP, suggesting that PBX3, MEF2A, and FRA2 do not affect SCN1A 

transcription. 

 

Figure 2.3. Subdeletions of FGE2 and FGE17 exhibit complex impacts on luciferase 
reporter activity. (A) Two equivalent subdeletions of FGE2 and FGE17 (from 5′-3′, A-B) were 
cloned into pSCN1A and transfected into SH-SY5Y cells to identify a minimal region necessary 
for regulatory activity (n=4). (B) Additional recombinant FGE NanoLuc vectors were generated 
by sequentially deleting 64-200 bp from the 5′ end of FGE2 and FGE17 (n=8). NanoLuc values 
were normalized to firefly luciferase to account for transfection efficiency, and are presented 
relative to the pSCN1A vector (black bar). Asterisks (*) denote statistical comparisons to 
pSCN1A. Mean + SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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To examine the minimal genomic region necessary to elicit a significant change in luciferase 

reporter activity, we cloned equivalent subdeletions of FGE2 and FGE17 (denoted -A or -B) into 

pSCN1A and evaluated the new vectors in a dual luciferase assay in SH-SY5Y cells (Fig. 2.3A). 

Both the full-length inserts of FGE2 and FGE17 reproducibly elicited significant increases in 

NanoLuc activity relative to pSCN1A (Fig. 2.3A). Furthermore, the recombinant vector 

containing the 5′-proximal FGE2-A element reproduced the significant increase in reporter 

activity observed in our initial screen, whereas the vector containing the 3′-proximal FGE2-B 

was comparable to pSCN1A (Fig. 2.3A). In contrast, neither the FGE17-A or FGE17-B vectors 

elicited a significant change in NanoLuc activity from pSCN1A (Fig. 2.3A). Altogether, these 

results suggest that FGE2-A contains the minimal genomic region necessary for FGE2-mediated 

regulatory activity, whereas the element underlying FGE17-mediated activity may span both the 

FGE17-A and FGE17-B subdeletions. 

To further narrow the minimal regions necessary for FGE2- and FGE17-mediated 

regulatory activity, we generated a series of four additional NanoLuc vectors in which 64-200 bp 

was sequentially deleted from the 5′ end of each FGE (denoted Δ1-Δ4, Fig. 2.3B). Given that 

FGE2-A elicited a significant increase in reporter activity, we performed serial deletions on this 

element, rather than full-length FGE2. While FGE2-A and FGE17 continued to elicit a 

significant increase in luciferase reporter activity relative to pSCN1A, there was some variability 

observed among the deletion constructs (Fig. 2.3B). While FGE2-A-Δ1 and FGE2-A-Δ2 

exhibited comparable activity to pSCN1A, the smaller FGE2-A-Δ3 construct exhibited 

significantly greater NanoLuc activity than pSCN1A (Fig. 2.3B). In contrast, FGE17-Δ1 was the 

only FGE17 deletion vector to significantly increase reporter activity relative to pSCN1A (Fig. 

2.3B). However, neither the FGE2-A-Δ3 or FGE17-Δ1 vectors individually demonstrated 
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significantly greater NanoLuc activity from any of their respective FGE2-A or FGE17 deletion 

constructs, suggesting that any changes in reporter activity were modest. 

 

2.4.3 SCN1A FGEs may jointly contribute to transcriptional regulation of reporter activity 

To assess whether FGE2, 17, 23, or 26 could elicit an additive effect on reporter activity, we first 

generated a vector in which the constitutive thymidine kinase (TK) promoter drove NanoLuc 

expression, denoted pTK (Fig. 2.4A). As a positive control, we also cloned into pTK the F16 

enhancer element, which was previously reported to increase reporter activity in SH-SY5Y cells 

(168) (Fig. 2.4A). Importantly, pTK exhibited ~8-fold higher NanoLuc activity relative to 

pSCN1A, confirming that TK is a more robust promoter (Fig. 2.4A). Furthermore, pTK 

containing the F16 element exhibited a significant increase in reporter activity relative to both 

pSCN1A and pTK, thereby indicating that expression from the TK promoter can still be 

modulated by transcriptional enhancer elements (Fig. 2.4B).  

Next, we generated two sets of luciferase vectors, which contained either one (1F) or two 

(2F) FGEs (Fig. 2.4.C). Specifically, 1F vectors contained FGE2-A, 17, 23, or 26 directly 

upstream of the TK promoter (Fig. 2.4.C). The 2F vectors contained two copies of FGE2-A, or a 

single copy of FGE2-A along with FGE17, 23 or 26 (Fig. 2.4.C). There were no significant 

differences in NanoLuc activity between pTK and any of the 1F vectors (Fig. 2.4D). However, 

the 2F vector containing both FGE2-A and FGE26 elicited a significant increase in reporter 

activity relative to the pTK (Fig. 2.4D). Furthermore, reporter activity was significantly greater 

than the 1F vector that solely contained FGE26 (Fig. 2.4D).  
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Figure 2.4. FGEs exhibit a combinatorial effect on luciferase reporter activity. (A) The 
thymidine kinase (TK) promoter drives significantly greater NanoLuc activity than the SCN1A 
1B promoter (black bar). (B) The MECP2-proximal F16 enhancer element drives a further 
increase in NanoLuc activity relative to pTK (n=4) (168). (C) Recombinant 1F vectors contained 
a single FGE (2-A, 17, 23, or 26) upstream of the TK promoter driving NanoLuc expression, 
whereas recombinant 2F vectors contained FGE2-A in addition to a secondary FGE. (D) SH-
SY5Y cells transfected with a recombinant 2F vector containing both FGE2-A and FGE26 
exhibited significantly greater NanoLuc activity compared to pTK promoter or the 1F vector 
solely containing FGE26 (n=5-9). Unless noted with a horizontal black line, asterisks (*) denote 
statistical comparisons relative to (A) pSCN1A or (B,D) pTK. Mean + SEM. *p < 0.05, ****p < 
0.0001. 
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2.4.4 Epilepsy-associated SNPs do not robustly affect luciferase reporter activity 

In addition to open chromatin data, disease-associated SNPs have previously been utilized to 

identify putative FGEs (139-142). Genome-wide association studies (GWASs) previously 

identified three SNPs in the SCN1A locus that are associated with common forms of epilepsy 

(Table 2.1) (143,144). Two of these SNPs fell within predicted regions of open chromatin: 

rs11890028 in FGE6 (5′-UTR) and rs6732655 in FGE20 (intron 16, Table 2.1). In contrast, 

rs12987787 (intron 23) did not overlap with any neuronal open chromatin data. While neither 

FGE6 nor FGE20 elicited significant changes in luciferase reporter activity in our initial screen, 

these pSCN1A vectors both contained the major SNP alleles that were not associated with disease 

(Fig. 2.2B). To determine whether there were allele-dependent effects on reporter activity, we 

evaluated additional pTK constructs with the major or minor allelic variants of all three epilepsy-

associated SNPs in a dual luciferase assay. While there were no significant changes in NanoLuc 

activity between constructs with the major or minor allelic variants of each SNP, we did observe 

a significant decrease in reporter activity from the rs11890028 constructs derived from FGE6 

(Fig. 2.5). Therefore, while rs11890028 may not have an allele-dependent effect, FGE6 as a 

whole may act as a transcriptional silencer element. Interestingly, we also observed a significant 

increase in NanoLuc activity from the vector containing the rs12987787 major SNP allele 

relative to pTK (Fig 2.5). However, there was no significant difference between the vector 

containing the rs12987787 minor SNP allele (p = 0.0612), suggesting that any changes in 

activity may be modest (Fig. 2.5). 
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Table 2.1. Genome-wide association studies (GWASs) identify three epilepsy-associated 
SNPs in the SCN1A locus. The major and minor SNP allele frequencies are listed in 
parentheses, and asterisks (*) denote the disease-associated allele (143,144). 
 

SNP ID GWAS Location Phenotype Major Allele Minor Allele 
rs6732655 ILAE 2014, 

Lancet Neurol. Intron 16 All Epilepsy T (0.78) A* (0.22) 

rs12987787 ILAE 2014, 
Lancet Neurol. Intron 23 Focal Epilepsy T (0.79) C* (0.21) 

rs11890028 Steffens et al. 2012, 
Hum. Mol. Gen. 5′-UTR 

Genetic 
Generalized 

Epilepsy 
T (0.74) G* (0.26) 

 
 
 
 
 

 

Figure 2.5. Epilepsy-associated SNPs do not elicit robust allele-dependent effects on 
luciferase reporter activity. SH-SY5Y cells were individually transfected with a recombinant 
NanoLuc vector containing either the major or minor allelic variant for the epilepsy-associated 
SNPs rs6732655, rs11890028, or rs12987787 (n=6-7). NanoLuc values were normalized to 
firefly luciferase to account for transfection efficiency, and are presented relative to the pTK 
vector (black bar). Asterisks (*) denote statistical comparisons to pSCN1A.  Mean + SEM.  *p < 
0.05, ****p < 0.0001. 
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2.5 Discussion 

In this preliminary study, we integrated publicly available human neuronal open chromatin and 

transcription factor ChIP-seq data to identify 32 putative FGEs in the SCN1A locus. Two of these 

FGEs intersected with the epilepsy-associated SNPs, rs11890028 (FGE6) and rs6732655 

(FGE20), though neither variant demonstrated an allele-specific effect on NanoLuc reporter 

activity in a dual luciferase assay. While there was some evidence that the major allele of 

epilepsy-associated SNP rs12987787 may significantly increase NanoLuc reporter activity, it did 

not significantly vary from the vector containing the minor SNP allele. These results suggest that 

any regulatory impact of rs12987787 may therefore be modest. 

Out of the 32 FGEs we identified, only one element, FGE29, exhibited transcriptional 

silencer activity on the SCN1A promoter in our initial dual luciferase assay. In contrast, four 

elements elicited statistically significant increases in reporter activity: FGE2, 17, 23, and 26. 

When FGE26 was evaluated in a 2F reporter vector containing an additional copy of FGE2-A, 

we observed a significant increase in NanoLuc reporter activity relative to pTK. SCN1A 

possesses an intricate 5′ genomic region comprised of seven alternative noncoding exons and 

three alternative promoters (95,96). Our results suggest that transcriptional regulation of SCN1A 

may be equally complex, and involve the joint contribution of multiple FGEs to drive SCN1A 

expression. Future studies are necessary to examine the contribution of these FGEs to 

endogenous SCN1A expression in cells, and whether any synergistic regulatory activity is limited 

to FGE2-A and FGE26, among other combinations of FGEs. 

It is worth noting that, in the same assay with the 2F FGE26 vector, we did not observe a 

significant increase in reporter activity from 1F vectors containing a single FGE. Given that the 

control F16 enhancer element was capable of eliciting an approximately 3-fold increase in pTK 
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NanoLuc activity, the TK promoter was not limited by an inherent ceiling effect on reporter 

expression (168). However, SCN1A expression is largely restricted to parvalbumin-positive 

GABAergic interneurons (GINs), suggesting that SCN1A transcriptional regulatory elements 

may exert moderate effect on SCN1A expression in comparison to FGEs from other, more 

ubiquitously, expressed genes (14,23). Considering that the TK promoter drives ~8-fold greater 

NanoLuc expression relative to the SCN1A promoter, it may therefore be less sensitive to 

positive modulation by these FGEs. In contrast, the TK promoter may have heightened 

sensitivity to FGEs that act as transcriptional silencer elements. For instance, while FGE6, which 

contained rs11890028, was comparable to pSCN1A in our initial screen for regulatory activity, it 

significantly reduced NanoLuc expression when cloned into a pTK vector. 

Ultimately, while we were able to identify several potential FGEs involved in SCN1A 

transcriptional regulation, our approach was limited by the heterogeneity of available open 

chromatin data sets. While SCN1A expression in the brain is largely observed in inhibitory GINs, 

existing open chromatin data was only available from brain regions consisting of multiple 

neuronal or even glial cell types, or immortalized neuroblastoma lines that display substantial 

morphological and molecular differences from primary neurons (14,23,171). Therefore, open 

chromatin studies in primary GINs may also identify novel, unique FGEs, and would be an 

important next step in identifying putative SCN1A transcriptional regulatory elements. 
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CHAPTER 3: Transcriptomic and epigenomic dynamics associated with development of 
human iPSC-derived GABAergic interneurons 
 
 

3.1 Abstract 

GABAergic interneurons (GINs) are a heterogeneous class of inhibitory neurons that collectively 

contribute to the maintenance of normal neuronal excitability and network activity. Identification 

of the genetic regulatory elements and transcription factors that contribute toward GIN function 

may provide new insight into the pathways underlying proper GIN activity, while also indicating 

potential therapeutic targets for GIN-associated disorders, such as epilepsy and schizophrenia. In 

this study, we examined temporal changes in gene expression and chromatin accessibility by 

collecting human iPSC-derived GINs at three time points during development for transcriptomic 

and epigenomic analysis: neural progenitor cells at 22 days post-differentiation (D22), then GINs 

at D50 and D78. We observed 13,221 differentially accessible regions (DARs) of chromatin that 

associate with temporal changes in gene expression observed in D78 GINs. We also classified 

families of transcription factors that are increasingly enriched at DARs during differentiation, 

indicating regulatory networks that likely drive GIN development. By comparing our data set 

with a previous study of dysregulated gene expression in the dorsolateral prefrontal cortex of 

schizophrenia patients, we identified several candidate genes that might have relevance to GIN 

dysfunction in schizophrenia patients. Collectively, these data provide a resource for examining 

the molecular networks regulating GIN functionality.   
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3.2 Introduction 

GABAergic interneurons (GINs) comprise a heterogeneous population of inhibitory neurons that 

play a critical role in regulating neuronal excitability (172-174). GINs have been characterized 

based on their unique electrophysiological properties, cellular morphology, and expression of 

specific calcium-binding proteins or neuropeptides (174-177). Collectively, these diverse GINs 

help shape the complex neural circuity underlying proper network activity and, when disrupted, 

can cause neurological disorders such as epilepsy, Alzheimer’s disease, and schizophrenia 

(26,83,178-184). Schizophrenia alone affects ~1% of the global population, and patients exhibit 

a wide spectrum of clinical phenotypes, including depression, psychosis, and impaired cognition 

(184,185). Patients with schizophrenia often share comparable numbers of GINs with healthy 

controls, yet exhibit reduced expression of genes involved in GABA synthesis (GAD1 and 

GAD2) or fast-spiking inhibition (PVALB, encoding parvalbumin), thereby suggesting that 

schizophrenic phenotypes, or negative symptoms, may partially stem from altered functional 

development of GINs (81-83,186).  

Several homeobox and basic helix-loop-helix transcription factors are known to 

contribute to neural patterning and early GIN fate specification, including DLX1/DLX2, 

NKX2.1, ASCL1, and MASH1 (172,173,181,187). However, much less is known about the 

networks of transcription factors and genetic elements that contribute to mature GIN function. 

Identification of these regulatory components may provide new insight into the pathways 

underlying proper GIN activity, while also denoting potential therapeutic targets for GIN-

associated disorders. Though some progress has been made in describing the chromatin and 

transcriptomic signatures of GIN subtypes in mice, efforts to relate these findings to humans are 

confounded by the divergence in GIN complexity and development through primate evolution 
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(173,188-191). While there are several existing methods to culture human-derived GINs or 

related brain organoids in vitro, studies have only profiled these cells utilizing RNA-seq or, in 

one case, anti-NKX2.1 ChIP-seq (173,189,192-194). Altogether, there is a current knowledge 

gap in the epigenomic dynamics of developing GINs, which may direct interneuron-specific 

expression patterns. 

In the current study, we differentiated human induced pluripotent stem cells (iPSCs) 

derived from two healthy male controls into GINs with 81-85% efficiency. To examine temporal 

changes in gene expression and chromatin accessibility, cells were collected at three time points 

for RNA-seq and ATAC-seq analysis: neural progenitor cells (NPCs) at 22 days post-

differentiation (D22), then GINs at D50 and D78. By comparing differentially accessible regions 

(DARs) of chromatin that were shared between the two iPSC lines, we identified 13,221 

genomic regions that correlated with temporal changes in gene expression unique to mature 

GINs. We also classified several transcription factors (TFs) that are increasingly enriched at 

DARs during differentiation, indicating regulatory networks that underlie GIN function. 

Furthermore, we identified several genes that may be especially relevant to mature GIN function 

in schizophrenia patients. Collectively, these data represent a comprehensive analysis of 

transcriptomic and epigenomic changes that occur during GIN development. 
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3.3 Materials and Methods 

 

3.3.1 In vitro differentiation to GABAergic interneurons (GINs) 

The HC1 and HC2 human induced pluripotent stem cell (iPSC) lines were previously generated 

using skin biopsy samples from two healthy adult males (195). iPSCs (passage < 35) were 

cultured on irradiated mouse embryonic fibroblasts (MEFs) in human iPSC media consisting of 

DMEM/F12 (#11320082, Invitrogen) supplemented with 20% KnockOut Serum Replacement 

(#10828028, Invitrogen), 2 mM GlutaMAX (#35050079, Invitrogen), 100 μM non-essential 

amino acids (NEAA, #11140050, Invitrogen), 100 μM 2-mercaptoethanol (#21985023, 

Invitrogen), and 10 ng/mL human basic FGF (#100-18B, PeproTech, Rocky Hill, NJ, USA) as 

previously described (196). Media were changed daily and iPSC lines were passaged by 

incubation for 1 hr at 37°C in DMEM/F12 media with 1 mg/ml collagenase (#17018029, 

Invitrogen). For differentiation of iPSCs into cortical GABAergic interneurons (GINs), iPSC 

colonies were detached from the feeder layer with collagenase and resuspended in EB medium, 

comprised of FGF2-free human iPSC media supplemented with 2 μM dorsomorphin (#3093, 

Tocris Bioscience, Bristol, UK) and 2 μM A-83-01 (#2939, Tocris Bioscience). Cells were 

grown in non-treated polystyrene plates for 6 days, and media was changed daily. On day 7 (D7) 

of the differentiation protocol, floating embryoid bodies (EBs) were transferred to Matrigel-

coated 6-well plates (#354432, Corning). Cells were first grown in NPC1 media, consisting of 

DMEM/F12 with 1× N-2 supplement (#17502001, Invitrogen), 1× NEAA, 2 μg/ml heparin 

(#H3149, MilliporeSigma), and 1 μg/ml of recombinant human SHH (#100-45, PeproTech). On 

D11, the NPC1 media was replaced with NPC2 medium, comprised of DMEM/F12 with 1× N-2 

supplement, 1× NEAA, 2 μg/ml heparin, and 1.5 μM Purmorphamine (#4551, Tocris 
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Bioscience). From D7-D22, the media was changed once every two days. On D22, neural 

rosettes were mechanically picked and transferred to low-attachment plates (#3471, Corning) in 

NPC2 media supplemented with 1× B-27 (#17504044, Invitrogen). For further differentiation, 

neural progenitor spheres were dissociated by incubation with Accutase (#A1110501, 

Invitrogen) for 10 min at 37°C, then resuspended in Neuron medium, comprised of Neurobasal 

medium (#21103049, Invitrogen) supplemented with 2 mM GlutaMAX, 1× B-27, 1 μM cAMP 

(#D0260, MilliporeSigma), 200 ng/mL L‐ascorbic acid (#A4403, MilliporeSigma), 10 ng/mL 

recombinant BDNF (#450-02, PeproTech), and 10 ng/mL recombinant GDNF (#450-10, 

PeproTech). For quantification of GIN subtypes, additional cells were passaged onto coverslips 

coated with 50 µg/ml poly-D-lysine (#P6407, MilliporeSigma) and 10 µg/ml laminin (#L2020, 

MilliporeSigma). Cells were continuously cultured in Neuron media from D22-D78, and half of 

the media was replaced weekly. At D22, D50, and D78, cells were dissociated with Accutase and 

gently pelleted by centrifugation at 1,500 rpm for 5 min. Cells were resuspended in 1 mL TRIzol 

reagent (#15596026, ThermoFisher) for RNA-seq and qRT-PCR, or 1× PBS for ATAC-seq 

library preparation. 

 

3.3.2 Immunostaining for neuronal markers 

Cells at D36, D50, or D78 were fixed with 4% paraformaldehyde (#1574, Electron Microscopy 

Sciences, Hatfield, PA, USA) for 15 min at room temperature. Samples were permeabilized and 

blocked with 0.25% Triton X-100 (#X100, MilliporeSigma) and 10% donkey serum (#017-000-

121, Jackson ImmunoResearch, West Grove, PA, USA) in PBS for 20 min as previously 

described (195). Samples were then incubated with primary antibodies at 4⁰C overnight, 

followed by incubation with secondary antibodies for 1 hr at room temperature. The following 
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primary antibodies were used: rabbit polyclonal anti-NESTIN (1:800; #AB5922, 

MilliporeSigma), mouse monoclonal anti-NKX2.1 (1:500; #MAB5460, MilliporeSigma), rabbit 

polyclonal anti-GABA (1:1000; #A2052, MilliporeSigma), mouse monoclonal anti-calbindin 

(1:500; #300, Swant, Marly, Switzerland), rabbit polyclonal anti-calretinin (1:500; #7699/4, 

Swant), rabbit polyclonal anti-parvalbumin (1:300; #PV27, Swant), rabbit monoclonal anti-

somatostatin (1:500; #MA5-17182, ThermoFisher), rabbit polyclonal anti-NPY (1:300; #T-

4068.0500, Peninsula Laboratories, San Carlos, CA, USA), and chicken polyclonal anti-MAP2 

(1:500; #nb300-213, Novus Biologicals, Centennial, CO, USA). The following secondary 

antibodies were used: donkey anti-chicken Alexa Fluor 488 (1:1000; #703-545-155, Jackson 

ImmunoResearch), donkey anti-mouse Alexa Fluor 568 (1:1000; #A10037, ThermoFisher), and 

donkey anti-rabbit Alexa Fluor 568 (1:1000; #A10042, ThermoFisher). Antibodies were 

prepared in PBS containing 0.25% Triton X-100 and 10% donkey serum. Slides were mounted 

using VECTASHIELD antifade medium with DAPI (#H-1200, Vector Laboratories, 

Burlingame, CA, USA). Images were taken using a Nikon Eclipse Ti-E microscope, and 

analyzed with ImageJ (https://imagej.nih.gov/ij/) (197). 

 

3.3.3 RNA-seq and data analysis 

Total RNA was isolated from TRIzol preparations of HC1-derived GINs following manufacturer 

guidelines (ThermoFisher). Briefly, 200 μl chloroform (#C298-500, Fisher Scientific) was added 

to each TRIzol sample, and samples were incubated on ice for 15 minutes, followed by an initial 

15 min centrifugation step at 13,200 rpm and 4°C. The aqueous phase containing RNA was 

transferred to a new nuclease-free tube and gently mixed with 500 μl isopropanol (#BP2618-1, 

Fisher Scientific). Tubes were incubated for an additional 15 min on ice before a second 15 min 
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centrifugation step at 13,200 rpm and 4°C. Precipitated RNA was aspirated and resuspended in 1 

mL of 75% ethanol, then centrifuged for 15 minutes at 13,200 rpm and 4°C. The precipitated 

RNA pellet was then aspirated and dissolved in 50 μl nuclease-free water via a 10 min 

incubation step at 60°C. RNA concentration and quality was determined utilizing a 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). 2 μg total RNA per sample was 

used to create libraries with a Kapa Biosystems stranded RNA-seq kit with capture beads 

(#KK8421, Kapa Biosystems, Wilmington, MA, USA). Libraries were pooled at equimolar 

concentrations and sequenced on a NextSeq 500 system (Illumina, San Diego, CA, USA), using 

75 bp paired-end chemistry.  

Raw sequence reads were trimmed for Illumina adapters utilizing Trimmomatic v.0.38, 

and then aligned to the hg38 human reference genome utilizing TopHat2 v2.1.1 (198,199). 

HTSeq v0.11.0 was used to determine gene counts from uniquely-mapped, paired reads (200). 

DESeq2 was utilized to normalize gene counts and determine changes in gene expression 

between cells at D22, D50, and D78 (201). Genes were considered to have detectable expression 

if at least two samples within a given time point (D22, D50, or D78) exhibited a DESeq2-

normalized expression value > 3. Differentially expressed genes (DEGs) were determined by a 

false discovery rate (FDR) < 0.05 and absolute fold change (FC) > 2.  

Spatial gene set enrichment (SGSE) within the human prenatal brain was performed with 

the brainImageR package in Bioconductor, using the 4,840 DEGs between D78 and D22 as input 

(202). All genes with detectable expression were pre-ranked for gene set enrichment analysis 

(GSEA) based on the equation: -log10FDR x log2FC. GSEA was performed utilizing GSEA v3.0 

software, with default settings (1000 permutations, weighted enrichment statistic, and meandiv 
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normalization) (203). Pathways with FDR (q) < 0.05 were considered statistically significant. 

The ten most significant GSEA pathways observed starting at D50 are detailed in Table B2. 

 

3.3.4 Quantitative real-time PCR (qRT-PCR) 

Total RNA from HC1 and HC2 cells were incubated with amplification-grade DNase I 

(#18068015, Invitrogen) for 15 min at 25°C to eliminate residual genomic DNA. DNase I was 

inactivated by adding 25 mM EDTA solution to each sample and incubating at 65°C for 10 min. 

DNase-treated RNA was then reverse-transcribed into cDNA using a SuperScript III first-strand 

cDNA synthesis kit with random hexamer primers (#18080051, Invitrogen).  

qRT-PCR was carried out in technical triplicate in a 20 μL volume containing iQ SYBR Green 

SuperMix (#1708880, Bio-Rad) and 5 μM primers, on a CFX96 Real-Time PCR Detection 

System (Bio-Rad). The reaction parameters were: 1 cycle with 2 min at 95°C; 40 cycles with 15 

s at 95°C, 30 s at 58°C or 60°C; 1 cycle with 10 s at 95°C. To prevent amplification of any 

residual genomic DNA, Primer3 software (http://primer3.ut.ee/) was used to design qRT-PCR 

primers that spanned exon-exon junctions (165). The optimal annealing temperature to generate 

standard curves with 90-100% amplification efficiency was determined for each primer pair 

(Table B1). The expression level of each gene was normalized to ACTB (encoding β-actin) using 

the Pfaffl method, as previously described (166,167).  

 

3.3.5 Assay for transposase-accessible chromatin (ATAC-seq) and data analysis 

ATAC-seq was performed as previously described by Guo et al. (204). Briefly, differentiated 

cells were gently pelleted in 1× PBS and resuspended in a 25 μL tagmentation reaction 

consisting of 1× TD buffer (10 mM TAPS-NaOH pH 8.1, 5 mM MgCl2, 10% DMF), 2.5 μL Tn5 
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transposase, 0.1% TWEEN 20, and 0.02% Digitonin, then incubated for 1 hr at 37 °C. 

Tagmented nuclei were diluted two-fold and incubated for 30 min at 40°C in lysis buffer, 

comprised of 300 mM NaCl, 100 mM EDTA, 0.6% SDS, 1.6 μg proteinase K. Transposed DNA 

was isolated by size selection using SPRI-beads and PCR-amplified using 2× KAPA HiFi 

HotStart ReadyMix (#7958927001, Roche) and Nextera Indexing Primers (#FC-131-2003, 

Illumina, San Diego, CA, USA). Following PCR amplification, the size-selection step was 

repeated to enrich for low molecular weight DNA. Sample quality was assessed on a 2100 

Bioanalyzer (Agilent Technologies), and libraries were pooled at an equimolar ratio for 

sequencing on a HiSeq2500 system (Illumina) with 50 bp paired-end chemistry.  

Raw sequencing reads were trimmed for sequencing adapters utilizing the CutAdapt 

package in Python, then mapped to the hg38 human reference genome using Bowtie2 v2.2.4 

(205,206). MACS2 v.2.1.0 was used to call peaks, and counts were normalized to reads per peak 

per million (rppm) using the equation: (total reads x 106)/(unique reads x fraction of reads in 

peaks) (122). Peaks were annotated to the nearest transcription start site (TSS) using HOMER 

v.4.8.2 software, and distribution of raw ATAC peaks across the genome was determined using 

ChIPseeker (160,207). edgeR was utilized to determine changes in chromatin accessibility 

between samples at D22, D50, and D78 (208). Differentially accessible regions (DARs) of 

chromatin were defined by FDR < 0.05 and absolute fold change > 2. Only DARs with the same 

signed fold change (positive or negative) between time point comparisons in both HC1 and HC2 

were utilized for downstream analyses. The distribution of shared DARs in schizophrenia-

associated genomic loci were visualized using karyoploteR (209,210). Visualizations of ATAC-

seq rpm signal to the human genome build hg38 were generated from bigWig files using the 
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rtracklayer package in R/Bioconductor (211). All custom R/Bioconductor scripts are available 

upon request. 

 

3.3.6 Transcription factor (TF) motif analysis 

The MEME Suite v5.0.5 Analysis of Motif Enrichment (AME) tool was utilized to determine 

enrichment of TF binding motifs (HOCOMOCO v11 database) in shared DARs, compared to 

shuffled input sequences (212,213). TF footprinting in DARs was performed utilizing RGT-

HINT software (214). Cytoscape v3.7.1 software was used to visualize predicted TF interaction 

networks (215). Similarity among HOCOMOCO v11 TF motifs was calculated using STAMP 

alignment software (http://www.benoslab.pitt.edu/stamp/), phylogenies were visualized with 

FigTree v1.4.4  (http://tree.bio.ed.ac.uk), and clades of similar TF motifs were determined using 

CTree v1.03 (216,217). 

 

3.3.7 Statistical analysis 

Statistical comparisons were calculated using Prism v8.1.2 software (GraphPad, San Diego, CA, 

USA). A two-way ANOVA with Tukey’s multiple comparisons test was used to compare the 

distribution of ATAC-seq peaks and the percentage of cells expressing GIN markers relative to 

D22 or D36. Two-way ANOVA with Sidak’s multiple comparisons test was used to compare 

differences in gene expression validated by qRT-PCR relative to D22. The Pearson’s product-

moment correlation between TSS accessibility and gene expression was calculated using the 

cor() function in R. The BEDtools two-tailed Fisher’s exact test was used to compare enrichment 

of DARs in 108 schizophrenia-associated genomic loci, and enrichment of TF motifs within 693 
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differentially expressed genes identified in the dorsolateral prefrontal cortex of schizophrenia 

patients (161,218). 

 
3.3.8 Data availability 

All sequencing data are available under accession GSE145073 at the National Center for 

Biotechnology Information Gene Expression Omnibus (GEO, 

https://www.ncbi.nlm.nih.gov/geo/). 
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3.4 Results 

 

3.4.1 Human induced pluripotent stem cells (iPSCs) are differentiated to GABAergic 

interneurons (GINs) with high efficiency 

NKX2.1 is highly expressed in the medial ganglionic eminence (MGE) of the ventral 

telencephalon where the majority of inhibitory progenitors arise during development (219). By 

using sonic hedgehog (SHH) and its agonist, Purmorphamine, neural progenitor cells (NPCs) 

were patterned to the ventral forebrain fate, and >90% of cells express NKX2.1, and the neural 

progenitor marker, NESTIN, by 22 days post-differentiation (D22, Fig. B1) (220-222). These 

NPCs were further differentiated into MAP2+/GABA+ neurons with high (>99%) efficiency (Fig. 

3.1). We collected iPSC-derived cells for RNA-seq and ATAC-seq analysis at three time points 

during GIN differentiation: D22, D50, and D78 (Fig. 3.1A).  Cells were further assessed for the 

emergence of GIN subtypes at D36, with ~19% and ~16% staining positive for the calcium-

binding proteins calbindin (CB+) and calretinin (CR+), respectively (Fig. 3.1B-E). In contrast, 

less than ~4% of cells at D36 stained for the GIN subtype markers somatostatin (SST+), 

parvalbumin (PV+), or neuropeptide Y (NPY+; Fig. 3.1B-E). There was a significant increase in 

the total proportion of GABA+ cells by D50, as indicated by elevated percentages of CB+ (~22-

25% increase), CR+ (~11% increase), and SST+ (~12% increase) cells (Fig. 3.1B-E). There was 

also a significant increase in the percentage of PV+ (~13-14%) cells by D78, though the 

proportion of NPY+ cells remained constant across differentiation (Fig. 3.1B-E). Altogether, 81-

85% of cells exhibited GABA immunoreactivity by D78, including 26-31% SST+ and 15-16% 

PV+ cells, suggesting a robust conversion of iPSCs from both the HC1 and HC2 cell lines into 

GINs (Fig. 3.1B-E).  
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Figure 3.1. Distinct subtypes of GABAergic interneurons emerge after 78 days of 
differentiation. (A) Human iPSC lines derived from two healthy male controls (denoted HC1 
and HC2) were patterned to the ventral forebrain fate and subsequently differentiated to GINs. 
Samples were collected for RNA-seq and ATAC-seq at three time points: 22 days post-
differentiation (D22), D50, and D78. Created with BioRender. (B) Cells were differentiated into 
GINs with ~81-85% efficiency, marked by GABA immunoreactivity (GABA+) and the 
emergence of GIN subtypes expressing the markers calbindin (CB+), calretinin (CR+), 
somatostatin (SST+), parvalbumin (PV+), and neuropeptide Y (NPY+; n=3). Asterisks (*) denote 
statistical comparisons relative to D36 in HC1, while pound signs (#) denote statistical 
comparisons to D36 in HC2. Mean + SEM. * p < 0.05, **/## p < 0.01, ***/### p < 0.001, ****/#### 
p < 0.0001. (C-E) Representative immunostaining images of cells at (C) D36, (D) D50, and (E) 
D78 (scale bars: 50 µm). 
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3.4.2 RNA-seq confirms enrichment of genes and pathways associated with GIN function  

As a first step to characterize GIN development, we performed RNA-seq on 2-3 replicates of HC1 

cells at D22, D50, and D78. We identified a total of 5,776 unique differentially expressed genes 

(DEGs) across all three time point comparisons, as defined by a >2-fold change in gene expression 

and false discovery rate (FDR) < 0.05 (Fig. 3.2A). The most variation in gene expression (4,840 

DEGs) was observed between D78 and D22, with comparable numbers of downregulated and 

upregulated genes (Fig. 3.2B-C).   

 To validate the trends in gene expression observed in RNA-seq, we performed quantitative 

real-time PCR (qRT-PCR) for selected DEGs related to GIN function and development (Fig. 3.2D-

G, Table B1). For instance, both SCN1A and NEUROD1 are significantly upregulated by D78, 

relative to D22 (Fig. 3.2D-E). While SCN1A is crucial for fast-spiking GABAergic inhibition in 

PV+ GINs, NEUROD1 encodes a basic helix-loop-helix transcription factor (TF) that induces 

neuronal differentiation (23,26,223,224). Consistent with the RNA-seq data, there was a 

significant increase in SCN1A expression by D78, and NEUROD1 expression by D50 in the HC1 

cell line (Fig. 3.2D-E). qRT-PCR also affirmed RNA-seq results from DEGs that were 

significantly downregulated over GIN differentiation, such as DLX3 and CHL1 (Fig. 3.2F-G). 

DLX3 is a member of the homeobox TF family, and has previously been reported to repress neural 

gene expression (Fig. 3.2F) (225). CHL1 encodes a neural adhesion molecule which is expressed 

in interneuron precursors and negatively regulates NPC proliferation (Fig. 3.2G) (226). 

Accordingly, qRT-PCR results confirmed that both DLX3 and CHL1 expression were significantly 

reduced by D50 in HC1 cells (Fig. 3.2F-G). These trends in expression were consistent in HC2 

cells, which exhibited a significant increase in SCN1A expression, and a significant decrease in 

DLX3 and CHL1 expression, by D50 (Fig. 3.2D,F-G). While NEUROD1 was significantly 
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upregulated in both HC1 and HC2 cells during GIN differentiation, induction of NEUROD1 

expression occurred earlier in HC1 cells (D50) than HC2 cells (D78, Fig. 3.2E). This variability 

between cell lines underscores the importance of utilizing multiple iPSC lines.   

 

 

Figure 3.2. Broad changes in neuronal gene expression across GIN differentiation. (A) 
There are 5,776 differentially expressed genes (DEGs) across GIN differentiation in HC1 cells 
(n=2-3). Cell colors indicate row Z-scores of DESeq2-normalized gene expression values (blue: 
low, red: high). (B-C) Summary of upregulated and downregulated DEGs at (B) D50 and (C) 
D78, relative to D22. (D-G) Both (D-E) upregulated and (F-G) downregulated DEGs detected 
by RNA-seq exhibit comparable trends in expression between HC1 and HC2 across 
differentiation. qRT-PCR results are normalized to ACTB, and expression is presented as fold 
change (FC) relative to D22 (n=3). DESeq2-normalized RNA-seq results are presented in the 
corner of each panel, relative to D22 (n=2-3). Asterisks (*) denote statistical comparisons to D22 
in HC1, while pound signs (#) denote statistical comparisons to D22 in HC2. Mean + SEM. **/## 
p < 0.01, ***/### p < 0.001, ****/#### p < 0.0001.  
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 Spatial gene set enrichment (SGSE) revealed that the 4,840 DEGs with altered expression 

between D78 and D22 were most associated with the MGE, which is the primary source of 

cortical GINs (Fig. 3.3A) (178,189,202). These DEGs were also associated with the lateral 

ganglionic eminence (LGE), ventricular zone (VZ), and the horizontal portion of the rostral 

migratory stream (RMS), all of which generate cortical or olfactory bulb GINs (Fig. 3.3A) 

(227,228). SGSE analysis also noted a strong association between these DEGs and the putamen, 

which relies on the integration of GINs and cholinergic interneurons for proper function (Fig. 

3.3A) (229). There was minimal association of DEGs with the subventricular zone (SVZ) and 

marginal zone (MZ), which are important sources of excitatory cortical neurons and glia, 

respectively (Fig. 3.3A) (230-232).  

 Gene set enrichment analysis (GSEA) of all detected genes was utilized to identify 

molecular pathways associated with changes in gene expression at D50 and D78 relative to D22 

(Fig. 3.3B-C, Table B2) (203). The expression patterns of cells at D50 and D78 were 

significantly enriched for genes associated with pathways linked to neuronal maturation and, 

importantly, GABAergic function (Fig. 3.3B-C). For instance, the GABA receptor subunit genes 

(GABRA3, GABRB2, and GABRG2) and GABA reuptake transporter gene (SLC6A1) were 

among the DEGs enriched in the “GABAergic synaptic transmission” gene ontology (GO) term 

(Fig. 3.3B-C). All of these genes are highly expressed in GINs, and GABA receptor subunit or 

transporter dysfunction is associated with epilepsy and schizophrenia-like phenotypes (233-235). 

Similarly, SYT1, SV2A, and VAMP2 were all enriched in the “vesicle-mediated transport in 

synapse” GO pathway (Fig. 3.3B-C). While SYT1 encodes a calcium-binding protein involved in 

fast-releasing inhibitory transmitter release, SV2A and VAMP2 encode proteins involved in 

vesicular release and docking, respectively (236-239). All three DEGs are noted to have enriched 
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expression and function in developing GINs (236-239). Genes involved in synapse organization 

were also significantly enriched in cells at D50 and D78, including NGEF, which plays a 

specialized role in GABAergic inhibition by facilitating neurite outgrowth and the localization of 

GABAA receptor subunits to inhibitory synapses (Fig. 3.3B-C) (240,241). Altogether, these 

results support that differentiated cells adopt a GIN-like fate by D78. 

 

Figure 3.3. iPSC-derived GINs are enriched for pathways associated with mature neuronal 
function. (A) The 4,840 DEGs at D78 relative to D22 are primarily associated with the medial 
ganglionic eminence (MGE) in the developing human brain. DEGs are also associated with the 
lateral ganglionic eminence (LGE), horizontal portion of the rostral migratory stream (RMS), 
putamen, and ventricular zone (VZ), but not the subventricular zone (SVZ) or marginal zone 
(MZ). Colors indicate the spatial gene set enrichment (SGSE) score for each brain region (blue: 
low, red: high). Image of the fetal human brain at 15 post-coital weeks was derived from the 
Allen Brain Atlas using brainImageR (202). (B) The ten most significant biological process gene 
ontology (GO) terms identified by gene set enrichment analysis (GSEA) indicate enrichment of 
DEGs involved in GABAergic synapse formation and neuronal function across GIN 
differentiation. Genes were pre-ranked based on changes in expression relative to D22. 
Normalized enrichment scores and FDR q-values for each GSEA comparison are listed in Table 
S3. (C) Heatmap of representative DEGs in GO categories identified by GSEA analysis. Cell 
colors indicate row Z-scores of DESeq2-normalized gene expression values (blue: low, red: 
high). 
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3.4.3 HC1- and HC2-derived GINs exhibit similar changes in chromatin accessibility across 

differentiation 

To generate a comprehensive map of accessible regions of chromatin across GIN differentiation, 

ATAC-seq was performed on 2-3 replicates of cells derived from the HC1 and HC2 lines at each 

of the three time points (Fig. 3.4, Fig. B2). Out of the 35,703 ATAC-seq peaks detected across all 

samples, 16,492 peaks in HC1 cells (46% of all peaks) and 15,583 in HC2 cells (44%) 

demonstrated significant changes in accessibility over GIN differentiation, as defined by >2-fold 

change in accessibility and FDR < 0.05 (Fig. 3.4A-B). Collectively, 13,515 differentially 

accessible regions (DARs) of chromatin were present in both the HC1 and HC2 lines (Fig. 3.4C). 

To identify ATAC-seq peaks that were broadly representative of epigenomic changes in GIN 

development, we focused on the 13,221 DARs that exhibited consistent changes in accessibility 

between both cell lines and across specific stages of GIN differentiation. Principal component 

analysis of these 13,221 DARs indicated that samples at the same time point exhibited the least 

variation, regardless of cell line (Fig. 3.4D). Consistent with our RNA-seq results, the greatest 

amount of variation was observed between D78 and D22 (Fig. 3.4D). In comparison to D50, nearly 

twice as many DARs are present at D78 relative to D22, with a majority (71%) increasing in 

accessibility over GIN differentiation (Fig. 3.4E-F).  
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Figure 3.4. ATAC-seq reveals widespread changes in chromatin accessibility across GIN 
differentiation. (A-B) HC1 exhibits a total of 16,492 differentially accessible regions (DARs) of 
chromatin across differentiation, while HC2 exhibits 15,583 DARs (n=2-3 per time point). Cell 
colors indicate row Z-scores of reads per million (rpm) for each DAR (blue: low, red: high). (C) 
13,515 regions are differentially accessible in both the HC1 and HC2 lines, though only 13,221 
DARs exhibit similar changes in accessibility between time point comparisons. (D) Principal 
component (PC) analysis of ATAC-seq rpm values across the 13,221 shared DARs. The 
percentage of variance explained by PC1 or PC2 is listed in parentheses. (E-F) Summary of the 
13,221 shared DARs with decreasing or increasing accessibility across differentiation at (E) D50 
and (F) D78, relative to D22. 
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3.4.4 Changes in chromatin accessibility are correlated with GIN-specific gene expression  

Epigenomic changes in chromatin structure directly impact gene expression, and increased 

accessibility is often linked to elevated transcription (114). We observed a significant, positive 

correlation between changes in accessibility of DARs proximal to the transcription start site 

(TSS) and gene expression at D50 and D78, relative to D22 (Fig. 3.5A-B). For instance, 

B3GAT2 encoding a glucuronyltransferase which is involved in synapse formation and the 

maintenance of extracellular perineuronal nets, was confirmed by RNA-seq and qRT-PCR to be 

significantly upregulated by D78 (Fig. 3.5C, Fig. B3A) (242). While there was no significant 

change in accessibility at the characterized B3GAT2 TSS, there were three proximal (within 3 

kb) DARs with increased accessibility over GIN differentiation that may contribute to elevated 

B3GAT2 expression (Fig. 3.5C). Consistent with previous reports that cell type-specific gene 

expression is driven by elements outside of the TSS, only 6.6% of shared DARs were within 3 

kb of a TSS (192,243-245). Therefore, the chromatin remodeling that occurs across 

differentiation may reveal novel genetic regulatory elements that contribute toward expression of 

GIN-specific genes. For instance, SLC6A1, which encodes the GAT-1 transporter responsible for 

reuptake of GABA at mature inhibitory synapses, is significantly upregulated by D50, yet 

demonstrates no significant change in TSS accessibility (Fig. 5D, Fig. B3B) (235). However, 

one DAR within SLC6A1 intron 1 (7.5 kb downstream of the TSS) significantly increased in 

accessibility by D50, and therefore may represent a regulatory enhancer element (Fig. 3.5D). 
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Figure 3.5. Dynamic association of chromatin accessibility and gene expression across GIN 
differentiation. (A-B) DARs within 3 kb of the transcription start site (TSS + 3 kb) are 
positively correlated with changes in gene expression. log2FC denotes fold change in chromatin 
accessibility (ATAC-seq) or gene expression (RNA-seq) relative to D22. Pearson’s product-
moment correlation. (C-D) Examples of DEGs with DARs that may contribute to changes in 
expression. Genome plots represent composite ATAC-seq data from HC1 and HC2 cells, where 
shared DARs with increased accessibility are denoted by red arrows (rpm: reads per million). 
Coordinates refer to the hg38 annotation of the human genome (Dec. 2013) (246). DESeq2-
normalized RNA-seq data from HC1 cells are presented to the right of each genome plot. 
Asterisks (*) denote statistical comparisons to D22. Mean + SEM. **** p < 0.0001. 
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3.4.5 Motif enrichment analysis implicates distinct groups of transcription factors in GIN 

differentiation 

One mechanism by which DARs mediate changes in gene expression is through interactions with 

transcription factors (TFs) (114). We classified DARs into one of two groups, based on whether 

they increased (denoted +A) or decreased (-A) in accessibility across GIN differentiation. Next, 

we utilized the MEME Suite Analysis of Motif Enrichment (AME) tool to predict the 20 most 

significant TF binding motifs that were enriched in either +A or -A DARs (Fig. 3.6) (212). There 

was no overlap between the 20 most significant binding motifs enriched in either group, indicating 

that distinct groups of TFs that interact with +A and -A DARs (Fig. 3.6). There were also 

discernable TF footprints at each predicted binding motif, supporting the physical occupation of 

predicted motifs by their respective TFs (Fig. B4, B5). Furthermore, a majority of TFs enriched in 

+A DARs (HOXA2, IRF3, etc.) exhibited more prominent footprints at D78 than D22 (Fig. B4). 

The reverse was true for TFs enriched in -A DARs, which demonstrated more prominent footprints 

at D22 than D78 (Fig. B5).  

Using the STAMP tool for TF motif comparison, enriched TFs in +A and -A DARs were 

clustered into subfamilies based on consensus binding motif similarity (Fig. 3.6) (216). Notably, 

+A DARs were enriched for TFs containing a basic helix-loop-helix (bHLH) domain, which have 

previously been associated with neuronal development, including NEUROD2, which promotes 

inhibitory synapse formation (Fig. 3.6) (247-249). Several bHLH TFs previously linked to 

glutamatergic differentiation were also enriched in +A DARs, including NEUROG2, EMX1, and 

EMX2 (Fig. 3.6) (250,251). Other clusters included homeobox- (HOX) family TFs such as 

HOXA2, which is involved in dorsoventral patterning and neurogenesis, or NKX6.2, which 



 

 61 

contributes to CR+ and SST+ GIN cell fate specification 81(252) (Fig. 3.6). In contrast,  motifs for 

Krüppel-like family (KLF) members were enriched in -A DARs, including the KLF5 and KLF15 

proteins known to maintain pluripotency or repress neurite outgrowth (Fig. 3.6, Fig. B5) (253-

255). These diverse TF clusters also included motifs for the SRY-related protein, SOX2, and the 

zinc finger nuclease (ZnF), ZNF281, which contribute toward the multipotent state of NPCs (Fig. 

3.6) (256,257). Interestingly, one +A DAR cluster included TFs in the nBAF, IRF, and ETS protein 

families, which have defined roles outside of neuronal development: BCL11A, IRF3, and ETS2 

(Fig. 3.6) (258,259). Of the three enriched TFs within this cluster, BCL11A demonstrated the most 

prominent change in motif occupancy between D78 and D22 (Fig. B4). Altogether, these results 

suggest that +A DARs interact with TFs that promote GIN development, whereas -A DARs 

represent targets of TFs that suppress neuronal differentiation.  

 
 

 
 
Figure 3.6. DARs with divergent changes in accessibility are enriched for distinct sets of 
transcription factors. Heatmap of the 20 most significant transcription factor (TF) binding 
motifs enriched in DARs with increasing (+A) or decreasing (-A) accessibility across GIN 
differentiation. TFs enriched in +A or -A DARs are clustered into subfamilies by consensus 
binding motif similarity, as determined by STAMP alignment software (216). Cell colors 
indicate column Z-scores of the -log(rank) of TF motif as determined by the MEME Suite AME 
tool (blue: less enriched, red: highly enriched) (212).   
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3.4.6 A subset of DEGs may represent novel risk factors for schizophrenia 

Given the contribution of GIN dysfunction to schizophrenia, we also examined whether DARs 

coincided with the 108 schizophrenia-associated genomic loci initially reported by the 

Schizophrenia Working Group of the Psychiatric Genomics Consortium (210). In total, 111 out 

of the 13,221 DARs shared between HC1- and HC2-derived GINs localize to 56 of these 

schizophrenia-associated genomic loci, indicating a significant enrichment (p = 8.2108E-09, 

two-tailed Fisher’s exact test; Fig. 3.7). We next examined whether the predicted binding sites of 

TFs enriched in +A DARs also coincided with genes that are differentially expressed in 

schizophrenia patients (Fig. B6) (181). Specifically, we utilized the 693 DEGs reported by 

Fromer et al. in the post-mortem dorsolateral prefrontal cortex (DLPFC) of 258 schizophrenia 

cases against 279 healthy controls (218). TFs associated with +A DARs are predicted to interact 

with 198 (28.6%) of these schizophrenia DEGs, 44 of which are also upregulated throughout 

GIN differentiation, thereby indicating a significant enrichment (p = 0.0348, two-tailed Fisher’s 

exact test; Fig. B5, B6). These results therefore suggest that TFs associated with +A DARs could 

contribute to the normal regulation of genes that are aberrantly expressed in schizophrenia 

patients (Fig. B6).  
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Figure 3.7. DARs are significantly enriched in schizophrenia-associated genomic loci. 111 
DARs are located within with 56/108 schizophrenia-associated genomic loci identified by the 
Schizophrenia Working Group of the Psychiatric Genomics Consortium (210). Red circles and 
blue squares indicate DARs with increased or decreased accessibility by D78, respectively, while 
purple diamonds denote schizophrenia-associated genomic loci.   
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Of the 693 DEGs identified in the schizophrenia DLPFC by Fromer et al., 361 were 

downregulated, and 332 were upregulated relative to healthy controls (218). We compared the 

expression of these 693 genes in the Fromer et al. data set to expression patterns between D78 

and D22 in developing GINs, and subsequently grouped them into one of four categories: (1) 

genes with the same expression level at both D22 and D78, (2) DEGs upregulated at D78 relative 

to D22, (3) DEGs downregulated at D78 relative to D22, and (4) genes with undetectable 

expression at both time points (Fig. B7A,C). A majority of downregulated (62%) and 

upregulated (72%) genes in the schizophrenia DLPFC exhibited constant expression from D22 to 

D78 (Fig. B7A,C). In contrast, ~8% of the 693 schizophrenia DEGs were not detected by RNA-

seq in differentiating GINs (Fig. B7A,C).  

 We posed two hypotheses to identify candidate schizophrenia genes with potential 

relevance to developing GINs. First, that genes important for GIN function would be 

downregulated in schizophrenia patients relative to control cases, yet upregulated throughout 

normal GIN differentiation. Second, that genes that contribute toward GIN dysfunction would be 

upregulated in a schizophrenia disease state, yet downregulated across differentiation. While it is 

also possible that genes with constant expression over GIN differentiation could still contribute 

to a disease state when dysregulated, it is difficult to speculate whether these effects could be 

linked to altered GIN activity, or broader neuronal dysfunction. Altogether, we identified 83 

DEGs that met these criteria: 65 genes that were upregulated in schizophrenia patients and 

downregulated in GINs, and 18 genes which were downregulated in patients but upregulated in 

GINs (Fig. B7A,C, relevant groups denoted by arrows) (218).   

 To identify genes with roles specific to developing GINs, we focused on the 25 DEGs 

with DARs indicative of relevant genetic enhancer elements that drive cell type-specific gene 
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expression: 17 genes with DARs that increased in accessibility, and 8 with DARs that decreased 

in accessibility (Fig. 3.8A, Fig. B7B,D) (245). A majority of genes with differential accessibility 

exhibited DARs distal from the TSS. For instance, CPLX2 was significantly upregulated by D50 

in GINs and exhibits three distal DARs (one upstream of the TSS, two downstream of the TES), 

all of which significantly increase in accessibility during GIN differentiation (Fig. 3.8B, Fig. 

B3C). Similarly, NTNG2 was upregulated by D78 in GINs, and exhibits two DARs: one of 

which is upstream of the TSS and significantly increased in accessibility by D78 (Fig. 3.8C). 

Alternatively, TRPC4 exhibits significantly decreased expression over GIN differentiation, along 

with four corresponding DARs, all of which also decrease in accessibility (Fig. 3.8D, Fig. B3D). 

Collectively, these 25 genes and their adjacent DARs may represent novel risk factors for 

schizophrenia, and candidates targets for treatment.  
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Figure 3.8. A subset of genes that are differentially expressed in the schizophrenia 
dorsolateral prefrontal cortex (DLPFC) exhibit opposing trends in expression across GIN 
differentiation. (A) 25 genes that are upregulated across GIN differentiation yet downregulated 
in the schizophrenia DLPFC, or vice-versa, exhibit DARs (n=2-3). Cell colors indicate row Z-
scores of DESeq2-normalized gene expression values (blue: low, red: high). (B-D) Examples of 
DEGs with expression patterns that diverge between the schizophrenia DLPFC and across GIN 
differentiation (218). Genome plots represent composite ATAC-seq data from HC1 and HC2 
cells, where shared DARs are denoted by colored arrows (red: increased accessibility, blue: 
decreased accessibility, rpm: reads per million). Coordinates refer to hg38 annotation of the 
human genome (Dec. 2013) (246).  
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3.5 Discussion 

In this study, we differentiated iPSCs to a heterogeneous population of GINs with 81-85% 

efficiency, as confirmed by positive immunostaining for GABA and GIN markers such as PV, 

SST, and CR. SGSE and GSEA analyses indicated that these cells adopt a GIN fate by D78. 

While previous studies have also examined transcriptomic changes during GIN differentiation, 

this is the first study to profile changes in chromatin accessibility of developing human GINs 

(173,175,178,183). Furthermore, we have combined both RNA-seq and ATAC-seq to explore 

the temporal dynamics of GIN development, thereby facilitating comparisons between altered 

chromatin accessibility and gene expression. By utilizing two independent iPSC lines, we were 

also able to identify accessible regions of chromatin and biological pathways that were 

consistently altered across different genetic backgrounds, indicating shared programming during 

GIN differentiation.  

The regions of open chromatin detected by ATAC-seq mark potential binding sites for 

TFs that mediate changes in gene expression. We detected significant enrichment for distinct 

families of TF motifs in DARs with increased (+A) or decreased (-A) accessibility over GIN 

differentiation. In +A DARs, these motifs suggest binding of several TFs with previously 

characterized roles in GIN fate specification, including the bHLH family proteins NEUROD1, 

NEUROD2, and NKX6.2 (224,247,248). +A DARs were also enriched for binding motifs of TFs 

with roles outside of neurons, such as IRF3 (toll-like receptor signaling), HOXD3 

(angiogenesis), and BCL11A (hemoglobin switching) thereby suggesting novel roles in GIN 

development and function (258-260). Though BCL11A was originally characterized as a 

developmental regulator of hemoglobin production in erythroid cells, Wiegreffe et al. reported 

that Bcl11a is highly expressed in projection neurons and GINs of the developing neocortex, and 
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we observed a significant increase in BCL11A expression across GIN differentiation (258,261). 

Several missense or truncating loss-of-function mutations in BCL11A have also been identified 

in patients with intellectual disability, and heterozygous-null Bcl11a mice exhibit impaired long-

term memory in a social discrimination task (262). Altogether, these results suggest that BCL11A 

plays an important role in GIN function and cognition.  

Of the TFs identified in our motif enrichment analysis, only KLF5 (enriched in -A DARs) 

was differentially expressed in the DLPFC of schizophrenia patients (218). Though we did not 

observe a significant change in KLF5 RNA levels across GIN differentiation, previous studies 

(including Fromer et al.) have reported a significant increase in KLF5 expression in 

schizophrenia cases relative to controls (218,263). KLF5 does not have a well-characterized 

function in brain development, though it is known to contribute to cellular proliferation and the 

maintenance of a pluripotent state (253,255). We speculate that dysregulation of KLF5 

expression may impair GIN differentiation or function, thereby contributing to the pathogenesis 

of schizophrenia.  

Interestingly, we observed that several bHLH TF binding motifs associated with 

glutamatergic differentiation also were enriched in +A DARs: NEUROG2, EMX1, and EMX2 

(250,251,264,265). Though our differentiation protocol consistently generated GINs with 81-

85% efficiency, a minority of cells may also adopt a glutamatergic fate (172). Furthermore, our 

bulk RNA-seq methodology cannot be deconvoluted to determine the contribution of specific 

cell types to the observed epigenomic or transcriptomic changes during differentiation. 

Therefore, the enrichment of consensus binding motifs for TFs associated with glutamatergic 

neuronal development may reflect the presence of DARs that are unique to a subset of non-

GABAergic cells. Alternatively, though NEUROG2 is often linked to glutamatergic 
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differentiation, Pereira et al. observed that coordinated overexpression of Neurog2 and Neurod2 

enabled the conversion of mouse striatal glia into PV+ GINs with ~30% efficiency 

(224,251,265). Similarly, Parras et al. noted that deficits in GIN development and migration in 

the cortex of Mash1-null mice could be rescued by overexpressing Neurog2 (250). Beyond their 

role in glutamatergic development, Emx1 and Emx2 are also involved in early corticogenesis 

from neural precursors (251,265,266). It is possible, then, that these glutamatergic TFs may also 

partially contribute toward human GIN development through cortical patterning or other 

mechanisms.  

We observed a significant enrichment of both DARs within schizophrenia-associated 

genomic loci, and +A TFs with genes that are differentially expressed between the DLPFC of 

patients with schizophrenia and healthy controls. Given the crucial role of GINs in maintaining 

cortical network activity, GIN dysfunction in the DLPFC is believed to contribute to the 

cognitive and behavioral deficits observed in schizophrenia patients (83,184,267). Therefore, it is 

possible that genes with increased expression in developing GINs, but decreased expression in 

the schizophrenia DLPFC could represent novel risk factors for schizophrenia. Genes that are 

upregulated over the course of development are typically associated with cell type-specific 

functionality. It stands to reason, then, that downregulation of these same genes in mature 

neurons could be deleterious. For example, SCN1A expression is significantly upregulated during 

GIN development, and is directly linked to PV+ GIN function (23). Bender et al. demonstrated 

that siRNA-mediated knockdown of Scn1a in the brain of adult rats resulted in impaired spatial 

memory, presumably due to reduced GABAergic activity (32). Likewise, it is possible that genes 

that are typically downregulated during differentiation may elicit a deleterious effect when 

upregulated. While genes with constant expression over differentiation could also be damaging 
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when dysregulated, it is less clear whether these effects would be driven by dysfunction of a 

specific cell type.  

Of the DEGs with increased expression in developing GINs and decreased expression in 

the schizophrenia DLPFC, or vice-versa, 25 genes possess adjacent DARs that may contribute to 

cell type-specific alterations in gene expression (218). While several of these DEGs, such as 

NTNG2 and ERBB4, have previously been linked to schizophrenia, we report DARs indicative of 

novel genetic cis-regulatory elements (268,269). For instance, there is a DAR upstream of the 

TSS for NTNG2 that significantly increases in accessibility by D78. Given that NTNG2 also 

exhibits a significant increase in gene expression by D78, this DAR potentially indicates a 

transcriptional enhancer element. The remaining DEGs can be separated into three groups: (1) 

genes with unclear roles in any tissue, (2) genes with characterized roles in non-neuronal tissues, 

and (3) genes with known neuronal functions. The first group includes the DEGs LRTM2, 

LINC00634, and LRRC75A, all of which are known to be expressed in the adult brain (270). 

However, the function of these three genes remains uncharacterized, thereby complicating efforts 

to link changes in expression to neuronal function or a disease state. The second group contains 

genes such as MAMSTR and FGFR3, both of which have previously been associated with bone 

development (271,272). However, MAMSTR also acts as a cofactor of MEF2C, an important 

transcription factor in inhibitory neurons and synaptic development, suggesting that it may also 

contribute to GABAergic function (271,273). Likewise, Fgfr3-null mice exhibit reduced 

dopaminergic neurons relative to control littermates, thereby indicating a potential role in 

neuronal development (274). The third group contains genes such as CPLX2 and TRPC4, both of 

which exhibit defined roles in mature neurons, yet have not been extensively examined in the 

context of schizophrenia. CPLX2, which is upregulated during GIN differentiation, is a member 
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of the complexin family of genes involved in synaptic vesicle release. While Cplx2-null mice 

appear phenotypically normal, Yamauchi et al. reported that Cplx2-null mice exhibit a greater 

response to maternal deprivation stress than WT littermates (275,276). Specifically, the stressed 

Cplx2-null mice exhibited reduced performance in the Morris water maze relative to stressed WT 

littermates, whereas the Cplx2-null littermates that were not subjected to maternal stress were 

comparable to WT (276). Similarly, Begemann et al reported that 4-week-old Cplx2-null mice 

that received a parietal cortical cryolesion, but not the sham group, exhibited an increased 

latency to discover the platform in the Morris water maze when tested at 10 months of age (277). 

Altogether, Begemann et al. suggested that while loss of CPLX2 expression does not inherently 

cause schizophrenia-like phenotypes, it may act as a risk factor following exposure to a stressor 

(275,278). Furthermore, our results suggest that loss of CPLX2 expression may impact GIN 

function. Alternatively, the nonselective cation channel gene, TRPC4, is downregulated during 

GIN differentiation, and upregulated in the schizophrenia DLPFC (218). While there are no 

reported animal models in which Trpc4 is overexpressed, Trpc4-null mice exhibit anxiolytic 

phenotypes in the elevated plus maze and open field test behavioral paradigms (279). 

Additionally, Klipec et al. reported that while Trpc4-null rats exhibited normal cognition and 

performance in the alternating Y-maze and reversal shift-learning paradigms, they demonstrated 

reduced addictive behavior in a cocaine self-administration task (280). Considering that elevated 

anxiety and anhedonia (linked to addiction) are prominent phenotypes among patients with 

schizophrenia, these studies suggest that reduced TRPC4 expression could be protective in the 

context of associated negative symptoms. Altogether, these genes and their adjacent DARs 

represent potential targets for the treatment of schizophrenia, and merit further study. 
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 In summary, our ATAC-seq and RNA-seq data reveal novel TFs and genetic regulatory 

elements that may broadly regulate the expression of genes critical for GIN development. 

Furthermore, we have identified several genes that may be of translational relevance to GIN 

dysfunction in schizophrenia. Together, these data will be a useful resource for examining the 

molecular networks regulating mature GIN functionality and schizophrenia-associated genes.   
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CHAPTER 4: Mutations in the Scn8a DIIS4 voltage sensor reveal new distinctions among 
hypomorphic and null Nav1.6 sodium channels 
 
Reproduced with permission from: 
Inglis GAS, Wong JC, Butler KM, Thelin JT, Mistretta OC, Wu X, Lin X, English AW, Escayg A. Mutations in the 
Scn8a DIIS4 voltage sensor reveal new distinctions among hypomorphic and null Nav1.6 sodium channels. Genes, 
Brain and Behavior. 2019:e12612. Epub 2019/10/13. doi: 10.1111/gbb.12612. PubMed PMID: 31605437. 
 

4.1 Abstract 

Mutations in the voltage‐gated sodium channel gene SCN8A cause a broad range of human 

diseases, including epilepsy, intellectual disability, and ataxia. Here we describe three mouse 

lines on the C57BL/6J background with novel, overlapping mutations in the Scn8a DIIS4 voltage 

sensor: an in‐frame 9 bp deletion (Δ9), an in‐frame 3 bp insertion (∇3) and a 35 bp deletion that 

results in a frameshift and the generation of a null allele (Δ9). Scn8aΔ9/+ and Scn8a∇3/+ 

heterozygous mutants display subtle motor deficits, reduced acoustic startle response, and are 

resistant to induced seizures, suggesting that these mutations reduce activity of 

the Scn8a channel protein, Nav1.6. Heterozygous Scn8a Δ35/+ mutants show no alterations in 

motor function or acoustic startle response, but are resistant to induced seizures. Homozygous 

mutants from each line exhibit premature lethality and severe motor impairments, ranging from 

uncoordinated gait with tremor (Δ9 and ∇3) to loss of hindlimb control (Δ35). Scn8aΔ9/Δ9 and 

Scn8a∇3/∇3  homozygous mutants also exhibit impaired nerve conduction velocity, while normal 

nerve conduction was observed in Scn8a Δ35/Δ35 homozygous mice. Our results suggest that 

hypomorphic mutations that reduce Nav1.6 activity will likely result in different clinical 

phenotypes compared to null alleles. These three mouse lines represent a valuable opportunity to 

examine the phenotypic impacts of hypomorphic and null Scn8a mutations without the confound 

of strain‐specific differences. 
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4.2 Introduction 

The voltage‐gated sodium channel (VGSC) gene family consists of nine α subunits and four β 

subunits that collectively function to regulate neuronal excitability (2,281). All VGSC α subunits 

share a common tertiary structure: four repeat domains (DI‐DIV), each consisting of six 

transmembrane segments (S1‐S6) (4). The fourth (S4) segment in each domain, known as the 

voltage sensor, is enriched for positively charged amino acids that are crucial to voltage‐

dependent channel gating (4). The neuronal VGSC SCN8A, which encodes the Nav1.6 α subunit, 

is primarily expressed at axon initial segments and the nodes of Ranvier (3,20,21,282). Nav1.6 is 

known to facilitate persistent sodium current and repetitive action potential firing, and its activity 

at the nodes of Ranvier contributes to normal nerve conduction (3,20,21). 

To date, over 200 pathogenic SCN8A mutations have been identified in patients with 

epilepsy, intellectual disability, ataxia, and autism (31,44-46,52,54,61,283-285). Patients exhibit 

a range of clinical phenotypes, ranging from mild or no seizures to severe, refractory epilepsy, 

along with several comorbidities including tremor, developmental delay, intellectual disability, 

and hypotonia (46,57,58,63,285). This phenotypic variability extends to patients with mutations 

within the same region of the Nav1.6 protein. For instance, both p.R1617Q and p.R1620L occur 

in the DIVS4 voltage sensor (58,63). Whereas p.R1617Q was identified in a patient with 

refractory seizures, intellectual disability and impaired motor function, p.R1620L was found in a 

patient with autism, intellectual disability, dyskinesia, and attention deficit hyperactivity disorder 

without severe epilepsy (58,63,64). 

Several of the seizure and behavioral phenotypes seen in patients with SCN8A mutations 

have been recapitulated in mouse models (69,70,286). Mutant mice heterozygous for the gain‐of‐

function p.N1768D or p.R1872W human epilepsy mutations develop spontaneous seizures 
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within the first 2 months of life (69,70,286). Scn8a N1768D/+ heterozygous mutants also exhibit 

premature lethality, reduced social discrimination, and impaired motor coordination (69). In 

contrast, loss of Nav1.6 activity is associated with greater seizure resistance in mice 

(72,74,287). Likewise, patients with hypomorphic Nav1.6 mutations may not develop epilepsy, 

but instead exhibit clinical phenotypes such as intellectual disability, developmental delay, 

autism, or motor dysfunction (44,52,54,284). While existing mouse models that are heterozygous 

for loss‐of‐function Scn8a alleles, like 9J and med‐Tg, do not express specific human mutations, 

they do exhibit behavioral abnormalities such as increased anxiety or decreased spatial memory 

(70,288). Depending on their genetic background, loss‐of‐function heterozygous mutants may 

also develop absence seizures (27,74). Furthermore, when bred to homozygosity, 

hypomorphic Scn8a alleles are known to cause severe motor phenotypes, including persistent 

tremor, lurching gait, dystonia, and ataxia (65,66,72,288,289). 

In the process of using CRISPR/Cas9 to introduce specific human SCN8A mutations into 

the mouse Scn8a locus, we generated three additional mouse lines with 

unplanned Scn8a mutations that affected the Nav1.6 DIIS4 voltage sensor, denoted 

as Δ9, ∇3 and Δ35. The Δ9 and ∇3 mutations represent an in‐frame 9 bp deletion and 3 bp 

insertion, respectively, while Δ35 is a 35 bp deletion that causes a frameshift and a 

null Scn8a allele. All three mutations are predicted to affect the same positively charged arginine 

residue at position 848 within the mouse Nav1.6 DIIS4 voltage sensor. Homozygous mutants 

from each line display a spectrum of motor deficits, including mild tremor and uncoordinated 

ataxic gait with frequent loss of posture. Heterozygous Scn8a Δ9/+ and Scn8a ∇3/+ mutants also 

exhibit subtle motor deficits and an impaired acoustic startle response. Furthermore, all three 

mutations are on the same C57BL/6J genetic background, thereby allowing genotype/phenotype 
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comparisons without the confound of strain‐specific differences. Collectively, these mouse 

models offer a unique opportunity to examine the phenotypic impacts of distinct mutations 

within the same region of the Nav1.6 channel. 
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4.3 Materials and Methods 

 

4.3.1 Generation of founder mice 

The Scn8a Δ9, ∇3, and Δ35 mutations were generated on the C57BL/6J background (strain 

#000664, The Jackson Laboratory, Bar Harbor, Maine) by the Mouse Transgenic and Gene 

Targeting Core at Emory University, using CRISPR/Cas9 with a gRNA targeted to Scn8a exon 

15. After isolating genomic DNA from tail biopsies of founder mice, Scn8a exon 15 was PCR‐

amplified using forward primer 5′‐ACAGTCTGCGACACGATCAG and reverse primer 5′‐

ATCTGGGCCAGGAAAGAGTT. PCR was carried out in a 25 μL volume containing 5X Green 

GoTaq Reaction Buffer (#M7911, Promega), 0.2 mM dNTPs (#U1515, Promega), 10 μM 

primers and 1 unit Taq DNA polymerase (#M3005, Promega). The reaction parameters were: 1 

cycle with 3 minutes at 95°C; 34 cycles with 30 seconds at 95°C, 30 seconds at 58°C, 1 minute at 

72°C; then 1 final extension cycle with 5 minutes at 72°C. Purified PCR products were 

submitted to Psomagen Inc. (http://macrogenusa.com/) for Sanger sequencing and compared to 

the reference mm9 sequence (UCSC Genome Browser, https://genome.ucsc.edu/). 

 

4.3.2 Genotyping 

For routine genotyping, mutant mice were identified by amplification of a 569 bp genomic 

fragment (using primers and the protocol described above). The Δ9, ∇3, and Δ35 mutations all 

disrupt a HinfI restriction site in Scn8a exon 15. Therefore, digestion of the PCR product 

with HinfI (#ER0801, Thermo Fisher Scientific) generates two fragments (157 and 412 bp) from 

the WT allele, whereas the mutant alleles are undigested (569 bp band). Restriction fragments 
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were detected by electrophoresis on 1.2% agarose gels after staining with ethidium bromide 

(#BP1302‐10, Thermo Fisher Scientific). 

 

4.3.3 Animal maintenance 

Heterozygous mutant males from each line were backcrossed to C57BL/6J females for four 

generations (N4) prior to experimentation. N4 heterozygotes from each line were subsequently 

bred to produce wild‐type (WT), heterozygous (m/+) and homozygous (m/m) offspring (N4F1). 

Behavioral analysis, motor analysis, acoustic startle and auditory brainstem response are 

optimally performed with adult mice, beyond the age at which we observed lethality in the 

homozygous mutants. Therefore, heterozygous mutant and WT littermates at the N4 generation 

were used for these assays and seizure profiling in order to increase the efficiency of generating 

sufficient mice for testing. Survival and weight measurements, Nav1.6 expression, and nerve 

conduction velocity were compared between homozygous and heterozygous mutants and WT 

littermates at the N4F1 generation. For genetic complementation testing, 

heterozygous Scn8a Δ9/+, Scn8a ∇3/+, and Scn8a Δ35/+ mutants on the C57BL/6J background were 

crossed to heterozygous‐null Scn8a med/+ mice on the C3H/HeJ background (strain #000659, The 

Jackson Laboratory) to generate (C57BL/6J x C3H/HeJ) F1 mice (72,290). All mice were group‐

housed on a 12‐hour light/dark cycle with ad libitum access to food and water and cared for 

following NIH guidelines, with approval by the Emory University Institutional Animal Care and 

Use Committee. 
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4.3.4 Protein modeling 

The impact of each mutation on Nav1.6 structure was modeled using the Phyre2 toolkit 

(http://www.sbg.bio.ic.ac.uk/phyre2/), based on the template sodium channel crystal structure 

from Periplaneta americana (fold library ID c5x0mA, protein database ID 5X0M) (4,291). 

Protein structures of the ∇3 and Δ9 mutant channel proteins were visualized and the root‐mean‐

square deviation (RMSD) from WT Nav1.6 was calculated using PyMOL v2.0 software 

(Schrödinger, LLC, https://pymol.org/2/). 

 

4.3.5 Survival and weight analysis 

N4F1 male and female mice from the Scn8a Δ9, ∇3, and Δ35 lines were weighed daily from 

postnatal days (P) 7‐24 (P7‐24), and then every 3‐5 days afterward until P90. Mice were 

observed daily for general health and survival. Sample sizes per genotype, where m denotes a 

mutant allele: WT: N = 5 to 11, m/+: N = 14 to 21, m/m: N = 6 to 11 (from eight to 14 litters per 

line/sex). 

 

4.3.6 Western blot analysis 

Whole‐brain lysates from N4F1 male and female mice aged P14‐17 (N = 5‐6, from four to eight 

litters per line) were enriched for membrane‐bound proteins by ultracentrifugation at 38000g for 

30 minutes. Protein extracts (75‐100 μg) were denatured in 4X Laemmli buffer (#1610747, Bio‐

Rad) with 5% β‐mercaptoethanol (#444203, MilliporeSigma) and loaded on a precast 7.5% mini‐

PROTEAN TGX stain‐free polyacrylamide gel (#4568023, Bio‐Rad). Blots were probed with 

1:200 dilution polyclonal anti‐Nav1.6 (#AB5580‐200UL, MilliporeSigma), and visualized with 

1:5000 dilution HRP‐conjugated polyclonal anti‐IgG (#NA934, GE Healthcare, Chicago, 
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Illinois). Band intensities were analyzed using Image Lab software (v5.2.1, Bio‐Rad) and 

normalized to total protein. For the homozygous Scn8a Δ35/Δ35 mutants, which lacked a Nav1.6 

band, the background signal corresponding to 260 kDa was quantified and plotted. 

 

4.3.7 6 Hz psychomotor seizure induction 

6 Hz psychomotor seizures were induced as previously described (292,293). N4 male and female 

mice (2‐5 months old, N = 5‐14, from five to nine litters per line/sex) from each line were 

individually restrained and provided 0.5% proparacaine hydrochloride ophthalmic solution (#07‐

892‐9554, Patterson Veterinary, Greeley, Colorado) as a topical anesthetic. A brief corneal 

stimulus (6 Hz, 0.2‐ms pulse width, 3 seconds, 27 mA) was applied using a constant current 

device (ECT Unit 57800; Ugo Basile, Cornerio, Italy). Behavioral seizure responses were scored 

by an experimenter blinded to genotype on a modified Racine's scale: 0 (no abnormal behavior), 

1 (immobile for ≥3 seconds), 2 (forelimb clonus or head nodding), 3 (rearing and falling) (294). 

 

4.3.8 Flurothyl seizure induction  

Seizures were induced with the chemical convulsant, Bis(2,2,2‐trifluoroethyl) ether (flurothyl, 

#287571‐5G, MilliporeSigma), as previously described (293,295). Briefly, 2 to 5‐month‐old N4 

male and female mice from each line (N = 10‐16, from four to 12 litters per line/sex) were 

individually placed in a clear, Plexiglas chamber, and flurothyl was continuously introduced into 

the chamber at a rate of 20 μL/min. Latencies to the first myoclonic jerk (MJ) and generalized 

tonic‐clonic seizure (GTCS) were recorded by an experimenter blinded to genotype. 
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4.3.9 EEG surgery and analysis  

N4 male Scn8a Δ9/+ mutants (3‐5 months old, n = 5, from two litters) were implanted with four 

cortical electrodes (Vintage Machine Supplies, Medina, Ohio), as previously described (166). 

The electrodes were implanted at the following coordinates relative to bregma: anterior‐posterior 

(AP) +2.0 mm and medial‐lateral (ML) +1.2 mm, AP −1.5 mm and ML +1.2 mm, AP +0.5 mm 

and ML −2.2 mm, and AP −3.5 mm and ML −2.2 mm. EMG recordings were collected by two 

fine‐wire electrodes implanted into the neck muscle. Each mouse was allowed 3 days to recover 

from the surgery prior to EEG recordings. EEG was recorded continuously for 116 hours from 

one mouse prior to death due to unknown cause. The remaining four mice each had 316‐

319 hours of EEG recordings. EEG/EMG signals were collected and analyzed with Somnologica 

EEG software. Seizures were manually identified by the presence of high‐frequency and high‐

amplitude EEG signals that were at least twice the background and lasted for at least 3 seconds. 

 

4.3.10 Behavioral assessment  

Behavioral analyses were conducted on 3 to 5‐month‐old N4 male WT and heterozygous 

littermates from the Δ9 and ∇3 lines. All testing was conducted under consistent lighting 

conditions (452 lx) during the animals' light cycle, between the hours of 9 am to 4 pm. Mice 

were given 2 hours to acclimate to the experimental space before testing. The same cohort 

of Δ9 mice (N = 12‐13, from six litters) was used for open field testing and novel object 

recognition. A separate cohort of Δ9 mice (N = 9‐15, from eight litters) was used for three‐

chamber social interaction, then reciprocal social interaction. The same cohort of ∇3 mice was 

used for open field testing, novel object recognition, then reciprocal social interaction (N = 8‐13, 

from four litters). Mice were given at least 1 week to recover between each paradigm. All 
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behavior was scored using ANY‐maze Behavior Tracking Software (Stoelting, Wood Dale, 

Illinois) by a user blinded to genotype. Protocols for each paradigm are detailed in Appendix 

C1. 

 

4.3.11 Acoustic startle response  

N4 male WT and heterozygous mutant (3‐5 months old, N = 8‐15, from seven to 13 litters per 

line) from each of the three mouse lines were individually placed into a Plexiglas cylinder fitted 

over a motion sensor (SR‐LAB Startle Response System, San Diego Instruments, San Diego, 

California) and acclimated to a 67 dB background white noise for 5 minutes. Mice were then 

exposed to white noise or a 4 kHz acoustic stimulus at one of 10 different intensities (70, 72, 76, 

80, 85, 93, 102, 108, 117 or 120 dB) for 40 ms. A total of 55 trials (five per stimulus or white 

noise) were run in a randomized order, with a 5‐30 seconds interval between trials. Maximum 

voltage (Vmax), a metric of the peak acoustic startle response, was automatically recorded in the 

100 ms following each stimulus. The average Vmax across five trials per stimulus intensity was 

calculated for each mouse by an experimenter blinded to genotype. 

 

4.3.12 Auditory brainstem response  

N4 male WT and heterozygous mutant mice (1‐3 months old, N = 3‐6, from two to three litters 

per line) from each of the three mouse lines were anesthetized with ketamine (80 mg/kg) and 

xylazine (10 mg/kg), and electrodes were implanted in the forehead, left ear, and right ear to 

determine ABR thresholds. Using RZ6 Tucker‐Davis system III hardware (Tucker‐Davis 

Technologies, Alachua, Florida), ABR clicks or tone bursts (10‐ms duration, 0.5‐ms rise‐fall 

time) were presented to both ears. Each click consisted of 1 to 4 kHz stimuli, presented at an 
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intensity of 10 to 90 dB, in 10 dB increments. Tone bursts ranged in frequency (4, 8, 12, 18, 24 

or 32 kHz) and intensity (10‐90 dB, again in 10 dB increments). ABR threshold was determined 

from appearance of ABR waves I, II, III and V using BioSigRz software (Tucker‐Davis 

Technologies, Alachua, Florida) by an experimenter blinded to genotype. The lowest stimulus 

level that elicited a repeatable two‐phase waveform was considered to be the ABR threshold. 

 

4.3.13 Experimental conditions for motor assessment 

Motor assessments were conducted on 3 to 5‐month‐old N4 male heterozygous mutant and WT 

littermates from each line (N = 8‐18, from 6 to 13 litters per line). All testing was performed by 

an experimenter blinded to genotype, between the hours of 9 AM TO 4 PM, with 2 hours of 

acclimation to the experimental space before assessment. 

 
4.3.14 Rotarod 

Each mouse was tested on a rotarod (Rotamex, Columbus Instruments, Columbus, Ohio) for 10 

minutes on four consecutive days, with three trials per day. The rotarod gradually accelerated at 

a rate of 0.1 RPM over a 10‐minute period, to a max speed of 40 RPM. Latency to fall was 

automatically recorded for each trial by photobeam break. 

 

4.3.15 Grip strength 

Each mouse was placed on the mesh grid of a force meter (Chatillon, Ametek, Berwyn, 

Pennsylvania), and gently pulled by the tail until all four limbs were released. The average grip 

strength (in general force/GF units) was recorded across five consecutive trials per mouse. 
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4.3.16 Nerve conduction analysis 

N4F1 male and female P14‐17 heterozygous and homozygous mutants and WT littermates from 

the Δ9, ∇3, and Δ35 lines were anesthetized with isoflurane, and a segment of the sciatic nerve 

was exposed in the posterior mid‐thigh (N = 4‐7, from four to nine litters per line). Two 

stimulating monopolar needle electrodes (#74325‐36/40, 28G, Ambu, Copenhagen, Denmark), 

were placed on the exposed sciatic nerve, and two fine‐wire EMG electrodes were inserted into 

the foot using a 25G 5/8″ hypodermic needle. The fine‐wire EMG electrodes were constructed 

from enamel‐coated steel wires (#M468240, California Fine Wire Company, Grover Beach, 

California), in which the insulation was removed from the distal 1 mm of the recording tips. The 

sciatic nerve was stimulated with 0.1‐ms constant voltage pulses, each spaced 3 seconds apart to 

avoid muscle fatigue. The average latency to the onset of a direct muscle (M) response evoked in 

foot muscles was recorded using custom LabView software (National Instruments, Austin, 

Texas), and analyzed by an experimenter blinded to genotype. Conduction velocity was 

calculated by dividing the distance between the stimulating and EMG electrodes by the average 

M‐response latency. This procedure was also performed on F1 littermates from the Scn8a 

med line. 

 
4.3.17 Statistical analysis 

Statistical comparisons were calculated using Prism v8.1.2 software (GraphPad, San Diego, 

California). A χ2 test was used to compare the number of observed N4F1 WT, heterozygous, and 

homozygous mutant births to the predicted 1:2:1 Mendelian ratio. A log‐rank (Mantel‐Cox) test 

was used to compare survival rates among N4F1 male and female homozygous mutant 

littermates within each line. A Kruskal‐Wallis test with Dunn's multiple comparisons test was 

used to compare normalized protein levels from Western blots. A parametric one‐way ANOVA 
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followed by Tukey's multiple comparisons test was used to compare the time spent in the center 

in the open field behavioral task and nerve conduction velocity. A one‐sample parametric t‐test 

was used to compare interaction with the novel object against 50% random chance in the novel 

object recognition paradigm, as well as interaction with the empty cage, “novel” mouse, or 

“stranger” mouse against 50% random chance in three‐chamber social interaction. A two‐tailed 

unpaired parametric Student's t‐test was used to compare speed and distance traveled in the open 

field test, total interaction time and latency to interact in reciprocal social interaction, grip 

strength, and latency to each seizure event following flurothyl induction. The unpaired 

nonparametric Mann‐Whitney U‐test was used to compare Racine scores in the 6 Hz seizure 

induction paradigm. Two‐way rANOVA with Sidak's multiple comparisons was first used to 

compare the latency to fall from the rotarod between genotypes on each day of testing, then 

between Day 1 and Day 4 of testing for mice of a given genotype. Two‐way rANOVA with 

Sidak's multiple comparisons was also used to compare the acoustic startle Vmax for mice of given 

a genotype relative to the no‐stimulus (N/S) condition, as well as Vmax, ABR thresholds, and 

interpeak latencies between genotypes. All error bars in figures represent ± standard error of the 

mean (SEM). 
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4.4 Results 

 
4.4.1 Identification of new Scn8a mutants with severe motor impairments 

The Δ9, ∇3, and Δ35 mutations occur in Scn8a exon 15, which encodes the Nav1.6 DIIS4 voltage 

sensor domain (Fig. 4.1A). Δ9 is a 9 bp in‐frame deletion that removes three amino acid 

residues, including the positively charged R848 predicted to contribute to normal voltage sensor 

function in mouse Nav1.6 (Fig. 4.1B) (296-298). ∇3 is an in‐frame 3 bp insertion that introduces 

an aspartate residue (p.D849) adjacent to p.R848 (Fig. 4.1B). Based on the root‐mean‐square 

deviation (RMSD) from WT Nav1.6 protein, neither the Δ9 or ∇3 mutations are predicted to 

disrupt overall channel structure (Fig. 4.1C-E) (299). Δ35 is a 35 bp deletion that extends 

from Scn8a intron 14 into exon 15, resulting in a frameshift that is predicted to generate a 

null Scn8a allele (Fig. 4.1B). Prior to evaluating the phenotypic consequences of these three 

mutations, male heterozygous mutants for each allele were backcrossed to female C57BL/6J 

mice for four generations. 
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Figure 4.1. Δ9, ∇3, and Δ35 are novel alleles in the Nav1.6 DIIS4 voltage sensor. (A) 
The Scn8a Δ9 and ∇3 mutations overlap within Scn8a exon 15, and impact the same region 
(green star) of the DIIS4 voltage sensor domain (yellow). The Δ35 mutation extends 
from Scn8a intron 14 into exon 15, and is predicted to generate a null allele. (B) DNA and 
protein sequence comparison between the WT Scn8a allele and each of the three mutant alleles. 
Green, arginine/R 848 residue predicted to contribute to normal channel function. Red, 
aspartate/D residue insertion at position 849 in the ∇3 allele. The Δ35 deletion spans the 
described sequence and causes a premature stop codon. (C-E) 3D representations of the DIIS4 
voltage sensor domain (white α helix) in WT and mutant Nav1.6 proteins. The entire Nav1.6 
channel protein is presented in the bottom left corner of each panel. Root‐mean‐square deviation 
(RMSD) of atomic positions suggests no structural divergence between WT Nav1.6 and 
the ∇3 or Δ9 mutant channel proteins. The critical R848 residue is presented as a green wire plot 
(C,D). This R848 residue is deleted by the Δ9 mutation (E). 
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N4F1 wild‐type (WT), heterozygous (m/+), and homozygous (m/m) mutants from 

each Scn8a line were born at the predicted 1:2:1 Mendelian ratio (Fig. C1;  Δ9: χ2 = 0.0465/P 

= .977; ∇3: χ2 = 2.640/P = .267; Δ35: χ2 = 1.783/P = .410); however, all homozygous mutants 

exhibited abnormal motor phenotypes beginning in the second week of life. Both 

the Scn8a Δ9/Δ9 and Scn8a ∇3/∇3 mutants displayed an uncoordinated ataxic gait, with episodic 

tremor and frequent loss of posture, phenotypes that were more pronounced in 

the Scn8a ∇3/∇3 mice. Consistent with previous Scn8a null models, such as Scn8a med/med, 

the Scn8a Δ35/Δ35 mutants exhibited progressive hindlimb paralysis (53,289,300-303). 

Homozygous mutants from each line are visibly smaller than their WT and heterozygous 

littermates by P14 (Fig. 4.2A-C). Compared to their WT and heterozygous littermates, 

homozygous mutants fail to gain weight and exhibit premature lethality (Fig. 4.2). While 100% 

of the Scn8a ∇3/∇3 and Scn8a Δ35/Δ35 mutants die by P36 (Fig. 4.2E-F), 15‐20% 

of Scn8a Δ9Δ9 mutants survive to adulthood (Fig. 4.2D). There are no significant differences in 

survival rates between male and female homozygous mutants within each line (Δ9: χ2 = 1.265/P 

= .2607; ∇3: χ2 = 3.083/P = .0791; Δ35: χ2 = 0.2424/P = .6225). Though Scn8a ∇3/+ mutants are 

visually indistinguishable from their WT littermates and demonstrate normal growth, 10% to 

15% exhibit premature lethality (Fig. 4.2E). 
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Figure 4.2. Scn8aΔ9/Δ9, Scn8a∇3/∇3, and Scn8aΔ35/Δ35 homozygous mutants exhibit decreased 
growth and premature lethality. Scn8a Δ9/Δ9, Scn8a ∇3/∇3 and Scn8a Δ35/Δ35 homozygous mutants 
exhibit (A‐C) decreased growth (indicated by body weight) and (D‐F) decreased survival relative 
to WT and heterozygous mutant littermates. No premature lethality was observed in WT or 
heterozygous mutant littermates from the (D) Δ9 and (F) Δ35 lines. Sample sizes per sex and 
line, where m denotes a mutant allele: Δ9 males (WT: n = 5, m/+: n = 20, m/m: n = 8, from eight 
litters), Δ9 females (WT: n = 9, m/+: n = 14, m/m: n = 11, from eight litters), ∇3 males (WT: n = 
7, m/+: n = 20, m/m: n = 8, from 13 litters), ∇3 females (WT: n = 11, m/+: n = 21, m/m: n = 6. 
from 14 litters), Δ35 males (WT: n = 6, m/+: n = 15, m/m: n = 10, from 12 litters), Δ35 females 
(WT: n = 10, m/+: n = 14, m/m: n = 10, from 11 litters). Mean ± SEM. 
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4.4.2 Δ9 mutants express normal levels of Nav1.6 

To evaluate whether the motor phenotypes observed in homozygous mutant mice were a result of 

altered Nav1.6 protein levels, we performed immunoblotting on total brain protein that was 

isolated from N4F1 mice (P14‐17). There was no significant difference in Nav1.6 expression 

between genotypes within the Δ9 line (H = 1.170/P = .5782), suggesting the Δ9 allele does not 

impact the stability of the channel protein (Fig. 4.3A, Fig. C2A). While there is statistical 

evidence for differences in Nav1.6 levels between genotypes within the ∇3 line (H = 

6.020/P = .0431), none of the Dunn's post hoc comparisons were statistically significant, 

suggesting that the effect of genotype on protein levels was modest (Fig. 4.3B, Fig. C2B). In 

contrast, there was a highly significant effect of genotype on Nav1.6 expression in the Δ35 line 

(Fig. 4.3C, Fig. C2C; H = 12.50/P < .0001), which was also reflected in post hoc multiple 

comparisons between WT littermates and homozygous Scn8a Δ35/Δ35 mutants (Fig. 4.3C; H = 

9.50/P = .0021). There was no detectable Nav1.6 in homozygous Scn8a Δ35/Δ35 mice, thereby 

confirming Δ35 is a null allele (Fig. 4.3C, Fig. C2C). 
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Figure 4.3. The Δ9 mutation does not alter Nav1.6 protein levels. (A) Nav1.6 expression 
levels are comparable across genotypes within the Δ9 line. (B) There is a significant effect of 
genotype on Nav1.6 expression within the ∇3 line, though none of the Dunn's post hoc 
comparisons were statistically significant. (C) Nav1.6 expression is significantly reduced 
in Scn8a Δ35/Δ35 mutant mice relative to their WT littermates. Results are normalized to total 
protein, and presented relative to the average WT value. The 260 kDa Nav1.6 band is outlined on 
each representative blot. Sample sizes per line: Δ9 (N = 6, from seven litters), ∇3 (N = 5, from 
four litters), Δ35 (N = 5, from eight litters). Mean ± SEM. **P < .01 
 
 
  



 

 92 

4.4.3 Scn8aΔ9/+, Scn8a∇3/+, and Scn8aΔ35/+ heterozygous mutants are resistant to induced 

seizures 

We used two seizure induction paradigms to evaluate the seizure susceptibility 

of Scn8a Δ9/+, Scn8a ∇3/+, and Scn8a Δ35/+ heterozygous mutants. In the 6 Hz paradigm, most of 

the male WT littermates exhibited seizures that were scored as a 2 on a modified Racine's scale 

(marked by forelimb clonus or head nodding), whereas most of the heterozygous mutants did not 

seize (Fig. 4.4A-C; Δ9: U = 6.5/P < .0001; ∇3: U = 15.0/P < .0001; Δ35: U = 26.0/P < .0001). 

(294). Following flurothyl administration, male heterozygous mutants exhibited significantly 

greater latencies to the first myoclonic jerk (MJ; Δ9: t24 = 5.873/P < .0001; ∇3: t24 = 5.298/P 

< .0001; Δ35: t24 = 4.982/P < .0001) and generalized tonic‐clonic seizure (GTCS; Δ9: t24 

= 8.732/P < .0001; ∇3: t24 = 11.15/P < .0001; Δ35: t24 = 7.257/P < .0001) when compared to WT 

littermates (Fig. 4.4D-F). No sex differences were observed (Fig. C3). To determine whether the 

heterozygous mutants exhibit spontaneous seizures, we implanted four cortical electrodes into 

five adult Scn8a Δ9/+ males and recorded EEG activity for 2 weeks. No spontaneous seizures were 

observed during the recording period. 
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Figure 4.4. Scn8aΔ9/+, Scn8a∇3/+, and Scn8aΔ35/+ heterozygous mutants are resistant to 
induced seizures. (A-C) Male Scn8aΔ9/+, Scn8a∇3/+, and Scn8aΔ35/+ mutants are more resistant to 
6 Hz seizures at a current of 27 mA compared to WT littermates. Sample sizes per line, 
where m denotes a mutant allele: Δ9 (WT: n = 13, m/+: n = 13, from seven litters), ∇3 (WT: n = 
14, m/+: n = 12, from nine litters), Δ35 (WT: n = 14, m/+: n = 12, from six litters). (D-F) 
Male Scn8aΔ9/+, Scn8a∇3/+, and Scn8aΔ35/+ mutants demonstrate increased latencies to the 
flurothyl‐induced myoclonic jerk (MJ) and first generalized tonic‐clonic seizure (GTCS) relative 
to WT littermates. Sample sizes per line: Δ9 (WT: n = 11, m/+: n = 13, from seven 
litters), ∇3 (WT: n = 16, m/+: n = 11, from 11 litters), Δ35 (WT: n = 14, m/+: n = 12, from 12 
litters). Mean ± SEM. ****P < .0001 
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4.4.4 Δ9 and ∇3 are predicted hypomorphic alleles of Scn8a 

To test whether the Δ9, ∇3, and Δ35 alleles could rescue the hindlimb paralysis observed in 

homozygous Scn8a‐null mice, heterozygous mutants from each line were crossed to 

heterozygous‐null Scn8a med/+ mice on the C3H/HeJ genetic background (72). The resulting 

hemizygous Scn8a Δ9/med and Scn8a ∇3/med mice exhibited similar movement abnormalities as 

homozygous Scn8a Δ9/Δ9 and Scn8a ∇3/∇3 mutants. In contrast, Scn8a Δ35/med mutants exhibited the 

hindlimb paralysis characteristic of homozygous Scn8a‐null mutants. This partial rescue of 

the Scn8a‐null phenotype by the Δ9 and ∇3 alleles suggests that these mutations are 

hypomorphic and possess residual Nav1.6 activity. 

 

4.4.5 Scn8aΔ9/+ and Scn8a∇3/+ mutants do not exhibit increased anxiety or deficits in 

learning and sociability 

To determine whether Scn8a Δ9/+ or Scn8a ∇3/+ mutants exhibit behavioral abnormalities, we 

performed an initial battery of behavioral assessments on heterozygous mutants and WT 

littermates from each line (Tables C1-C2). Performance was comparable between Scn8aΔ9/+ 

and Scn8a ∇3/+ heterozygous mutants and their respective WT littermates in all behavioral 

assessments, with the exception of reciprocal social interaction, in which heterozygous mutants 

spent significantly more time interacting with each other compared to WT littermates (Tables 

C1-C2: Δ9: t14 = 2.438/P = .0287; ∇3: t8 = 2.309/P = .0497). 

 

4.4.6 Scn8aΔ9/+ and Scn8a∇3/+ mutants exhibit a decreased acoustic startle response 

We also examined the acoustic startle response in WT and heterozygous mutant mice from each 

of the three lines. Beginning at the 102 dB stimulus intensity, WT mice from each line 
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demonstrated significantly greater acoustic startle responses relative to the baseline, no stimulus 

(N/S) condition (Fig. 4.5). However, Scn8a Δ9/+ and Scn8a ∇3/+ mutants demonstrated 

significantly reduced acoustic startle responses compared to WT littermates between the 102‐

120 dB stimulus intensities (Fig. 4.5A-B; Δ9: main effect of genotype, F1,18 = 35.33, P < .0001; 

main effect of intensity, F10,180 = 27.62/P < .0001; interaction of stimulus intensity and genotype, 

F10,180 = 16.43/P < .0001; ∇3: main effect of genotype, F1,16 = 44.00/P < .0001; main effect of 

intensity, F10,160 = 15.86/P < .0001; interaction of stimulus intensity and genotype, 

F10,160 = 11.83/P < .0001). Interestingly, Scn8a Δ35/+ mutants exhibited comparable acoustic 

startle response to WT littermates (Fig. 4.5C; main effect of genotype, F1,25 = 0.0122/P = .913; 

main effect of intensity, F10,250 = 39.40/P < .0001; interaction of stimulus intensity and genotype, 

F10,250 = 0.278/P < .986). To determine whether the reduced acoustic startle response was due to 

hearing loss, we compared the minimum sound intensity necessary to evoke an auditory 

brainstem response (ABR) between heterozygous mutants from each line and their respective 

WT littermates at several frequencies (Fig. 4.6). While the ABR threshold of mice from each line 

varied based on the frequency presented (main effect of frequency, Δ9: F6,54 = 103.4/P < .0001; 

∇3: F6,30 = 38.26/P < .0001; Δ35: F6,30 = 43.77/P < .0001), there were no differences in ABR 

threshold between Scn8a Δ9/+, Scn8a ∇3/+ or Scn8a Δ35/+ mutants and their respective WT 

littermates, demonstrating that the mutants do not have hearing deficits (Fig. 4.6, Fig. C4; Δ9: 

main effect of genotype, F1,9 = 1.185/P = .305; interaction of stimulus frequency and genotype 

F6,54 = 1.589/P = .168; ∇3: main effect of genotype, F1,5 = 0.339/P = .586; interaction of ABR 

frequency and genotype, F6,30 = 0.619/P = .713; Δ35: main effect of genotype, 

F1,5 = 0.2360/P = .6477; interaction of ABR frequency and genotype, F6,30 = 0.753/P = .612). 
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Furthermore, there were no differences in interpeak latencies between ABR waves, suggesting 

overall normal auditory signaling (Fig. C5). 

 

Figure 4.5. Scn8aΔ9/+ and Scn8a∇3/+ heterozygous mutants exhibit a reduced acoustic startle 
response. (A-B) Scn8a Δ9/+ and Scn8a ∇3/+ mutants exhibit a significantly reduced startle response 
relative to WT littermates, and do not exhibit a significant increase in acoustic startle response at 
any stimulus intensity relative to the N/S (no stimulus) condition. (C) Scn8a Δ35/+ mutants 
demonstrate a comparable startle response to WT littermates. Data is presented as the 
average Vmax of five trials per stimulus intensity. Sample sizes per line, where m denotes a 
mutant allele: Δ9 (WT: n = 8, m/+: n = 12, from nine litters), ∇3 (WT: n = 8, m/+: n = 10, from 
seven litters), Δ35 (WT: n = 15, m/+: n = 12, from 13 litters). Mean ± SEM. Asterisks (*) denote 
comparisons between genotypes at the same stimulus intensity, while pound signs (#) denote 
comparisons within a genotype relative to the N/S condition. #P < .05, **/##P < .01, ###P < .001, 
****/####P < .0001 
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Figure 4.6. Scn8aΔ9/+, Scn8a∇3/+, and Scn8aΔ35/+ heterozygous mutants demonstrate normal 
auditory brainstem response (ABR). The ABR threshold, or the lowest intensity at which an 
acoustic stimulus evokes an ABR wave, is comparable between Scn8a Δ9/+, Scn8a ∇3/+, 
and Scn8a Δ35/+ mutants and their respective WT littermates. “Click” denotes the ABR click test, 
which presents multiple acoustic stimuli ranging from 1 to 4 kHz. All other columns represent 
the ABR tone‐burst test, which presents a single frequency between 4 and 32 kHz. Sample sizes 
per line, where m denotes a mutant allele: Δ9 (WT: n = 5, m/+: n = 6, from three 
litters), ∇3 (WT: n = 3, m/+: n = 4, from two litters), Δ35 (WT: n = 3, m/+: n = 4, from three 
litters). Mean ± SEM. 
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4.4.7 Scn8aΔ9/+ and Scn8a∇3/+ heterozygous mutants exhibit motor impairments 

While homozygous mutants from each line exhibit severe motor abnormalities, heterozygous 

mutants are visually indistinguishable from their WT littermates. We first examined motor 

coordination and learning in heterozygous Scn8a Δ9/+, Scn8a ∇3/+, and Scn8a Δ35/+ mutants and 

their respective WT littermates using a rotarod apparatus. WT and heterozygous mutant 

littermates from each line demonstrated similar proficiency on the rotarod on Day 1 of testing 

(Fig. 4.7A-C). WT and heterozygous littermates from each line exhibited a significant 

improvement in performance on the rotarod over the 4‐day testing period (Fig. 4.7A-C; main 

effect of time, Δ9: F3,84 = 78.90/P < .0001; ∇3: F3,72 = 63.06/P < .0001; Δ35: F3,84 = 50.07/P 

< .0001). While the Scn8a Δ9/+ and Scn8a ∇3/+ mutants did improve over time, they were unable to 

achieve the same degree of performance (marked by a shorter latency to fall) as their WT 

littermates (Fig. 4.7A-B; Δ9: main effect of genotype, F1,28 = 22.73/P < .0001; interaction of time 

and genotype, F3,84 = 12.17/P < .0001; ∇3: main effect of genotype, F1,24 = 6.042/P = .0216; 

interaction of time and genotype, F3,72 = 2.034/P = .117). In contrast, the Scn8a Δ35/+ mutants did 

not demonstrate any deficits in rotarod performance relative to WT littermates (Fig. 4.7C; main 

effect of genotype, F1,28 = 2.118/P = .1567; interaction of time and genotype, F3,84 = 1.320/P 

= .2733). To examine potential deficits in muscle strength, we used a force meter to measure grip 

strength in mice from each line. While the Scn8a Δ9/+ and Scn8a Δ35/+ mutants had comparable 

grip strength to their WT littermates, the Scn8a ∇3/+ mutants exhibited significantly lower grip 

strength, suggesting an allele‐specific deficit in strength (Fig. 4.7D-F; Δ9: 

t23 = 0.283/P = .780; ∇3: t18 = 2.230/P = .0339; Δ35: t28 = 1.031/P = .311). 
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Figure 4.7. Scn8aΔ9/+ and Scn8a∇3/+ heterozygous mutants exhibit impaired motor 
performance on a rotarod. (A-C) The rotarod performance of WT and heterozygous littermates 
from each line significantly improved over the 4‐day testing period. Data is presented as the 
average of three trials per day of testing. (A-B) Scn8a Δ9/+ and Scn8a ∇3/+ mice exhibit 
significantly impaired performance on the rotarod over time relative to WT littermates by Day 4 
of testing. (C) Scn8a Δ35/+ mutants demonstrate comparable latency to fall from the rotarod over 
time relative to WT littermates. Asterisks (*) denote statistical comparisons between genotypes 
on the same day of testing, while pound signs (#) denote statistical comparisons between Day 1 
and Day 4 of testing within a genotype. Sample sizes per line, where m denotes a mutant 
allele: Δ9 (WT: n = 15, m/+: n = 15, from nine litters), ∇3 (WT: n = 10, m/+: n = 16, from nine 
litters), Δ35 (WT: n = 18, m/+: n = 13, from 13 litters). (D-F) Scn8a Δ9/+ and Scn8a Δ35/+ mice 
exhibit comparable grip strength to WT littermates, whereas Scn8a ∇3/+ mutants demonstrate 
significantly reduced grip strength (GF, general force units). Asterisks (*) denote statistical 
comparisons between genotypes. Sample sizes per line: Δ9 (WT: n = 12, m/+: n = 13, from seven 
litters), ∇3 (WT: n = 8, m/+: n = 12, from six litters), Δ35 (WT: n = 18, m/+: n = 12, from 12 
litters). Mean ± SEM. */#P < .05, **P < .01, ***P < .001, ****/####P < .0001 
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4.4.8 Δ9 and ∇3 homozygous mutants exhibit reduced nerve conduction velocity 

Consistent with the role of Nav1.6 at the nodes of Ranvier, previous studies have demonstrated 

that Scn8a mutants with reduced Nav1.6 activity also exhibit decreased nerve conduction 

velocity (75,288,304). We measured sciatic nerve conduction velocity in N4F1 mice from each 

line to examine whether nerve conduction is also altered by each mutation. Due to the premature 

lethality observed in homozygous mutants, nerve conduction was assessed in mice aged P14‐17. 

Nerve conduction velocity was significantly reduced in both Scn8a Δ9/Δ9 and Scn8a ∇3/∇3 mice 

relative to their WT and heterozygous mutant littermates (Fig. 4.8A-B; Δ9: F2,15 = 10.19/P 

= .0016; ∇3: F2,11 = 0.3621/P = .0008). There were no significant differences in nerve conduction 

velocity between genotypes within the Δ35 line, consistent with age‐matched mice from 

the Scn8a‐null med line, suggesting that Scn8a‐null mice within this age range do not exhibit 

deficits in nerve conduction velocity (Fig. 4.8C-D; Δ35: F2,15 = 1.452/P = .2652; med: 

F2,14 = 1.521/P = .2525).  
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Figure 4.8. Scn8aΔ9/Δ9 and Scn8a∇3/∇3 homozygous mutants exhibit reduced nerve 
conduction velocity. (A-B) Scn8a Δ9/Δ9 and Scn8a ∇3/∇3 homozygous mutants exhibit a significant 
reduction in sciatic nerve conduction velocity relative to their WT and heterozygous littermates. 
(C-D) There are no significant differences in conduction velocity between genotypes within 
the Scn8a‐null Δ35 or med lines. Sample sizes per line, where m denotes a mutant 
allele: Δ9 (WT: n = 6, m/+: n = 6, m/m: n = 6, from nine litters), ∇3 (WT: n = 5, m/+: n = 5, 
m/m: n = 4, from five litters), Δ35 (WT: n = 6, m/+: n = 7, m/m: n = 5, from six 
litters), med (WT: n = 6, m/+: n = 5, m/m: n = 6, from four litters). Mean ± SEM. **P < .01, 
***P < .001 
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4.5 Discussion 

We previously showed that the hypomorphic med‐jo and null med Scn8a alleles confer increased 

seizure resistance, and that shRNA‐mediated knockdown of Scn8a in the hippocampus prevents 

the development of spontaneous seizures in a mouse model of mesial temporal lobe epilepsy 

(72,287). Similarly, both the Scn8a Δ9/+ and Scn8a ∇3/+ heterozygous mutants exhibit increased 

resistance to 6 Hz‐ and flurothyl‐induced seizures, and Scn8a Δ9/+ mutants do not exhibit 

behavioral or absence seizures. Altogether, these results suggest that the Δ9 and ∇3 mutations 

reduce the activity of Nav1.6 channels. 

Mutations in Scn8a have also been associated with recessive movement disorders in 

mice, including ataxia, dystonia, tremor and abnormal gait (65,75,76,288-

290). Scn8a Δ35/Δ35 mutants recapitulate the progressive hindlimb paralysis observed in Scn8a‐

null mice, whereas both the Scn8a Δ9/Δ9 and Scn8a ∇3/∇3 homozygous mutants exhibit an unsteady, 

ataxic gait resulting in frequent loss of posture (53,289,300-303). Homozygous mutant mice 

from each line also exhibit premature lethality relative to their WT and heterozygous littermates. 

The cause of death appears secondary to these motor complications, as 15‐20% 

of Scn8a Δ9/Δ9 homozygous mutants survive to adulthood without demonstrating improvement in 

their gait. De Repentigny et al reported that null Scn8a dmu/dmu mice possess smaller hearts than 

WT littermates and exhibit labored breathing, while Noujaim et al noted that 

null Scn8a S21P/S21P mutants exhibit abnormal electrocardiograph waveforms relative to WT 

littermates (303,305). These observations suggest that the increased mortality observed 

in Scn8a homozygous mutants may result from autonomic nervous system dysfunction, as a 

consequence of reduced Nav1.6 activity. 
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In contrast to Scn8a Δ9/Δ9 mutants, all Scn8a ∇3/∇3 mice die within the first 6 weeks of life, 

indicating that the Scn8a ∇3/∇3 mutants are more severely affected. Unlike the Δ9 allele, which 

removes an arginine residue, the ∇3 allele introduces a negatively charged aspartate residue 

which could potentially interact with multiple cationic residues within the DIIS4 voltage sensor. 

Furthermore, the ∇3 allele has a mild effect on Nav1.6 protein levels, indicating that 

the Scn8a ∇3/∇3 mutants also exhibit reduced Nav1.6 levels relative to WT littermates. This 

additional slight decrease in Nav1.6 expression might increase the risk of the autonomic 

dysfunction in Scn8a ∇3/∇3 mutants as previously reported for Scn8a‐null mutants 

(303,305). However, both the Δ9 and ∇3 alleles partially rescue the Scn8a‐null med phenotype in 

hemizygous mutants, indicating that these two alleles retain some residual activity and likely 

generate hypomorphic (rather than null) Nav1.6 channels. It is also possible that the differences 

in motor phenotypes and survival rates between Scn8a Δ9/Δ9 and Scn8a ∇3/∇3 mutants arise as a 

result of allele‐specific neomorphic effects on channel activity. However, electrophysiological 

analysis will be required to identify possible differences in biophysical properties of Nav1.6 

channels from the two lines. 

Interestingly, we observed reduced performance on the rotarod in 

heterozygous Scn8a Δ9/+ and Scn8a ∇3/+ mutants compared to their respective WT littermates. 

Furthermore, Scn8a ∇3/+ mutants also demonstrated reduced grip strength. Given that the 

heterozygous mutants are visually indistinguishable from their WT littermates, these results raise 

the possibility that Scn8a Δ9/+ and Scn8a ∇3/+ mutants may exhibit additional distinct, albeit subtle, 

motor deficits. In contrast to Δ9 and ∇3 mice, the Scn8a Δ35/+ mutants exhibited normal grip 

strength and rotarod performance. Similarly, McKinney et al observed comparable rotarod 

performance between heterozygous‐null Scn8a med‐Tg/+ mutants and WT littermates (70). Despite 
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previous reports of mild cognitive and behavioral disabilities in heterozygous‐null Scn8a med‐

Tg/+ and hypomorphic Scn8a 9J/+ mutants, we saw no significant behavioral abnormalities in 

the Scn8a Δ9/+ or Scn8a ∇3/+ mutants (70,288). 

Strikingly, while Scn8a Δ35/+ mutants demonstrated an acoustic startle response similar to 

WT littermates, both Scn8a Δ9/+ and Scn8a ∇3/+ heterozygous mutants exhibited significantly 

reduced acoustic startle. This phenotype is not due to hearing loss, given 

that Scn8a Δ9/+ and Scn8a ∇3/+ mutants exhibit ABR thresholds and waveforms comparable to 

their WT littermates. A similar absence of acoustic startle was reported previously in another 

voltage‐gated ion channel mutant, the Cacng2 stargazer model of absence epilepsy 

(306). Consistent with the Scn8a Δ9/+ and Scn8a ∇3/+ heterozygous mutants, homozygous stargazer 

mutants do not display a startle response above baseline to acoustic stimuli ranging from 90‐

120 dB (306). In line with our findings, the stargazer mutants also exhibit ABR thresholds and 

hearing comparable to control littermates (306,307). Abnormal morphology of vestibular sensory 

epithelia was observed in stargazer mutants, suggesting that impaired vestibular signal 

transduction may underlie the ablated acoustic startle response (306). This morphology is 

consistent with the extensive vestibular dysfunction observed in the stargazer mutants, including 

a failure to stay on a rotarod and impaired righting reflexes (306). However, 

the Scn8a Δ9/+ and Scn8a ∇3/+ mutants demonstrate baseline rotarod performance similar to WT 

littermates and do not exhibit the hallmark circling or abnormal righting reflexes indicative of 

vestibular dysfunction (308). Therefore, further studies will be necessary to elucidate the specific 

mechanisms underlying the observed acoustic startle phenotypes in 

the Scn8a Δ9/+ and Scn8a ∇3/+ mutants. 
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Given the important function of Nav1.6 at the nodes of Ranvier, it is unsurprising that 

reduced Nav1.6 activity has previously been linked to decreased nerve conduction velocity in the 

hypomorphic Scn8a 9J/9J and Scn8a medj/medj homozygous mutants (20,75,288). Similarly, 

both Scn8a Δ9/Δ9 and Scn8a ∇3/∇3 homozygous mutants exhibited a significant decrease in nerve 

conduction velocity, which suggests that impaired nerve conduction may partially contribute to 

the observed motor phenotypes. However, despite their progressive hindlimb paralysis, 

null Scn8a Δ35/Δ35 and Scn8a med/med homozygous mutants did not exhibit altered conduction 

velocity. Similarly, Angaut‐Petit et al previously reported that conduction velocity is comparable 

between Scn8a med/med mutants and phenotypic control mice (either WT or heterozygous 

littermates) from P3 to 16 (304). To avoid potential confounds from weight loss and muscle 

atrophy, we only tested N4F1 Δ35 and med mice aged P14 to 17. Angaut‐Petit et al noted a 

significant decrease in conduction velocity in Scn8a med/med mutants aged P17 to 23, the time 

frame during which most Scn8a‐null mice die (304). It is possible, then, that Scn8a‐null mice 

exhibit normal nerve conduction within the first 2 to 3 weeks of life. However, as Scn8a‐null 

mice age, nerve conduction could steadily worsen, in part due to abnormal expansion of the 

nodes of Ranvier and decreased paranodal myelination (75,309). 

Notably, homozygous mutant mice expressing the hypomorphic Δ9 and ∇3 alleles 

exhibited deficits in nerve conduction velocity, whereas age‐matched null Δ35 mutants were 

comparable to WT littermates. This result raises the possibility that loss of Scn8a expression 

in Δ35 mutants may trigger compensatory upregulation of other VGSCs at the nodes of Ranvier, 

thereby maintaining normal nerve conduction. In contrast to the Δ35 mutation, our results 

indicate that the Δ9 and ∇3 mutations do not result in null alleles. Therefore, we hypothesize that 

these two hypomorphic mutations may not induce changes in expression of paralogs VGSC 
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genes, such as Scn1a or Scn2a. Without this increase in levels of WT VGSCs at the nodes of 

Ranvier, the Scn8a Δ9/Δ9 and Scn8a ∇3/∇3 homozygous mutants would demonstrate impaired nerve 

conduction. Though additional Western blotting and immunostaining would be necessary to 

confirm this hypothesis, previous studies have demonstrated that loss of Scn8a expression leads 

to the compensatory recruitment of other VGSC proteins, particularly Nav1.2 (encoded 

by Scn2a), to the mature nodes of Ranvier and axon initial segment (75,310,311). In further 

support of this hypothesis, Vega et al reported that Nav1.2 protein levels are significantly 

upregulated in null Scn8a med‐Tg/med‐Tg mutants relative to WT littermates (312). 

With the recent discovery that VGSC proteins can dimerize, it is also possible that the 

hypomorphic Δ9 or ∇3 alleles might exert a dominant‐negative effect on WT Nav1.6 by forming 

mutant‐WT heterodimers (9,313). For instance, mutant isoforms of the VGSC Nav1.5 have been 

reported to exert a dominant‐negative effect on sodium current via heterodimerization (313). 

Therefore, Nav1.6 mutant‐WT heterodimers may also exhibit biophysical properties that are 

distinct from a WT homodimer, thereby contributing to the motor deficits and impaired acoustic 

startle response we observed in the Scn8a Δ9/+ and Scn8a ∇3/+ mutants. Given that Δ35 is a null 

allele, Scn8a Δ35/+ mutants will only be able to express homodimers of WT Nav1.6, accounting 

for the similar motor and acoustic startle presentation between Δ35 mutants and WT littermates. 

We have previously demonstrated that a reduction in Nav1.6 activity or expression increases 

seizure resistance  (72,287,314). Therefore, we speculate that while Scn8a Δ35/+ mutants exhibit 

increased seizure resistance due to loss of Scn8a expression, heterodimerization may also 

contribute to the increased seizure resistance in Scn8a Δ9/+ and Scn8a ∇3/+ mutants. 

In summary, we have identified several phenotypes in mice expressing the 

hypomorphic Scn8a Δ9 and ∇3 alleles that were not observed in mice with the null Δ35 allele. In 
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particular, we found that mutants from the Δ9 and ∇3 lines exhibit impaired rotarod performance, 

decreased nerve conduction velocity, and a reduced acoustic startle response (Table C3). While 

further work is required to address the mechanisms underlying these phenotypic differences, our 

observations suggest that the clinical consequences of hypomorphic SCN8A mutations may differ 

from null SCN8A alleles. 
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CHAPTER 5: Conclusions and future directions 
 

5.1 Summary of dissertation research 

Given the relevance of SCN1A and SCN8A to normal neuronal excitability and human disease, 

the overarching goals of my dissertation research were: (1) to identify genetic elements or 

pathways contributing to transcriptional regulation of SCN1A and (2) to characterize the 

phenotypic impacts of novel Scn8a mutations.  

Our initial approach to identify putative functional genomic elements (FGEs) in SCN1A 

utilized publicly available neuronal open chromatin and ChIP-seq data sets (Chapter 2). 

However, none of these FGEs individually evoked a reproducible or robust increase in luciferase 

reporter activity. While this strategy relied on chromatin accessibility in immortalized 

neuroblastoma lines or heterogeneous brain regions to identify putative FGEs, SCN1A is 

predominantly expressed in GABAergic interneurons (GINs) (19,22-27). Therefore, an 

alternative strategy to identify FGEs in SCN1A would be to evaluate chromatin accessibility in 

an enriched population of GINs (Chapter 3). We therefore performed ATAC-seq and mRNA-

seq at three time points across GIN development from human iPSCs, with the aim of identifying 

differentially-accessible regions (DARs) of chromatin that were associated with differentially-

expressed genes (DEGs). Though there were no DARs within the SCN1A locus, we did identify 

several DARs associated with altered expression of genes crucial for GIN maturation and 

function (Table 5.1). Furthermore, we identified several novel genes that may play an important 

role in GIN function and, by extension, the pathogenesis of disorders associated with altered GIN 

function, such as schizophrenia. 

Another component of my dissertation research focused on SCN8A, which was recently 

identified as an important cause of severe, childhood-onset epilepsy (31). In the process of 
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developing a novel mouse model of SCN8A-derived epilepsy, we generated three additional 

mouse lines with varying degrees of Nav1.6 activity reduction: Δ9, ∇3, and Δ35 (Chapter 4). 

Our results suggest that hypomorphic Scn8a alleles (Δ9 and ∇3) may exert effects on Nav1.6 

function that are distinct from null alleles (Δ35 and med), potentially due to aberrant channel 

heterodimerization or differences in compensatory expression of paralogous voltage-gated 

sodium channel (VGSC) genes (315).  

Altogether, the results presented in this dissertation expand our knowledge of regulation 

of SCN1A expression, the pathways contributing toward a GIN cell fate, and Nav1.6 function. In 

the following sections, I will further discuss the implications and future directions of this 

research.  

 

5.2 The state of SCN1A transcriptional regulation 

 

5.2.1 Endogenous regulation of SCN1A mRNA levels 

There are several pieces of evidence that suggest neuronal expression of SCN1A is both 

developmentally and spatially regulated. Scn1a mRNA levels gradually increase throughout 

gestation, and peak between the second and third postnatal weeks of life in mice (16,18). Though 

SCN1A is widely expressed throughout the brain, Nav1.1 levels are higher in inhibitory 

GABAergic neurons compared to excitatory cells (16,18,23). Furthermore, conditional deletion 

of Scn1a in GINs, but not pyramidal neurons, is sufficient to evoke spontaneous seizures in mice 

(26). Previous work has identified several genetic elements that likely contribute to tight control 

of SCN1A expression, including three alternative promoters, a transcriptional silencer element, 
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and a GAPDH-binding site in the 3′-UTR that promotes degradation of the mature SCN1A 

transcript (96,106,110).  

Given that SCN1A possesses at least one transcriptional silencer element, we believed it 

may contain additional genetic regulatory elements that contribute to its observed temporospatial 

expression patterns. However, we did not identify any genetic elements with a robust effect on 

reporter activity (Chapter 2). Our initial approach was limited by the fact that available data sets 

were derived from immortalized cell lines or heterogeneous brain regions. Immortalized 

neuroblastoma lines are useful in vitro models of human neurobiology, though they lack many of 

the electrophysiological and molecular characteristics of primary neurons (316-318). In contrast, 

brain tissue contains primary neurons as well as non-neuronal cell types, such as glia. These 

tissue samples are highly heterogeneous, and may be comprised of cell types that weakly express 

SCN1A. Altogether, epigenomic analysis of either immortalized cell lines or post-mortem tissue 

may not detect regions of open chromatin that drive the robust SCN1A expression specifically 

observed in GINs.  

To assess chromatin accessibility and SCN1A expression in more relevant cell types, we 

performed mRNA-seq and ATAC-seq at three time points across differentiation of human iPSC-

derived neural progenitors to late-stage GINs (Chapter 3). Though these samples were also 

heterogeneous, representing at least five GIN subtypes, they were still enriched for GINs that 

strongly express SCN1A by 78 days post-differentiation (D78). However, we did not observe any 

DARs in the SCN1A locus over the course of GIN differentiation (Table 5.1). When considering 

discrete peaks of enriched ATAC-seq signal at D78 GINs, we identified eight regions of open 

chromatin within the SCN1A locus, four of which overlap with FGEs reported in Chapter 2: 

FGE9, 10, 13, and 28 (Table 5.1). Though Peak 6 / FGE10 corresponds to the SCN1A 1B 
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promoter, none of the remaining FGEs elicited a significant change in reporter activity in a dual 

luciferase reporter assay (Fig. 2.2). Given that transcriptional enhancer elements have previously 

been identified up to 1 Mb from their target promoter, it is possible that ATAC-seq peaks outside 

of the SCN1A locus, proximal to the seven genes neighboring SCN1A on chromosome 2, may 

also represent candidate FGEs (319). Upon reviewing ATAC-seq data from D78 GINs, we 

identified 86 peaks within 1 Mb of the SCN1A 1B promoter, five of which corresponded to 

DARs with increased accessibility over differentiation: three associated with CSRNP3 (two 

intergenic, one intronic), and two associated with SCN7A (both intergenic; Fig. 5.1). Only one 

DAR, in SCN2A intron 21, exhibited a significant decrease in accessibility by D78 (Fig. 5.1). 

Considering that only three of the genes within this interval are differentially expressed over GIN 

differentiation (SCN1A, SCN2A, and CSRNP3), a subset of the remaining peaks proximal to the 

five genes with constant expression across differentiation (GALNT3, TTC21B, SCN9A, SCN7A, 

and XIRP2) may represent additional FGEs that contribute to SCN1A expression (Fig. 5.1).  

 

Table 5.1. There are no differentially accessible regions of chromatin within the SCN1A 
locus across GIN differentiation. We identified eight ATAC-seq peaks in the SCN1A locus at 
D78. None of these peaks are differentially accessible across GIN differentiation, though peaks 
4-7 overlap with FGEs reported in Chapter 2. Genome plots represent ATAC-seq data from 
HC1 cells (rpm: reads per million), and coordinates refer to the hg38 annotation of the human 
genome (Dec. 2013) (246). 
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Figure 5.1. Comparison of differential gene expression and chromatin accessibility within 1 
Mb of the SCN1A locus across GIN differentiation. (A) There are 86 ATAC-seq peaks at D78 
in the interval spanning + 1 Mb from the 1B SCN1A promoter, six of which exhibit differential 
accessibility across GIN differentiation. Genome plots represent ATAC-seq data from HC1 cells 
(rpm: reads per million), and coordinates refer to the hg38 annotation of the human genome 
(Dec. 2013) (246). DARs with increased accessibility by D78 are depicted in red, while DARs 
with decreased accessibility are blue. (B) Only SCN1A, CSRNP3, and SCN2A are differentially 
expressed between D22 and D78 (mean + SEM, n=2-3). One-way ANOVA with Tukey’s 
multiple comparisons. Asterisks denote statistical significance relative to D22 (**p<0.01, 
****p<0.0001). 
  

In Chapter 2, we presented evidence that several genetic elements (specifically, FGE2A 

and FGE26) may jointly contribute toward SCN1A transcription. However, it is important to note 

several limitations of this finding. First, luciferase reporter assays do not model the endogenous 

organization of the SCN1A locus. Therefore, it is unclear whether FGE2A and FGE26 interact in 

vivo to promote elevated SCN1A transcription, or if our result was an artifact of cloning these 

elements into an exogenous vector in close proximity. Neither FGE2A nor FGE26 overlapped 

with any peaks of open chromatin signal in the late-stage, D78 GINs. Furthermore, none of the 

ATAC-seq peaks identified in D78 GINs overlapped with any of the FGEs that elicited a 

significant increase in reporter activity: FGE2A, 17, 23, or 26. Considering these results, the 
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simplest conclusion is that none of the identified putative FGEs contribute toward regulation of 

SCN1A transcription.  

Though SCN1A is broadly expressed in GABAergic neurons, it is most associated with 

the function of fast-spiking parvalbumin-positive (PV+) GINs (26,85). However, at D78, only 

~15% of cells were PV+ (Fig. 4.1). Therefore, while our data represents an enriched pool of 

GABAergic cells, it does not specifically reflect the specific epigenomic landscape of PV+ GINs. 

In the future, it may be necessary to isolate a more homogeneous pool of PV+ GINs in order to 

assess putative transcriptional enhancer elements. Differential expression of SCN1A could also 

be driven by alternative promoter usage among individual cell types or brain regions. 

Interestingly, only the 1B promoter exhibited ATAC-seq signal in D78 GINs (Table 5.1). Given 

that the 1B element is the strongest out of the three SCN1A promoters, it is possible that robust 

SCN1A expression in GINs may partially be a result of heightened 1B promoter activity (95,96).  

 

5.2.2 dCas9-based strategies to elevate SCN1A expression 

Despite the lack of known transcriptional enhancers of SCN1A expression, the deactivated Cas9 

(dCas9) endonuclease offers a novel method to modulate SCN1A transcription. While dCas9 

does not cleave DNA, it can be fused to transcriptional activators or silencers in order to 

modulate endogenous expression of target genes (320-324). For instance, dCas9 fused to four 

repeats of the VP16 transcriptional activation domain (dCas9VP64) can significantly increase 

expression when targeted to a gene’s promoter using a complementary guide RNA (gRNA) 

(321,324). A major benefit of this approach is that gene activation can be limited to specific cell 

types or at particular stages of development, as determined by the promoter driving dCas9 or 

gRNA expression. While dCas9VP64 requires multiple gRNAs that simultaneously tile several 
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activators across a promoter or enhancer to robustly increase expression, there are several 

variants of this technique that require only one gRNA, such as dCas9VP160 or dCas9SAM 

(321,323,324). dCas9VP160 fuses dCas9 to ten repeats of the VP16 activation domain, while 

dCas9SAM links a dCas9VP64-gRNA complex to the p65 and HSF1 transcriptional activation 

domains (321,324). dCas9VP160 has already been utilized to successfully elevate Scn1a expression 

in a mouse model of Dravet syndrome (134). By injecting lentiviral vectors encoding dCas9VP160 

and a gRNA complementary to the 1B SCN1A promoter, Colasante et al. were able to selectively 

increase Scn1a mRNA levels in primary hippocampal neurons (134). Importantly, the dCas9VP160 

construct did not influence expression of paralogous VGSC genes (134). Furthermore, Scn1a+/- 

mice injected with Cas9VP160 exhibited a significant increase in the excitability of cortical GINs, 

along with reduced seizure frequency and severity (134).  

 

5.2.3 The shift towards single-cell analyses 

Though our protocol generated GINs with 81-85% efficiency, the resultant pool of cells was still 

highly heterogeneous, consisting of at least five GIN subtypes. The remaining 10-15% of cells 

likely adopt a dopaminergic or glutamatergic fate, which may complicate efforts to definitively 

identify pathways specific to GINs. Ideally, we would only perform ATAC-seq and mRNA-seq 

on a population of cells enriched for a specific GIN subtype marker, such as parvalbumin or 

somatostatin. While techniques such as fluorescence-activated cell sorting and immunopanning 

are broadly useful in isolating individual cell types, they rely on antibodies that recognize 

extracellular epitopes of membrane-bound proteins. Therefore, these techniques cannot be used 

to enrich for GIN subtypes that are defined by intracellular calcium binding proteins and 

neuropeptides.  
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 An alternative method to control for the heterogeneity of a cell population would be to 

use single cell (sc), rather than bulk, mRNA-seq or ATAC-seq. scRNA-seq in particular has been 

widely adopted as a tool to identify subpopulations of cells from iPSC-derived organoids or 

homogenized tissue, but is still limited by its resolution (178,189,325). There is a finite amount 

of RNA or DNA that can be amplified and processed from a single cell, contributing toward 

extensive variability between samples, even among the same cell types (325,326). Given the 

continuing difficulties in distinguishing between technical noise and inherent variance for 

weakly expressed genes, such as lncRNAs, single cell approaches are not ideal for comparing 

subtle changes in gene expression or accessibility across development.  

 

5.3 Assessment of novel targets for GABAergic interneuron function 

Though our approach in Chapter 3 did not identify any robust FGEs in SCN1A, the mRNA-seq 

and ATAC-seq data we generated represent an important resource for identifying novel genes 

involved in GIN development and function. Given that SCN1A dysfunction broadly impairs 

neuronal inhibition, the restoration of GIN activity is predicted to be therapeutic in several 

neurological disorders.  

 

5.3.1 Putative genetic regulatory elements in genes relevant to GABAergic function 

One clear future direction of our work would be to examine whether DARs identified in 

GABAergic DEGs such as SLC6A1 or B3GAT2 functionally contribute toward gene expression. 

While we initially utilized a luciferase reporter assay to evaluate putative FGEs, dCas9VP64 could 

also be applied to endogenously validate putative enhancers, as localizing transcriptional 

activators to these elements will be predicted to increase gene expression (320). Furthermore, it 
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is unclear whether all the predicted transcription factor (TF) binding motifs enriched in DARs 

are physically occupied. An important next step would be to perform ChIP-seq for a subset of 

these TFs, in order to validate our findings and construct a more focused regulatory network. 

Given their previous associations with cognitive impairment and schizophrenia, respectively, our 

first steps would be to assess BCL11A and KLF5 binding in D78 GINs.  

 

5.3.2 Examining the contribution of CPLX2 and TRPC4 to neurological disease 

Among the genes with differential expression between developing GINs and schizophrenia 

patients, CPLX2 and TRPC4 exhibited the most compelling links to neurological disease. 

Specifically, we observed a significant increase in CPLX2 expression by D78 in GINs, while 

Fromer et al. reported a significant decrease in CPLX2 expression in schizophrenia patients 

(218). Cplx2-null mice also exhibit cognitive deficits following exposure to a stressor, suggesting 

that loss of Cplx2 may predispose animals to schizophrenic-like phenotypes (276,277). Given 

that previous studies only examined spatial memory in Cplx2-null mice, it would be useful to 

assess whether these mutants replicate other behavioral abnormalities observed in schizophrenia 

patients, such as elevated anxiety or reduced sociability. Furthermore, it would be interesting to 

examine whether GIN-specific knockout of Cplx2 is sufficient to induce behavioral 

abnormalities in mice following exposure to a stressor. Interestingly, a meta-analysis of 12 

microarray studies found that CPLX2 was consistently downregulated in the brains of epilepsy 

patients, suggesting that CPLX2 may also be associated with seizure phenotypes (327). To 

explore the broader contribution of CPLX2 to neurological disease, it would be interesting to 

examine whether CPLX2-null mice also exhibit altered seizure phenotypes. 
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In contrast to CPLX2, we observed a significant decrease in TRPC4 expression by D78 in 

GINs, whereas Fromer et al. reported a significant increase in TRPC4 expression in 

schizophrenia patients (218). Interestingly, Trpc4-null rodents exhibit reduced anxiety and 

addictive behavior, and Trpc1/Trpc4 double knockout mice demonstrate reduced mortality in 

response to pilocarpine-induced seizures, suggesting that altered TRPC4 expression may be 

neuroprotective (279,280,328). One future direction of our research, then, would be to observe 

whether acute knockdown of Trpc4 also affects behavioral and seizure phenotypes. Another line 

of research would be to explore how increased TRPC4 activity alters behavior or seizure 

susceptibility, given that elevated TRPC4 expression is observed in schizophrenia patients (218). 

While several TRPC4 agonists have been identified, these compounds also target or antagonize 

other ion channels, or exhibit variable efficacy depending on the composition of the TRPC4 

tetramer (329-332). For instance, englerin A is a partial agonist of TRPC4, though it also 

activates TRPC5 and antagonizes TRPA1, TRPV3/V4, and TRPM8 (330,331). Another agonist, 

BTD, activates the TRPC1:TRPC5 and TRPC4:TRPC5 heteromers, but has no effect on 

TRPC1:TRPC4 heteromers or monomeric TRPC4 (329). A more direct approach, then, would be 

to utilize a viral vector or dCas9VP160 construct to promote TRPC4 expression. 

 

5.4 The phenotypic spectrum of loss-of-function mutations in SCN8A 

 

5.4.1 Examining the phenotypic impact of hypomorphic and null SCN8A alleles  

Most of the discussion at this point has been guided by the contribution of SCN1A to proper GIN 

function. However, we also observed several deficits in mice expressing the hypomorphic Scn8a 

Δ9 and ∇3 alleles, but not the null Δ35 allele (Chapter 4). We proposed two mechanisms to 
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explain these phenotypes: (1) that complete loss of Scn8a expression may trigger compensatory 

upregulation of other VGSCs at the nodes of Ranvier and axon initial segment (AIS), and (2) that 

the hypomorphic Δ9 or ∇3 alleles might exert a dominant-negative effect on WT Nav1.6 by 

forming mutant-WT heterodimers. 

 There are several experiments that could be performed to validate the first mechanism. 

While we initially performed Western blotting for Nav1.6 in whole-brain protein isolates from 

Scn8aΔ9/Δ9, Scn8a∇3/∇3, or Scn8aΔ35/Δ35 homozygous mutant mice, we could also probe for altered 

expression of the paralogous Nav1.1 and Nav1.2 VGSC proteins, relative to wild-type (WT) 

littermates. Alternatively, there could be differential localization, rather than expression, of 

paralogous VGSCs, meaning that Nav1.1 or Nav1.2 could be preferentially recruited to the axon 

initial segment (AIS) or nodes of Ranvier in the absence of Nav1.6. To assess this possibility, we 

could examine the colocalization of Nav1.1, Nav1.2, or Nav1.6 with markers of the AIS (ankyrin-

G) or nodes of Ranvier (Caspr) in primary neurons from Scn8aΔ9/Δ9, Scn8a∇3/∇3, or Scn8aΔ35/Δ35 

homozygous mutant mice (73,312).  

It is less straightforward, however, to examine the validity of the second proposed 

mechanism, or whether mutant-WT Nav1.6 heterodimers exhibit unique electrophysiological 

properties. Clatot et al. previously used whole-cell patch clamp recordings to demonstrate that 

mutant Nav1.5 channels can exhibit a dominant-negative effect on cardiac sodium channel 

current (10). While whole-cell patch-clamp could also reveal whether Scn8aΔ9/+, Scn8a∇3/+, or 

Scn8aΔ35/+ heterozygous mutants exhibit a total reduction in Nav1.6-driven sodium current, it 

would not resolve specific changes in the biophysical properties of mutant-WT Nav1.6 

heterodimers. An alternative approach, then, would be to perform single channel patch clamp, in 

order to examine activity from individual Nav1.6 complexes. However, it still would not be 
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possible to verify whether the channel complexes were homodimeric (WT-WT or mutant-

mutant) or heterodimeric (mutant-WT).  

 

5.4.2 Future characterization of the Scn8a Δ9 and∇3 alleles 

There are several remaining questions surrounding the phenotypic impact of the Scn8a Δ9 and∇3 

alleles. First, while our results indicate that both alleles are both hypomorphic, it is unclear how 

each allele alters the biophysical properties of Nav1.6 channel protein, or whether one allele is 

more functional than the other. In contrast to examining whether Nav1.6 heterodimers exhibit 

unique channel properties, it is markedly simpler to assess sodium current dynamics in 

hippocampal neurons isolated from Scn8aΔ9/Δ9 or Scn8a∇3/∇3 homozygous mutants. Furthermore, 

while we proposed that the ∇3 allele may be more weakly expressed than WT Scn8a, this result 

may also reflect that our protein extraction protocol enriches for membrane-bound proteins 

through an ultracentrifugation step. While the∇3 allele is not predicted to alter the structure of 

the Nav1.6 channel protein, the introduction of the negatively charged aspartate residue may 

impede integration of the channel in the plasma membrane. Therefore, it may be worthwhile to 

examine if surface expression of Δ9 and ∇3 Nav1.6 are altered, relative to WT.   

 

5.4.3 The contribution of Nav1.6 to the acoustic startle response and hearing 

One of the most striking phenotypes observed among the three Scn8a mutant lines was that 

heterozygous Scn8aΔ9/+ and Scn8a∇3/+ mutants lacked an acoustic startle, whereas Scn8aΔ35/+ 

mutants exhibited a startle response that was comparable to WT littermates (315). This 

phenotype was not due to hearing loss, as heterozygous mutants from each line exhibited 

comparable acoustic brainstem response (ABR) to their respective WT littermates (315). One 
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possibility is that the ablated acoustic startle is linked to altered activity of the dorsal cochlear 

nucleus, which is the terminal destination of the auditory nerve (333,334). Chen et al. reported 

that the hypomorphic Scn8amed-j/med-j and Scn8amed-jo/med-jo mutants exhibited significantly reduced 

spontaneous bursting activity in the dorsal cochlear nucleus relative to age-matched WT animals 

(335). While 51% of neurons from WT animals exhibited bursting activity, only 7% of neurons 

from Scn8amed-j/med-j and 0% from Scn8amed-jo/med-jo mutants demonstrated bursting (335). In spite of 

altered bursting patterns, Scn8amed-j/med-j homozygous mutants were previously confirmed to have 

comparable ABR thresholds to WT littermates, though it is unclear whether med-j or med-jo 

mutant mice exhibit altered acoustic startle (336). Given that elevated spontaneous activity in the 

dorsal cochlear nucleus is associated with tinnitus, or a persistent ringing in ears, reduced 

bursting may impair auditory responses (334,335,337). Altogether, it would be interesting to 

examine bursting patterns in the dorsal cochlear nucleus of Δ9, ∇3, or Δ35 mutant mice, to 

compare whether hypomorphic or null animals exhibit reduced activity relative to WT 

littermates. 

 

5.5 Conclusions 

The studies described in this dissertation contribute toward two ongoing research goals: (1) to 

provide a more comprehensive analysis of SCN1A transcriptional regulation, especially in GINs, 

and (2) deepen our understanding of how Nav1.6 mutations effect diverse clinical phenotypes. 

Furthermore, the mRNA-seq and ATAC-seq data reported in Chapter 3 represent a valuable 

resource for examining pathways related to human GIN differentiation, as well as novel targets 

for the treatment of GIN-derived disorders. Altogether, these studies may contribute to improved 

development of future therapeutic strategies in patients with SCN1A- or SCN8A-derived disease. 
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APPENDIX A: Supporting data for Chapter 2 
 
 

 

Figure A1. Transcription factors with predicted binding in FGE2 do not significantly alter 
SCN1A expression. SH-SY5Y cells were individually transfected with plasmid vectors that 
constitutively express the transcription factors Pbx3, MEF2A, or FRA2 (162-164).  qRT-PCR 
results are normalized to ACTB, and expression is presented as fold change relative to SH-SY5Y 
cells transfected with an EGFP expression vector (n=2). Mean + SEM. 
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Table A1. Data accessions from the UCSC ENCODE and NCBI GEO databases used to 
identify putative functional genome elements (FGEs). Related to Figures 2.1-2.2. 

Source Type Data Type Database Accession 
Medulloblastoma Primary tissue ATAC-seq GEO GSE92584 

Hippocampus Primary tissue ChIP-seq: H3K27ac GEO GSE40465 
Cerebellum Primary tissue ChIP-seq: H3K27ac GEO GSE40465 
SH-SY5Y Cell line ChIP-seq: H3K27ac GEO GSE65664 

BE2_C Cell line ChIP-seq: H3K27ac GEO GSE65664 
Cerebellum Primary tissue ChIP-seq: H3K27ac GEO GSE67978 

Hippocampus Primary tissue ChIP-seq: H3K27ac GEO GSE72468 
Hippocampus Primary tissue ChIP-seq: H3K4me1 GEO GSE72468 
Hippocampus Primary tissue ChIP-seq: H3K4me3 GEO GSE72468 

SH-SY5Y Cell line ChIP-seq: H3K27ac GEO GSE80197 
SH-SY5Y Cell line ChIP-seq: H3K4me1 GEO GSE80197 
SH-SY5Y Cell line ChIP-seq: H3K4me3 GEO GSE80197 

NPCs Cell line ChIP-seq: FOXP1 GEO GSE62718 
SH-SY5Y Cell line ChIP-seq: GATA3 GEO GSE65664 

BE2_C Cell line ChIP-seq: GATA3 GEO GSE65664 
Glioblastoma Cell line ChIP-seq: KLF9 GEO GSE62211 

SK-N-SH Cell line ChIP-seq: MAML3 GEO GSE69119 
SH-SY5Y Cell line ChIP-seq: MAML3 GEO GSE69119 

BE2_C Cell line ChIP-seq: MYCN GEO GSE72640 
D283 Cell line ChIP-seq: NEUROD1 GEO GSE92584 
D341 Cell line ChIP-seq: NEUROD1 GEO GSE92584 

SH-SY5Y Cell line ChIP-seq: PHF8 GEO GSE20673 
SH-SY5Y Cell line ChIP-seq: ZNF711 GEO GSE20673 
SK-N-SH Cell line ChIP-seq: RAD21 GEO GSE76815 
SK-N-SH Cell line ChIP-seq: RARA GEO GSE69119 
SH-SY5Y Cell line ChIP-seq: RARA GEO GSE69119 

DAOY Cell line ChIP-seq: ZFX GEO GSE45394 
Fetal brain tissue Primary tissue ChIP-seq: H3K4me1 GEO GSE78688 
Fetal brain tissue Primary tissue ChIP-seq: H3K4me3 GEO GSE78688 
Fetal brain tissue Primary tissue ChIP-seq: H3K27ac GEO GSE78688 

Cerebellum Primary tissue DNAse-seq ENCODE --- 
Cerebrum Primary tissue DNAse-seq ENCODE --- 

Frontal cortex Primary tissue DNAse-seq ENCODE --- 
Frontal cortex Primary tissue FAIRE-seq ENCODE --- 
Glioblastoma Primary tissue DNAse-seq ENCODE --- 
Glioblastoma Primary tissue FAIRE-seq ENCODE --- 

Medulloblastoma Primary tissue DNAse-seq ENCODE --- 
Medulloblastoma Primary tissue FAIRE-seq ENCODE --- 

SK-N-SH Cell line DNAse-seq ENCODE --- 
SK-N-SH Cell line ChIP-seq: H3K4me3 ENCODE --- 
SK-N-SH Cell line ChIP-seq: H3K36me3 ENCODE --- 
SK-N-MC Cell line DNAse-seq ENCODE --- 
SK-N-MC Cell line ChIP-seq: H3K4me3 ENCODE --- 

BE2_C Cell line DNAse-seq ENCODE --- 
SK-N-SH Cell line ChIP-seq: CHD2 ENCODE --- 
BE2_C Cell line ChIP-seq: CTCF ENCODE --- 

Cerebellum Primary tissue ChIP-seq: CTCF ENCODE --- 
SK-N-SH Cell line ChIP-seq: ELF1 ENCODE --- 
SK-N-SH Cell line ChIP-seq: FOXM1 ENCODE --- 
SK-N-MC Cell line ChIP-seq: FOXP2 ENCODE --- 
SK-N-SH Cell line ChIP-seq: FRA2 ENCODE --- 
SK-N-SH Cell line ChIP-seq: GABPA ENCODE --- 
SK-N-SH Cell line ChIP-seq: GATA3 ENCODE --- 
SK-N-SH Cell line ChIP-seq: IRF3 ENCODE --- 
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Source Type Data Type Database Accession 
SK-N-SH Cell line ChIP-seq: JUND ENCODE --- 
SK-N-SH Cell line ChIP-seq: MAX ENCODE --- 
SK-N-SH Cell line ChIP-seq: MEF2A ENCODE --- 
SK-N-SH Cell line ChIP-seq: MXI1 ENCODE --- 
SK-N-SH Cell line ChIP-seq: NFIC ENCODE --- 
SK-N-SH Cell line ChIP-seq: NRF1 ENCODE --- 
SK-N-SH Cell line ChIP-seq: P300 ENCODE --- 
SK-N-SH Cell line ChIP-seq: PBX3 ENCODE --- 
SK-N-SH Cell line ChIP-seq: RAD21 ENCODE --- 
SK-N-SH Cell line ChIP-seq: REST ENCODE --- 
SK-N-SH Cell line ChIP-seq: RFX5 ENCODE --- 
SK-N-SH Cell line ChIP-seq: SIN3A ENCODE --- 
SK-N-SH Cell line ChIP-seq: SMC3 ENCODE --- 
SK-N-SH Cell line ChIP-seq: TAF1 ENCODE --- 
SK-N-SH Cell line ChIP-seq: TCF12 ENCODE --- 
SK-N-SH Cell line ChIP-seq: TEAD4 ENCODE --- 
SK-N-SH Cell line ChIP-seq: USF1 ENCODE --- 
SK-N-SH Cell line ChIP-seq: USF2 ENCODE --- 
SK-N-SH Cell line ChIP-seq: YY1 ENCODE --- 
SK-N-SH Cell line ChIP-seq: ZBTB33 ENCODE --- 
SH-SY5Y Cell line ChIP-seq: GATA2 ENCODE --- 
SK-N-SH Cell line ChIP-seq: NRSF ENCODE --- 
SK-N-SH Cell line ChIP-seq: CTCF ENCODE --- 
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Table A2. Coordinates and annotations of FGEs in the SCN1A locus. Related to Figures 2.1-
2.2. Dashes (---) indicate there was no detectable transcription factor (TF) binding at the FGE 
listed from the ChIP-seq data sets detailed in Table A1. 
 

 Open Chromatin Marker(s) TF Binding Coordinates (hg19) Size (bp) Location 
FGE1 FAIRE-seq GATA3 166,873,787 - 166,874,095 308 Intron 18 
FGE2 FAIRE-seq FRA2, MEF2A, PBX3 166,898,882 - 166,899,935 1053 Intron 13 
FGE3 FAIRE-seq, DNase-seq, ATAC-seq CTCF, NFIC, PBX3, RAD21 166,913,884 - 166,914,907 1014 Intron 4 

FGE4 DNase-seq, ATAC-seq, H3K4me3 
ChIP-seq GATA2, GATA3, MAML3 166,926,760 - 166,928,010 238 Intron 2 

FGE5 DNase-seq, H3K4me1, H3K4me3, 
H3K27ac ChIP-seq GATA2, GATA3, MAML3 166,930,205 - 166,931,219 2279 5 ′-UTR 

FGE6 DNase-seq GATA3 166,943,280 - 166,943,518 526 5 ′-UTR 

FGE7 FAIRE-seq, DNase-seq, H3K4me3 
ChIP-seq OLIG2 166,946,845 - 166,949,124 1922 5 ′-UTR 

FGE8 FAIRE-seq, DNase-seq CTCF, RAD21, SMC3 166,962,872 - 166,963,398 1398 5 ′-UTR 

FGE9 ATAC-seq, H3K4me1, H3K4me3, 
H3K27ac ChIP-seq OLIG2 166,981,775 - 166,983,697 2240 5 ′-UTR 

FGE10 FAIRE-seq, DNase-seq, H3K4me3, 
H3K27ac ChIP-seq 

CTCF, OLIG2, RAD21, 
SMC3 166,983,840 - 166,985,238 409 5 ′-UTR 

FGE11 FAIRE-seq, ATAC-seq NRSF 167,004,493 - 167,006,733 223 5 ′-UTR 
FGE12 FAIRE-seq NFIC 167,016,348 - 167,016,757 527 Upstream 
FGE13 FAIRE-seq, DNase-seq FOXP2 167,024,047 - 167,024,270 512 Upstream 

FGE14 FAIRE-seq, DNase-seq, H3K27ac 
ChIP-seq 

CTCF, FRA2, JUND, P300, 
PBX3 167,026,790 - 167,027,317 1592 Upstream 

FGE15 DNase-seq P300, PBX3 167,027,660 - 167,028,172 448 Upstream 
FGE16 DNase-seq OLIG2 167,029,617 - 167,031,209 1592 Upstream 

FGE17 FAIRE-seq, DNase-seq, H3K4me3 
ChIP-seq CTCF, RAD21 167,035,694 - 167,036,142 448 Upstream 

FGE18 FAIRE-seq, DNase-seq --- 166,837,258 - 166,837,341 83 Downstream 
FGE19 FAIRE-seq, DNase-seq --- 166,884,750-166,884,780 30 Intron 18 
FGE20 H3K4me3, H3K27ac ChIP-seq --- 166,894,657-166,895,293 636 Intron 16 
FGE21 FAIRE-seq, DNase-seq --- 166,928,910-166,929,109 199 Intron 3 

FGE22 FAIRE-seq, DNase-seq, H3K4me1 
ChIP-seq --- 166,937,563-166,938,119 556 5 ′-UTR 

FGE23 DNase-seq, H3K27ac ChIP-seq --- 16,6940,692-166,941,192 500 5 ′-UTR 

FGE24 H3K4me1, H3K4me3, H3K27ac 
ChIP-seq --- 166,959,544-166,960,098 554 5 ′-UTR 

FGE25 H3K4me3, H3K27ac ChIP-seq --- 166,974,919-166,975,419 500 5 ′-UTR 
FGE26 FAIRE-seq, H3K27ac ChIP-seq --- 166,976,143-166,976,923 780 5 ′-UTR 
FGE27 FAIRE-seq, DNase-seq --- 167,043,303-167,043,349 46 Downstream 
FGE28 DNase-seq, H3K27ac ChIP-seq --- 166,994,720-166,995,388 668 5 ′-UTR 
FGE29 FAIRE-seq, DNase-seq, ATAC-seq --- 166,989,665-166,991,397 1732 5 ′-UTR 
FGE30 FAIRE-seq, H3K27ac ChIP-seq --- 167,011,500-167,012,396 896 Upstream 
FGE31 FAIRE-seq, DNase-seq --- 167,018,260-167,018,410 150 Upstream 

FGE32 FAIRE-seq, DNase-seq, H3K4me3, 
H3K27ac ChIP-seq --- 167,037,608-167,038,408 800 Upstream 
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Table A3. List of primer sequences for molecular cloning and quantitative real-time PCR 
(qRT-PCR). Related to Figures 2.2-2.5, Figure A1.  

 

  

Insert Forward Primer (5′-3′) Reverse Primer (5′-3′) Length (bp) 5′ Tags Template 
SCN1A (1B) Promoter ACTCTCGAGTAAGTGTGTTAGATGGC TCACTCGAGGCACCAGAGACCTCTGC 1084 SacI/XhoI gDNA 

TK Promoter CTTCGAGCTGGCCGGTACCTGAGTCT CTCGAGCCAACAGTACCGGATTGCCA 557 XhoI pGL4.54[luc2/TK] 
Gateway Cloning Cassette CGAAGCGAGCTCCATCCACGCTGTTTTGACCT CGAAGCGAGCTCCTATGACGTCGCATGCACG 1845 SacI pDEST26 

FGE1 CACCTGGGTGATGAAATGTTGCTCAC TCTGGGTCCATATCTAGTTGCC 657 Gateway gDNA 
FGE2 CACCCTTTGTTGAGCATCCGTGGC ACGTGGAAAGAACTTGACCTTCT 1677 Gateway gDNA 

FGE2-A CACCAGTCTCCTGCACAAACCTGA GTTTAGAAATTCCTCATCTGAGTA 448 Gateway gDNA 
FGE2-B CACCAGATGCTGCCTCTTCTTAGA TGTTAGAATGCTGGCTATACTCA 746 Gateway gDNA 

FGE2-A-Δ1 CACCCTATATACCCACACTGAAT GTTTAGAAATTCCTCATCTGAGTA 357 Gateway gDNA 
FGE2-A-Δ2 CACCATGTAATAAATCTTTCC GTTTAGAAATTCCTCATCTGAGTA 265 Gateway gDNA 
FGE2-A-Δ3 CACCCTCCTAGTACTCATATTTT GTTTAGAAATTCCTCATCTGAGTA 167 Gateway gDNA 
FGE2-A-Δ4 CACCACAGACAGATAAAATAATTG GTTTAGAAATTCCTCATCTGAGTA 81 Gateway gDNA 

FGE3 CACCTGGTGTAGAATTTTCAGTGAGCA AGGCCACTTATCTGCAATATTGT 1334 Gateway gDNA 
FGE4 CACCTCAGTTGACAGTGGTACTAGGA CTCAATCATGTGTTCTAAGCACA 1309 Gateway gDNA 
FGE5 CACCACTTGAGTCCTCCCTTCTTTTGA GCGTCTTTCAATAGCCGCAA 1392 Gateway gDNA 

FGE6 (rs11890028) CACCGGATCCACCCATGACCCAAA TGCTTCCCAACCTGTCAGAA 476 Gateway gDNA 
FGE7 CACCGGCTGAGTTGGCACCTATCA TGAGCCATTGTATCCAGCAAGA 2582 Gateway gDNA 
FGE8 CACCCCTCTTAGCTCTCTTTGGTAGC AGCTAAGGTAGAGGACTCAAAGA 622 Gateway gDNA 
FGE9 CACCTGCCAACTCCTATTGAGCCAC GCAAGAGGGGGCATGTAAAC 648 Gateway gDNA 
FGE12 CACCTTCTTAGGATGATGATGTGGCTT TGTGGATAATTGAAGGTCTGGGA 596 Gateway gDNA 
FGE13 CACCTCTTTTCAACTAAGTCTTCCCCA TCCTCCACTTATGAACAGTTCCA 385 Gateway gDNA 
FGE14 CACCAGACAAGTATATATTCAGCGGCT TATGCTCGCTACTGGAATGC 650 Gateway gDNA 
FGE15 CACCGCAATGAACTGGGAACTGGG TGGGCTAAGTAGTAAGAAGACCC 663 Gateway gDNA 
FGE16 CACCGGGCCTAGTTTAATCCAATCTCC CCCGAAGTAAAATCAGTTGGCA 1656 Gateway gDNA 
FGE17 CACCAGGGTCCAAAGTAACCAATGTGA AACAATTCGGGGTGAGGAGA 557 Gateway gDNA 

FGE17-A CACCAGGGTCCAAAGTAACCAATGTGA CCCCAAAAAAACTACGTTTCTCTTTTT 310 Gateway gDNA 
FGE17-B CACCATGTAAGTTTTTAAAATTCTTT AACAATTCGGGGTGAGGAGA 243 Gateway gDNA 

FGE17-Δ1 CACCAAAATATTACTTCTTTTTCATTGT AACAATTCGGGGTGAGGAGA 357 Gateway gDNA 
FGE17-Δ2 CACCGGGGATGTAAGTTTTTA AACAATTCGGGGTGAGGAGA 247 Gateway gDNA 
FGE17-Δ3 CACCTCAGTACGAGTCAAAAAG AACAATTCGGGGTGAGGAGA 139 Gateway gDNA 
FGE17-Δ4 CACCTCTTCACTGAGAATTTTAC AACAATTCGGGGTGAGGAGA 75 Gateway gDNA 

FGE18 CACCAGAGTGCATACCATACCTGTAAAGA ACAGATTTAAAATGGCAAGCTCA 191 Gateway gDNA 
FGE19 CACCTGCATTTTGGTTTCTAGCTTGGG CGATAGGTCACACATAAACTTCTGT 176 Gateway gDNA 

FGE20 (rs6732655) CACCTCAGGGCTCAGTATGATGTTAC ACTTGAAAACTCGCAGCTGG 691 Gateway gDNA 
FGE21 CACCACTTGGAAATACTTGGAAATCTCAAA TGAACGGTTGGATGCTTAACA 354 Gateway gDNA 
FGE22 CACCAAGTTGTGGATGCTGGGTGT TCGGGAGACTTTACAAGATCAGA 726 Gateway gDNA 
FGE23 CACCGCCATACAACCATGAGTCCTGAA GTCTATTCATCTTCCCCTTTCTCGA 601 Gateway gDNA 
FGE24 CACCACCCATTTCAGCTCTCACCT CGAGCTATTTTGTGGATAATGCA 682 Gateway gDNA 
FGE25 CACCCCCACTCCCCACAATGTCC TGCTATTCCACAGAGATTTCAGGA 754 Gateway gDNA 
FGE26 CACCAATGGCTAAATAAATCATAGTCTAGGC ATTCGTGCTGAGTTCTAAAGAGA 973 Gateway gDNA 
FGE27 CACCGGGCCGTGATCCTAGCTC ACTTATTTTGCCTGCCTGTCA 195 Gateway gDNA 
FGE28 CACCTGCTTTGCAGGGTACAGA CCCATTTTCTGAGGAGAAAGTAGCTG 674 Gateway gDNA 
FGE29 CACCCCTCCTGTGGCAATAGATATGGA AGGCTTTTCTTAACTCACCACA 1818 Gateway gDNA 
FGE30 CACCGAAAGGACTGAGGATGGAATGG ACACAGATGAGGTCCTCTAGC 993 Gateway gDNA 
FGE31 CACCTGCAAGCCATAATACTATTAATTGGT TGTGAATTTTCTAGTTTCCAGTACAAC 223 Gateway gDNA 
FGE32 CACCTAGAGGGTTTGACTTTGGT ATATATGCTCAAGGGCCGGC 919 Gateway gDNA 

F16 Enhancer CACCGTGGAATCATGAGAGAAGCGTG CGAACTCCTGACCTCAAGTGA 903 Gateway gDNA 
rs12987787 CACCGGATCAAAGTTTGGGGAATGACA TCTTAGAGACCCAGTAGTGAAAAC 278 Gateway gDNA 

SCN1A (qRT-PCR) CGTTCATTTCGATTGCTGCGA GACGATGATGGCCAAGACGA 129 --- cDNA 
ACTB (qRT-PCR) AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG 184 --- cDNA 
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APPENDIX B: Supporting data for Chapter 3 
 
 
 

 
Figure B1. Neural progenitor cells (NPCs) emerge after 22 days of differentiation. (A-B) 
Representative immunostaining images of (A) HC1- and (B) HC2-derived cells at 22 days post-
differentiation (D22, scale bars: 20 µm). (C) >90% of cells from both the HC1 and HC2 lines 
express the neural progenitor markers, NESTIN and NKX2.1, by D22 (n=5). Mean + SEM. 
 
 

  
 
Figure B2. The genomic distribution of ATAC-seq peaks is comparable between the HC1 
and HC2 lines at each stage of GABAergic interneuron (GIN) differentiation. The majority 
of peaks fall within 3 kb of the transcription start site (TSS + 3kb), introns, or intergenic regions, 
although there is a significant shift in peak distribution from D22 to D78. There is no significant 
change in distribution of peaks within the 5′- or 3′-untranslated regions (UTRs), exons, or 
transcription end sites (TESs). Asterisks (*) denote statistical comparisons to D22 in HC1, while 
pound signs (#) denote statistical comparisons to D22 in HC2. Mean + SD. * p < 0.05, ## p < 0.01, 
*** p < 0.001, ****/#### p < 0.0001. 
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Figure B3. Differentially expressed genes (DEGs) exhibit consistent expression patterns 
between HC1 and HC2 cell lines. Related to Figures 3.5 & 3.8. Additional validation of DEGs 
identified by RNA-seq reveals comparable trends in expression between HC1 and HC2 cells across 
GIN differentiation. qRT-PCR results are normalized to ACTB, and expression is presented as fold 
change (FC) relative to D22 (n=3). DESeq2-normalized RNA-seq results are presented in the 
corner of each panel, relative to D22 (n=2-3). Asterisks (*) denote statistical comparisons to D22 
in HC1, while pound signs (#) denote statistical comparisons to D22 in HC2. Mean + SEM. */# p 
< 0.05, **/## p < 0.01, ***/### p < 0.001, ****/#### p < 0.0001. 
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Figure B4. Transcription factor motifs enriched in +A DARs with increased accessibility 
over GIN differentiation exhibit discernable footprints. Related to Figure 3.6. Sequence logos 
derived from the HOCOMOCO TF binding model database (213). Row titles denote relevant TF 
families. 
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Figure B5. Transcription factor motifs enriched in -A DARs with decreased accessibility over 
GIN differentiation exhibit discernable footprints. Related to Figure 3.6. Sequence logos 
derived from the HOCOMOCO TF binding model database (213). Row titles denote relevant TF 
families. 
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Figure B6. Transcription factors enriched in +A DARs are predicted to interact with 198 
genes that are differentially expressed in the dorsolateral prefrontal cortex of schizophrenia 
patients. Transcription factors are denoted by green diamonds, while predicted target genes are 
denoted by circles (218). Circle colors denote the log2 fold change (FC) in gene expression between 
D78 and D22 from RNA-seq in HC1 cells (blue: downregulated, red: upregulated). 
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Figure B7. Overview of comparisons between DEGs associated with GIN differentiation and 
the schizophrenia dorsolateral prefrontal cortex. Related to Figure 3.8. (A) Summary of 
comparisons between differentially expressed genes identified in the dorsolateral prefrontal cortex 
of schizophrenia patients (Scz DLPFC) by Fromer et al. and the 4,840 DEGs between D78 and 
D22 identified in this study (218). Arrows denote the subsets of genes within each group used for 
further analysis. (B-C) Venn diagram comparisons of whether the DEGs denoted in (A) exhibit 
DARs. 
 
 
  

0 50 100 150 200 250

Undetectable in GINs

Downregulated in GINs

Upregulated in GINs

Constant in GINs

# Genes

238

18

21

Upregulated in 
Scz DLPFC
(332 Genes)

55

0 50 100 150 200 250

Undetectable in GINs

Downregulated in GINs

Upregulated in GINs

Constant in GINs

# Genes

223

Downregulated in 
Scz DLPFC
(361 Genes)

65

42

31

Downregulated in Scz DLPFC, Upregulated in GINs
Decreased 

Accessibility
Increased 

Accessibility

No DARs

1 143

0
0 0

(A) (B)

47

Decreased 
Accessibility

Increased 
Accessibility

No DARs

2 32

0
0 0

(D)

11

(C)

Upregulated in Scz DLPFC, Downregulated in GINs



 

 158 

Table B1. List of primer sequences for quantitative real-time PCR (qRT-PCR) analyses. 
Related to Figures 3.2 and B3. "Annealing Temperature" denotes the optimal annealing 
temperature to achieve 90-100% amplification efficiency for a given primer pair. Primers for 
SCN1A were initially generated by Frasier et al (338). 
 

Gene-Primer Direction Sequence (5′-3′) Annealing Temperature (°C) 

SCN1A* 
Forward ATGGCCATGGAGCACTATCC 58 
Reverse CTACCAGGCTAAGCGTCACA 

ACTB 
Forward AGAGCTACGAGCTGCCTGAC 58 
Reverse AGCACTGTGTTGGCGTACAG 

SLC6A1 
Forward CACTACCAACATGACCAGCG 60 
Reverse GTAGACCACCTTTCCAGTCCA 

NEUROD1 
Forward CACTCAAGCAGGACTCCTCG 60 
Reverse GGTCGTGGTGAAGGTGCATA 

DLX3 
Forward ACGCAGACACAGGTGAAAATC 58 
Reverse AGTGGAGTGGGAAGAGGTGT 

CHL1 
Forward TCCCCAGTTGACAATCATCCA 58 
Reverse TGTACCCAACCACTGTAGCG 

CPLX2 
Forward GCAGATCCGAGATAAGTATGGGC 58 
Reverse CTTGAACATGTCCTGCAGCG 

B3GAT2 
Forward TTCCAGGAGATGCGAACCAC 58 
Reverse CTGGGATCCACGACGCTTAA 

TRPC4 
Forward AACAATAGGGAGGCGAGCTG 58 
Reverse ATCCCAGGACTTCAAAGCGG 
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Table B2. List of the 10 most significant biological process gene ontology (GO) pathways 
identified by gene set enrichment analysis (GSEA). Related to Figure 3.3. “Size” denotes the 
number of genes within each gene set (NES: normalized enrichment score; FDR: false discovery 
rate, relative to D22). 
 

ID Description Size D50: NES D50: FDR D78: NES D78: FDR 
GO:0099504 synaptic vesicle cycle 189 1.5756013 <0.0001 1.5959315 0.001415 
GO:0099003 vesicle-mediated transport in synapse 197 1.5349153 0.002390 1.5796325 0.003023 
GO:0050808 synapse organization 370 1.5101421 0.006931 1.5545511 0.009122 
GO:0017156 calcium-ion regulated exocytosis 145 1.5600656 0.000421 1.5560323 0.009335 
GO:0051648 vesicle localization 298 1.5365695 0.003698 1.5354764 0.017118 
GO:0061025 membrane fusion 127 1.4818105 0.023036 1.5280914 0.018965 
GO:0007214 GABA signaling pathway 24 1.4254581 0.006650 1.39878299 0.029075 
GO:0051932 GABAergic synaptic transmission 45 1.4731138 0.000750 1.4236231 0.038050 
GO:0050890 cognition 263 1.5298067 0.002420 1.6382539 <0.0001 
GO:0099177 regulation of trans-synaptic signaling 398 1.5351434 0.002773 1.696722 <0.0001 
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APPENDIX C: Supporting data for Chapter 4 
 
 

C.1 Supporting materials and methods 

 
C.1.1 Open field test and novel object recognition 

The open field test was performed on Day 1 of the novel object recognition paradigm. Mice were 

individually placed in the corner of an opaque 61 x 61 x 61 cm3 Plexiglas box and given 10 min 

to explore. The time spent in the center of the apparatus, distance travelled, and speed were 

recorded. On Days 2-3, two identical objects (either transparent cubes or brown cylinders) were 

placed in the center of the box. Objects were alternated, such that half of the mice received cubes 

and half received cylinders. On Day 4, one object was replaced with its counterpart; a cylinder 

for a cube or vice versa. To account for position bias, the location of this “novel” object on the 

left or right side of the chamber was also alternated. The amount of time spent interacting with 

the “novel” vs. “familiar” object was recorded. Novel object preference was calculated as the 

percentage of time spent interacting with the “novel” object, out of the total time spent 

interacting with either the “novel” or “familiar” objects. Mice that spent less than a total of 10 s 

interacting with the objects were excluded from analysis.  

 

C.1.2 Three-chamber social interaction 

Mice were individually placed in the center of an opaque Plexiglas box, which was equally 

divided into three 20 x 40 x 22 cm3 accessible chambers. The left and right chambers of the box 

contained two identical wire cages. Mice were observed during three 10-min trials on the same 

day. In Trial 1, both wire cages were empty, and the test mouse was allowed to explore the entire 

apparatus. In Trial 2, an age-matched C57BL/6J male was placed into one of the two wire cages. 



 

 161 

Time interacting with this “stranger” mouse vs. the empty cage was recorded as a metric of 

sociability. In Trial 3, a new, age-matched “stranger” C57BL/6J male was placed into the other 

wire cage. Time interacting with either the first (now “familiar”) mouse from Trial 2, or the new 

“stranger” mouse introduced in Trial 3 was recorded, as a metric of social novelty. The 

placement of the “familiar” or “stranger” mice in the left/right wire cage was alternated between 

experimental mice, but not between trials. Mice that did not enter both the left/right chambers or 

spent less than a total of 10 s interacting were excluded from analysis. 

 

C.1.3 Reciprocal social interaction 

Pairs of heterozygous mutant mice from separate home cages were placed into a novel clean 

cage and given 10 min to interact. Total time spent by either mouse performing social behaviors 

(sniffing, grooming, etc.) was recorded. This task was repeated with pairs of WT littermates, 

again from separate home cages.  
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C.2 Supporting figures and tables 

 

 
 

Figure C1. Scn8a Δ9/Δ9, Scn8a ∇3/∇3, and Scn8a Δ35/Δ35 homozygous mutants are born in the 
predicted Mendelian ratio. 
 

 

 
 

Figure C2. Representative anti-Nav1.6 immunoblots. The 260 kDa Nav1.6 band is outlined on 
each blot. 
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Figure C3. Female Scn8aΔ9/+, Scn8a∇3/+, and Scn8aΔ35/+ heterozygous mutants are resistant to 
induced seizures. (A-C) Female Scn8a Δ9/+, Scn8a ∇3/+, and Scn8a Δ35/+ mutants are more 
resistant to 6 Hz seizures at a current of 27 mA compared to WT littermates. Sample sizes per 
line, where m denotes a mutant allele: Δ9 (WT: n = 8, m/+: n = 7, from seven litters), ∇3 (WT: n 
= 7, m/+: n = 5, from six litters), Δ35 (WT: n = 5, m/+: n = 6, from seven litters). (D-F) 
Female Scn8a Δ9/+, Scn8a ∇3/+, and Scn8a Δ35/+ mutants demonstrate increased latencies to the 
flurothyl‐induced myoclonic jerk (MJ) and first generalized tonic‐clonic seizure (GTCS) relative 
to WT littermates. Sample sizes per line: Δ9 (WT: n = 12, m/+: n = 10, from five 
litters), ∇3 (WT: n = 16, m/+: n = 15, from four litters), Δ35 (WT: n = 11, m/+: n = 15, from 
seven litters). Mean ± SEM. **P < .01, ***P < .001, ****P < .0001 
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Figure C4. Representative click-test-evoked ABR waves. Heterozygous mutant mice and WT 
littermates from each line demonstrate comparable ABR thresholds, as indicated by the loss of 
ABR waveforms at similar stimulus intensities. Waves are presented in order of decreasing 
auditory stimulus intensity (90‐10 dB) in the ABR click test for (A-B) Scn8a Δ9/+ mutants and 
WT littermates, (C-D) Scn8a ∇3/+ mutants and WT littermates and, (E-F) Scn8a Δ35/+ mutants and 
WT littermates. Roman numerals denote ABR waves I, II, III and V. 
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Figure C5. Scn8aΔ9/+, Scn8a∇3/+, and Scn8aΔ35/+ heterozygous mutants exhibit normal ABR 
interpeak latencies. The interpeak latency, or the time between ABR wave peaks, is comparable 
between Scn8a Δ9/+, Scn8a ∇3/+, and Scn8a Δ35/+ mutants and their respective WT littermates. 
Sample sizes per line, where m denotes a mutant allele: Δ9 (WT: n = 5, m/+: n = 6, from three 
litters), ∇3 (WT: n = 3, m/+: n = 4, from two litters), Δ35 (WT: n = 3, m/+: n = 4, from three 
litters). Mean ± SEM. 
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Table C1. Scn8aΔ9/+ heterozygous mutants do not exhibit deficits in several behavioral 
paradigms. Male Scn8a Δ9/+ and WT littermates at the N4 generation aged 3‐5 months were 
tested in each assay. Sample sizes (from six to eight litters) and mean ± SEM listed. ns P > .05, 
*P < .05, **P < .01, ***P < .001 
 

  

 

Behavior Assay Metric Genotype n Mean SEM P Significance 

Anxiety/ 
Activity 

Open Field 
Test 

Time in Center (s) 
WT 13 31.46 4.676 

0.7110 ns Δ9/+ 12 28.84 5.213 

Distance 
Travelled (m) 

WT 13 42.66 2.95 
0.1371 ns Δ9/+ 12 36.17 3.003 

Speed (m/s) 
WT 13 0.07115 0.06025 

0.1348 ns 
Δ9/+ 12 0.004931 0.005008 

Learning/ 
Memory 

Novel Object 
Recognition 

Novel Object 
Preference  

(% Time with 
Novel Object) 

WT 11 64.46 5.456 0.0243 * 

Δ9/+ 7 68.82 4.859 0.0082 ** 

Social 
Interaction 

Three-
Chamber 

Social 
Interaction 

Sociability 
(% Time with 

Familiar Mouse in 
Trial 2) 

WT 7 78.20 3.660 0.0003 *** 

Δ9/+ 14 64.82 3.701 0.0015 ** 

Social Novelty 
(% Time with 

Stranger Mouse 
in Trial 3) 

WT 7 54.52 3.904 0.2912 ns 

Δ9/+ 14 58.63 2.999 0.0130 * 

Reciprocal 
Social 

Interaction 

Total Interaction 
Time (s) 

WT 6 21.35 4.660 
0.0287 * Δ9/+ 10 45.23 6.979 

Latency to 
Interaction (s) 

WT 6 102.8 38.29 
0.0784 ns Δ9/+ 10 41.43 11.02 

 
Table S1. Scn8aΔ9/+ heterozygous mutants do not exhibit deficits in several behavioral paradigms. Male 
Scn8aΔ9/+ and WT littermates at the N4 generation aged 3-5 months were tested in each assay. Sample sizes 
(from six to eight litters) and mean ± SEM listed. ns P > .05, * P  < .05, ** P < .01, *** P  < .001. 
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Table C2. Scn8a∇3/+ heterozygous mutants do not exhibit deficits in several behavioral 
paradigms. Male Scn8a∇3/+ and WT littermates at the N4 generation aged 3‐5 months were 
tested in each assay. Sample sizes (from four litters) and mean ± SEM listed. ns P > .05, 
*P <0.05, **P < .01 
 

  

 
 

Behavior Assay Metric Genotype n Mean SEM P Significance 

Anxiety/ 
Activity 

Open Field 
Test 

Time in Center (s) 
WT 8 53.38 7.855 

0.2439 ns ∇3/+ 12 42.30 5.398 

Distance 
Travelled (m) 

WT 8 110.1 25.29 
0.2654 ns ∇3/+ 12 81.66 11.32 

Speed (m/s) 
WT 8 0.1836 0.04211 

0.2629 ns 
∇3/+ 12 0.1361 0.01885 

Learning/ 
Memory 

Novel Object 
Recognition 

Novel Object 
Preference  

(% Time with 
Novel Object) 

WT 5 62.62 2.607 0.0084 ** 

∇3/+ 9 61.00 4.601 0.0437 * 

Social 
Interaction 

Reciprocal 
Social 

Interaction 

Total Interaction 
Time (s) 

WT 5 16.46 4.444 
0.0497 * ∇3/+ 5 61.08 18.80 

Latency to 
Interaction (s) 

WT 5 66.98 38.56 
0.2124 ns 

∇3/+ 5 14.54 3.268 

 
Table S2. Scn8a∇3/+ heterozygous mutants do not exhibit deficits in several behavioral paradigms. Male 
Scn8a∇3/+ and WT littermates at the N4 generation aged 3-5 months were tested in each assay. Sample sizes 
(from four litters) and mean ± SEM listed. ns P > 0.05, *P  < 0.05, **P  < .01. 
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Table C3. Scn8a Δ9, ∇3, and Δ35 heterozygous and homozygous mutant mice exhibit 
several phenotypic differences from WT littermates. Arrows denote a significant increase (↑) 
or decrease (↓) in the parameter listed, relative to WT littermates. “ns” denotes no significant 
difference from WT littermates, while dashes (‐‐‐) indicate phenotypes that were not assessed in 
the genotype listed. 
 
 
 

  

  Δ9/+ ∇3/+ Δ35/+ Δ9/Δ9 ∇3/∇3 Δ35/Δ35 

% survival to P90 100% 85-90% 100% 15-20% 0% 0% 

Reciprocal social interaction ↑ ↑ --- --- --- --- 

Rotarod performance ↓ ↓ ns --- --- --- 

Grip strength ns ↓ ns --- --- --- 

Acoustic startle response ↓ ↓ ns --- --- --- 

Auditory brainstem response ns ns ns --- --- --- 
Nerve conduction velocity ns ns ns ↓ ↓ ns 

 
Table S3. Scn8a Δ9, ∇3, and Δ35 heterozygous and homozygous mutant mice exhibit several phenotypic 
differences from WT littermates. Arrows denote a significant increase (↑) or decrease (↓) in the parameter 
listed, relative to WT littermates. “ns” denotes no significant difference from WT littermates, while dashes (---) 
indicate phenotypes that were not assessed in the genotype listed.  
 


