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Abstract 

Voltage-gated Sodium Channels as Modifiers of Scn1a-derived Epilepsy 
 

By Tyra A. Lamar 

Mutations in the brain expressed voltage-gated sodium channels (SCN1A, SCN2A, 
SCN3A, and SCN8A) are responsible for an increasing number of epilepsy disorders. The 
most clinically important of these VGSCs is SCN1A, which is responsible for a spectrum 
of disorders ranging from genetic epilepsy with febrile seizures plus (GEFS+) to the 
severe encephalopathy Dravet syndrome (DS). One hallmark of SCN1A disorders is the 
clinical heterogeneity observed. Within a single GEFS+ pedigree, for example, the 
phenotype may range from mild febrile seizures to DS. This phenotypic heterogeneity 
suggests the presence of additional environmental or genetic factors that can influence the 
phenotype. One such factor is a genetic modifier, an independently segregating gene that 
can alter the expression of the disease gene. Identifying and investigating candidate 
modifier genes may improve our understanding of the complex etiology of epilepsy and 
provide additional gene targets for therapeutic intervention. The goal of this dissertation 
was to investigate the role of the VGSC genes SCN3A and SCN9A, as epilepsy genes and 
as candidate modifiers for SCN1A-derived epilepsy. In Chapter 2, we reported a novel, 
trafficking-deficient SCN3A mutation in a patient with partial epilepsy, providing further 
evidence that SCN3A deficiency results in increased seizure risk. We then demonstrated 
that partial loss of Scn3a expression is sufficient to increase seizure susceptibility and 
produce motor deficits in a hypomorphic mouse line. In Chapter 3, we determined that 
partial loss of Scn3a increases susceptibility to flurothyl-induced seizures but does not 
alter survival or the behavioral characteristics of a GEFS+ mouse model. Furthermore, in 
Appendix B, we demonstrated that the presence of a Scn9a mutation does not increase 
the seizure susceptibility observed in the GEFS+ mouse model. In summary, the results 
of this dissertation provide greater insight into the role of Scn3a and Scn9a in epilepsy. 
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Chapter 1: Sodium Channels as Disease Genes and Genetic Modifiers in Mendelian 
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1.1 Introduction 

Epilepsy is one of the most common neurological diseases, affecting 3% of the 

worldwide population, and characterized by recurrent, unprovoked seizures. Although the 

definition of epilepsy suggests a single disorder, it is, in fact, a collection of 

heterogeneous disorders that vary in etiology, severity, and outcome. Currently, three 

main classifications have been proposed for epilepsy syndromes based on etiology: 

structural/metabolic (formerly symptomatic), genetic epilepsy (formerly idiopathic), and 

epilepsy of unknown cause (formerly cryptogenic) (Berg et al., 2010). While the 

delineation “epilepsy of unknown cause” is self-explanatory, the remaining two terms 

require further explanation. Structural/metabolic disorders are those in which epilepsy is 

secondary to an underlying disease or neurological insult, such as tuberous sclerosis or 

traumatic brain injury. Genetic epilepsy, which was historically classified as “idiopathic” 

by the International League Against Epilepsy (ILAE) if the cause was unknown yet 

presumed to be genetic (1989).   Within genetic epilepsy are many complex, polygenic 

syndromes, in which genetic and environmental factors interact to produce a 

heterogeneous phenotype (Hempelmann et al., 2006, Helbig, 2015). Much of our 

progress in gene discovery and insight into the mechanisms of epilepsy, however, have 

originated from studies of monogenic epilepsy syndromes, in which a single gene is 

primarily responsible for the disease phenotype. This introduction will be limited to 

discussion of such epilepsy syndromes. 

Although remarkable progress has been made in epilepsy gene discovery, there 

remains much to understand about the genetic architecture of epilepsy, even within the 

monogenic syndromes. One complication within families with monogenic epilepsy, such 
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as disorders caused by mutations in the voltage-gated sodium channel (VGSC) SCN1A, is 

the reduced penetrance of the mutation and variable expressivity of the disease phenotype 

that is frequently observed (Marini et al., 2003, Gokben et al., 2009, Depienne et al., 

2010, Suls et al., 2010, Mhanni et al., 2011). Reduced penetrance indicates that some 

individuals with the disease-causing mutation are asymptomatic, while variable 

expressivity means that individuals carrying the same mutation may have different 

clinical presentations. This phenotypic heterogeneity suggests the presence of additional 

environmental or genetic factors that can influence the phenotype.  

One such factor is a genetic modifier, a gene that usually segregates 

independently and can alter the expression of the disease gene. Identifying and 

investigating candidate modifier genes may improve our understanding of the complex 

etiology of epilepsy and provide additional gene targets for therapeutic intervention. 

Nevertheless, even when putative modifier genes are identified in patients, validating 

these discoveries can be challenging, due to the need for large sample sizes and the 

inability to parse out effects from other genetic or environmental risk factors. Genetic 

animal models allow us to screen candidate modifier genes, as well as to identify novel 

modifiers within a controlled biological system.  

The goal of this dissertation is to investigate the role of the VGSC genes SCN3A 

and SCN9A, as epilepsy genes and as candidate modifiers for SCN1A-derived epilepsy. 

This introduction will first provide a brief history of the genes implicated in epilepsy, 

then background on the structure, physiology, and distribution of VGSCs, followed by a 

more extensive discussion of the role of VGSCs in epilepsy. I will then discuss human 

and animal studies of genetic modifiers in epilepsy syndromes, with particular emphasis 
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on those derived from mutations in SCN1A. Finally, the specific aims of this dissertation 

will be introduced.  

1.2 The History of Gene Discovery in Monogenic Epilepsies 

The first evidence that epilepsy had a genetic component originated from studies 

that showed increased risk in the relatives of patients with epilepsy, and greater risk in 

monozygotic versus dizygotic twins (Lennox, 1951, Jennings and Bird, 1981, Annegers 

et al., 1982, Vadlamudi et al., 2004). Decades after these early epidemiological studies, 

the first identified inherited epilepsy gene, CHRNA4, encoding the α4 subunit of the 

neuronal acetylcholine receptor, was discovered in a family with benign neonatal familial 

convulsions and a patient with autosomal dominant nocturnal frontal lobe epilepsy (Beck 

et al., 1994, Steinlein et al., 1995).  For the next several years, linkage analysis studies of 

families with monogenic epilepsy syndromes yielded a number of mutations in ion 

channel genes, such as potassium channels, calcium channels, GABA receptors, and 

voltage-gated sodium channels (Singh et al., 1998, Wallace et al., 1998, Escayg et al., 

2000, Sugawara et al., 2001, Wallace et al., 2001, Chen et al., 2003). To date, more than 

1200 epilepsy mutations have been identified in the VGSCs, integral membrane proteins 

which initiate and propagate action potentials in excitable cells (Lossin, 2009, Meng et 

al., 2015). These initial gene discoveries lead to the hypothesis that epilepsy was a 

channelopathy, a disorder caused by dysfunction of ion channels (Ptacek, 1997, Biervert 

et al., 1998, Charlier et al., 1998, Wallace et al., 1998, Escayg et al., 2000, Hirose et al., 

2000, Claes et al., 2001, Escayg et al., 2001, Cossette et al., 2002, Robinson et al., 2002).  

Tremendous progress has since been made in the identification of epilepsy genes 

due to modern genetic technologies, and the types of genes implicated in epilepsy have 
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since expanded to include genes involved in cell signaling, migration, transport, and 

transcription (Myers and Mefford, 2015, Noebels, 2015, McTague et al., 2016). 

Approximately 40-70% of epilepsy syndromes are now thought to have a genetic basis, 

and it is now understood that most common genetic epilepsy syndromes are complex, 

polygenic disorders (Shorvon, 2011, Hildebrand et al., 2013). Mutations in ion channels 

are still primarily observed in the rare monogenic epilepsy disorders (Subaran and 

Greenberg, 2014). However, the study of ion channel mutations, particularly mutations in 

VGSCs, has been vital to our understanding of the etiology, diagnosis, and treatment of 

epilepsy syndromes. 

1.3 Voltage-gated sodium channels: Structure, Physiology, and Distribution 

1.3.A. Molecular Structure and Physiology 

 VGSCs are transmembrane proteins that mediate the influx of sodium ions (Na+) 

into cells in response to changes in the cellular membrane potential. These ion channels 

were first discovered by Hodgkin and Huxley while studying electrical signaling in giant 

squid axons (Hodgkin and Huxley, 1952c, d, b, a). VGSCs have since been shown to 

consist of a large (260 kDa) alpha subunit which can associate with one or two smaller 

(30-40 kDa) beta subunits (Hartshorne and Catterall, 1981). The alpha subunit is 

composed of four transmembrane domains linked as a single chain by large intracellular 

loops (Fig. 1.1).  

Each transmembrane domain is composed of six helical segments indicated as S1-

S6 (Fig. 1.1). The S4 segment corresponds to the positively charged voltage sensor, 

which changes in conformation in response to depolarization of the membrane, thereby 

regulating the opening of the channel pore (Yang and Horn, 1995, Chanda and Bezanilla, 
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2002, Goldschen-Ohm et al., 2013) (Fig. 1.1). The S5 and S6 segments, which are 

connected by extracellular linkers called P loops, serve as the pore of the channel (Fig. 

1.1). The narrowest region in the channel pore is the selectivity filter, or constriction site, 

which exclusively recognizes the size and charge of sodium ions. The selectivity filter is 

composed invariably of the residues aspartate (D), glutamate (E), lysine (K), and 

asparagine (A) (Heinemann et al., 1992). Studies have demonstrated that the lysine 

residue is indispensable for Na+ selectivity, while either of the carboxyl groups, aspartate 

or glutamate, are also necessary to differentiate between Na+ and K+ ions (Favre et al., 

1996). There have been a number of hypotheses proposed to explain the Na+ preference 

of the selectivity filter. Favre et al. proposed that the salt bridge between lysine and 

aspartate/glutamate constricts the channel pore, conferring Na+ selectivity (Favre et al., 

1996). Later simulations by Lipkind and Fozzard suggested that the process is more 

dynamic, as Na+ is a stronger alkali metal cation and can therefore successfully repel the 

lysine side chain, unblocking the constriction site (Lipkind and Fozzard, 2008). 

 There are three functional states of VGSCs: closed (or deactivated), open (or 

activated), and inactivated. Sodium channels are closed at rest, activating in response to a 

depolarizing shift in the membrane potential of the cell. Once the channels open, the 

rapid influx of Na+ ions causes a sharp increase in depolarization until, within 

milliseconds, the channels inactivate. The cell then repolarizes due to the opening of 

voltage-gated potassium channels, ultimately returning to the resting membrane potential. 

While the opening of the channel is dictated by conformational changes in the voltage 

sensors (S4), inactivation is controlled by an inactivation gate, which lies within the 

intracellular loop connecting domains DIII and DIV (Eaholtz et al., 1994, Goldin, 2003) 
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(Fig. 1.1). The prevailing theory for fast inactivation is the “ball and chain” or “hinged 

lid” model, in which the DIII-DIV intracellular loop swings up to bind to a docking site, 

thereby occluding the channel pore (Joseph et al., 1990). 

 As previously mentioned, alpha subunits of VGSCs can be bound by auxillary 

beta subunits (Fig. 1.1). There are four beta subunits genes (SCN1B, SCN2B, SCN3B, 

SCN4B), encoding the following proteins: β1, β1B (a splice variant of β1), β2, β3, and 

β4. The subunits β1 and β3 bind non-covalently to alpha subunits, while β2 and β4 bind 

through disulfide chains (Hartshorne and Catterall, 1984, Morgan et al., 2000, Yu et al., 

2003). The beta subunits are transmembrane proteins with the exception of β1B, which is 

soluble (Patino et al., 2011). While not essential for a functional sodium channel, beta 

subunits play a critical role in the excitability and trafficking of alpha subunits (Hanlon 

and Wallace, 2002). Moreover, they are members of a cell adhesion molecule 

superfamily (CAMs), binding to each other, other adhesion proteins, or directly to the 

extracellular matrix (Malhotra et al., 2000).  

 

 

 

 



8	
	

 

 

Figure 1.1 Representation of the α and β subunits of the voltage-gated sodium 

channel.  

The VGSC alpha subunit consists of four homologous transmembrane domains (DI-

DIV), each with six helical segments (S1-S6). Segment four of each domain (shown in 

red) is the positively charged voltage sensor, which regulates the channel pore opening. 

The loop connecting segments 5 and 6 (shown in green) forms the sodium-selective 

channel pore. The inactivation gate is located within the intracellular loop linking DIII 

and DIV. The VGSC β subunits (shown in gold), are single transmembrane segments that 

play a critical role in α subunit excitability and trafficking. 
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1.3.B. Genomic, Regional and Cellular Distribution of Subunits 

 There are nine distinct VGSC alpha subunits (SCN1A, SCN2A, SCN3A, SCN4A, 

SCN5A, SCN8A, SCN9A, SCN10A, and SCN11A), encoding proteins Nav1.1, Nav1.2, 

Nav1.3, Nav1.4, Nav1.5, Nav1.6, Nav1.7, Nav1.8, and Nav1.9 respectively (Goldin et al., 

2000). Standard gene nomenclature dictates that human gene names be capitalized and 

italicized, while protein is capitalized without italics. Gene names for other species are 

italicized, but only the first letter of each gene is capitalized. Similar to human protein 

names, non-human proteins are written without italics. In this dissertation, the two 

protein forms (i.e. Nav1.1 and SCN1A) will be used interchangeably.   

The VGSCs vary in chromosomal location, sensitivity to the neurotoxin 

tetrodotoxin (TTX), and expression pattern. Tetrodotoxin-sensitive SCN1A, SCN2A, 

SCN3A, and SCN9A are clustered on human chromosome 2q23-24 and mouse 

chromosome 2, suggesting that these channels arose through evolutionary duplication 

events.  SCN4A is localized to human chromosome 17q23-25 and mouse chromosome 11. 

SCN5A, SCN10A, and SCN11A, which are the only VGSCs resistant to tetrodotoxin, are 

grouped within human chromosome 3p21-24 and mouse chromosome 9. SCN8A is 

located on human chromosome 12q13 and mouse chromosome 15. The beta subunit 

SCN1B is located on human chromosome 19q13 and mouse chromosome 7. SCN2B-

SCN4B are found on human chromosome 11q23 and mouse chromosome 9. Since 

tetrodotoxin blocks VGSCs by targeting the channel pore, beta subunits, which lack a 

pore site, are unresponsive to this toxin (Terlau et al., 1991).  

 All VGSCs are primarily expressed in the nervous system with the exception of 

SCN4A and SCN5A. SCN4A, is expressed primarily in skeletal muscle, while SCN5A is 
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found primarily in the heart (George et al., 1991, Gellens et al., 1992). The remaining 

VGSC alpha subunits can be divided into those primarily found in the central nervous 

system (SCN1A, SCN2A, SCN3A, SCN8A) and those primarily in the peripheral nervous 

system (SCN9A, SCN10A, SCN11A). This chapter will highlight the expression patterns 

of VGSCs in the central nervous system (CNS), as well as the peripheral nervous system 

(PNS) VGSC SCN9A. The VGSCs are described in order of their significance to the 

experiments within this dissertation.  

Scn1a mRNA and protein levels are barely detectable in rodents during the first 

postnatal week and increase rapidly to adult levels from the second week to the fourth 

week (Beckh et al., 1989, Felts et al., 1997b, Gong et al., 1999, Cheah et al., 2013). 

Similarly, human SCN1A expression is low at birth and increases to adult levels during 

postnatal development (Felts et al., 1997a, Cheah et al., 2013). In adulthood, rodent 

Scn1a is expressed throughout the central nervous system, including interneurons and 

pyramidal neurons in the cortex, pyramidal neurons of the hippocampal regions CA1-3, 

the granule layer of the dentate gyrus, the cerebellar Purkinje and granule cells, and 

spinal motor neurons (Westenbroek et al., 1989, Black et al., 1994, Gong et al., 1999). 

Although expression is observed in some excitatory neurons, Scn1a is preferentially 

expressed in inhibitory interneurons, particularly parvalbumin-expressing interneurons 

(Yu et al., 2006, Ogiwara et al., 2007, Dutton et al., 2013, Papale et al., 2013). 

Additionally, immunohistochemical studies from our lab revealed that Scn1a is expressed 

in a minority of orexinergic, serotonergic, and cholinergic neurons in the hypothalamus 

and brainstem (Papale et al., 2013). Scn1a is localized to the soma and dendrites of 

inhibitory and excitatory neurons, suggesting that this channel plays a role in 
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backpropagation of action potentials from the axon into the dendrites, as well as the 

generation of dendritic spikes (Westenbroek et al., 1989, Lai and Jan, 2006, Araya et al., 

2007, Dutton et al., 2013). Scn1a is also abundantly expressed at the nodes of Ranvier 

and the axon initial segments of inhibitory interneurons, evidence that it is directly 

responsible for axonal action potential initiation and propagation (Ogiwara et al., 2007, 

Duflocq et al., 2008, Lorincz and Nusser, 2008). 

SCN3A is the only VGSC expressed predominantly in the embryonic and early 

postnatal brain of both rodents and humans (Beckh et al., 1989, Brysch et al., 1991, Felts 

et al., 1997b, Gazina et al., 2010, Cheah et al., 2013). In humans, SCN3A RNA and 

protein levels decline during development but it remains widely expressed in the adult 

brain (Chen et al., 2000, Whitaker et al., 2000, Whitaker et al., 2001b). Rodent Scn3a 

expression, however, declines more dramatically during development (Beckh et al., 1989, 

Brysch et al., 1991, Felts et al., 1997b, Gazina et al., 2010, Cheah et al., 2013). The 

consensus of in situ hybridization studies is that Scn3a is at low abundance in the adult 

rodent central nervous system (Brysch et al., 1991, Felts et al., 1997b). However, an 

immunohistochemical study reported moderate to intense staining in regions such as the 

cortex, hippocampus, cerebellum, basal ganglia, midbrain, brainstem, olfactory system, 

and spinal cord (Lindia and Abbadie, 2003). Similar to Scn1a, Scn3a is localized to the 

soma and dendrites of most neurons (Whitaker et al., 2001b, Lindia and Abbadie, 2003). 

Scn3a expression is also robust in the axons of neurons in the olfactory system, the 

striatum, and the cerebellum (Lindia and Abbadie, 2003, Weiss et al., 2011). Little is 

known about the cell-specific expression of Scn3a in the brain. Since studies have 

identified Scn3a expression in granule cells of the dentate gyrus and cerebellum, it can be 
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assumed that Scn3a is expressed in excitatory neuron types (Brysch et al., 1991, Whitaker 

et al., 2001b, Lindia and Abbadie, 2003). There is also evidence that Scn3a is expressed 

in GABAergic inhibitory interneurons. In Scn1a null mice, compensatory upregulation of 

Scn3a is observed in inhibitory interneurons of the dentate gyrus (Yu et al., 2006). 

Furthermore, a microarray study of genes in parvalbumin-expressing GABAergic 

interneurons of the mouse cortex revealed high Scn3a expression in the first two 

postnatal weeks, suggesting that Scn3a plays a role in inhibition during development 

(Okaty et al., 2009).        

SCN9A has been historically classified as a PNS gene, since it is abundantly 

expressed throughout the PNS of humans and rodents, particularly in the dorsal root 

ganglion, sympathetic ganglion, and olfactory sensory neurons (Felts et al., 1997b, 

Sangameswaran et al., 1997, Toledo-Aral et al., 1997, Weiss et al., 2011). Scn9a 

expression in the brain has not been studied extensively; however, low to moderate RNA 

and protein levels has been observed in the cortex, hippocampus, spinal cord, and 

olfactory bulbs (Belcher et al., 1995, Sangameswaran et al., 1997, Raymond et al., 2004, 

Mechaly et al., 2005, Candenas et al., 2006, Weiss et al., 2011). Abundant expression has 

also been reported in brainstem nuclei and in the HPA axis, suggesting that Scn9a may 

play a role in the autonomic nervous system (Ahmad et al., 2007, Morinville et al., 2007). 

In both CNS and PNS neurons, Scn9a is localized primarily to axons and soma (Toledo-

Aral et al., 1997, Rush et al., 2005, Morinville et al., 2007). Although Scn9a is primarily 

expressed in sensory and motor neurons, this gene was also observed to be highly 

expressed in adult parvalbumin-expressing inhibitory interneurons of the mouse cortex 

(Okaty et al., 2009).  
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In early development, Scn2a is expressed in premyelinated axons and is gradually 

replaced by Scn8a at the maturing nodes of Ranvier. In adulthood, Scn2a is localized 

primarily to the axons of unmyelinated excitatory neurons in regions such as the 

hippocampus, cortex, cerebellum and the globus pallidus (Westenbroek et al., 1989, 

Gong et al., 1999, Boiko et al., 2003). Generally, Scn2a is expressed in more rostral brain 

regions, such as the cortex, hippocampus, and the striatum, while Scn1a has a more 

caudal distribution (Gordon et al., 1987, Beckh et al., 1989, Furuyama et al., 1993, Black 

et al., 1994). 

Scn8a is not detectable by Western blot analysis until P10, by which time mRNA 

and protein expression steadily increases, reaching adult levels at the fourth postnatal 

week (Boiko et al., 2001, Van Wart and Matthews, 2006, Makinson et al., 2014). As the 

most widely expressed VGSC in the brain, SCN8A is distributed throughout the cortex, 

hippocampus, and cerebellum of humans and rodents (Whitaker et al., 1999a, Whitaker et 

al., 1999b, Schaller and Caldwell, 2000, Candenas et al., 2006). In adulthood, Scn8a is 

abundantly expressed in the axon initial segment, nodes of Ranvier, and synapses 

throughout the brain (Caldwell et al., 2000, Boiko et al., 2003, Duflocq et al., 2008).  

Scn8a also has a somatodendritic localization in many neurons, suggesting that this 

VGSC may also play a role in backpropagation of action potentials (Caldwell et al., 2000, 

Krzemien et al., 2000). Scn8a has been shown to be expressed in both pyramidal and 

inhibitory interneurons (Lorincz and Nusser, 2008, Royeck et al., 2008). 
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1.4 Role of Voltage-gated Sodium Channels in Epilepsy 

Since VGSCs are the primary mediators of excitability in neurons of the central 

nervous system, it is unsurprising that the subtypes expressed in the central nervous 

system have been implicated in epilepsy, a disorder of hyperexcitability in the brain. The 

following section will discuss the specific role of VGSCs as epilepsy disease genes.   

1.4.A. SCN1A in Epilepsy 

SCN1A mutations have been identified in intractable childhood epilepsy with 

generalized tonic-clonic seizures and migrating partial seizures of infancy (Fujiwara et 

al., 2003, Carranza Rojo et al., 2011). However, SCN1A mutations are primarily 

responsible for two syndromes: genetic epilepsy with febrile seizures plus (GEFS+) and 

Dravet syndrome (DS) (Escayg et al., 2000, Claes et al., 2003, Surovy et al., 2016a, 

Usluer et al., 2016). GEFS+ is a genetically and clinically heterogeneous disorder 

characterized by febrile seizures that persist beyond six years of age and the development 

of afebrile seizure types (Scheffer and Berkovic, 1997, Singh et al., 1999). SCN1A 

missense mutations account for 10% of GEFS+ cases, and within GEFS+ families, 

individuals with the same SCN1A mutation frequently vary in seizure phenotype and 

severity (Scheffer et al., 2009, Goldberg-Stern et al., 2014, Hoffman-Zacharska et al., 

2015, Passamonti et al., 2015).   

Dravet syndrome is a catastrophic epileptic encephalopathy in which patients 

experience febrile seizures followed by severe, typically refractory afebrile seizures 

within the first year of life (Dravet, 2011). In addition to severe seizures, DS is 

characterized by hyperactivity, sleep disorders, intellectual disability, ataxia, and 

increased mortality (Wolff et al., 2006, Dhamija et al., 2014, Berkvens et al., 2015). 



15	
	

Patients with DS may also have a comorbid diagnosis of autism. SCN1A mutations, 

which include missense, nonsense, and truncation mutations, are identified in 

approximately 70-80% of DS patients, and 80% of these mutations are de novo (Marini et 

al., 2007).  

SCN1A epilepsy mutations are overwhelmingly loss of function (Meng et al., 

2015). Given the fact that epilepsy is characterized by hyperexcitability, it was not 

initially understood how decreased VGSC function could produce a seizure phenotype. 

Mouse models have been used to investigate the consequences of Scn1a dysfunction in 

vivo.  Global Scn1a knockout mice have been shown to recapitulate the Dravet syndrome 

phenotype, including generalized seizures, increased susceptibility to hyperthermia-

induced seizures, ataxia, autistic behaviors, increased mortality, and sleep abnormalities 

(Mulley et al., 2006, Kalume et al., 2007, Ogiwara et al., 2007, Oakley et al., 2009, Han 

et al., 2012, Kalume, 2013). Electrophysiological studies in these mice showed that 

sodium current is significantly reduced in inhibitory interneurons of the cortex, 

hippocampus, and cerebellum, resulting in loss of sustained, high frequency firing (Yu et 

al., 2006, Kalume et al., 2007, Ogiwara et al., 2007).  These studies provided the 

foundation for the hypothesis that loss of Scn1a causes hyperexcitability by reducing 

neuronal inhibition. Later studies of conditional knockout mice provided further insight 

into the mechanisms of Scn1a dysfunction. Selective deletion of Scn1a in GABAergic 

interneurons in the forebrain was shown to be sufficient to cause spontaneous seizures 

and premature lethality (Cheah et al., 2012). Our lab and another group both 

demonstrated that specific deletion of Scn1a from parvalbumin-expressing interneurons 

also reproduces the seizure phenotype and reduced lifespans observed in global knockout 
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mice, while deleting Scn1a in excitatory neurons does not alter seizure susceptibility 

(Dutton et al., 2013, Ogiwara et al., 2013). These studies indicate that dysfunction of 

Scn1a in inhibitory interneurons is primarily responsible for the Dravet syndrome 

phenotype. 

The disinhibition model for SCN1A-derived disorders is also supported by studies 

of GEFS+. Our lab has generated two mouse models carrying the human GEFS+ SCN1A 

mutation R1648H: a BAC transgenic mouse and a knock-in mouse line (Escayg et al., 

2000, Tang et al., 2009, Martin et al., 2010). In the transgenic mice, the R1648H 

mutation reduced sodium current, delayed recovery from inactivation and increased use-

dependent inactivation exclusively in inhibitory interneurons (Tang et al., 2009). 

Consistent with the BAC transgenic mouse model, cortical inhibitory interneurons of 

R1648H knock-in mice (Scn1aRH) also exhibited reduced sodium current and increased 

use-dependent inactivation, along with reduced action potential firing (Martin et al., 

2010). A recent study revealed a direct link between reduced firing in inhibitory 

interneurons from Scn1aRH mutant mice and reduced GABAergic inhibition of excitatory 

neurons (Hedrich et al., 2014). Taken together, these studies demonstrate that loss of 

function in Scn1a results in network disinhibition and, subsequently, hyperexcitability.     

1.4.B SCN3A in Epilepsy 

Upregulation of SCN3A has been reported in the hippocampus of epilepsy patients 

as well as rat epilepsy models, suggesting that SCN3A might also play a role in the 

hyperexcitability observed in epilepsy (Aronica et al., 2001, Whitaker et al., 2001a, Guo 

et al., 2008, Xu et al., 2013). In 2008, the first epilepsy mutation in SCN3A, K354Q, was 

identified in a patient with childhood partial epilepsy (Holland et al., 2008). 
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Electrophysiological analysis later revealed that the K354Q mutation increased persistent 

and ramp currents in HEK293 cells and produced spontaneous firing in hippocampal 

neurons (Estacion et al., 2010). To date, only five additional Scn3a epilepsy mutations 

have been identified, four of which were found in patients with focal epilepsy and mild to 

no developmental abnormalities (Vanoye et al., 2014). These mutations resulted in 

increased persistent sodium current and elevated ramp currents in tsA201 cells, 

suggesting gain of function (Vanoye et al., 2014). In contrast, the fifth discovered SCN3A 

mutation, N302S, was identified in a GEFS+ patient with severe intellectual disability 

and resulted in depolarizing shifts in voltage-dependent activation and inactivation, as 

well as slower recovery from slow inactivation, thus predicting a reduction in channel 

function (Chen et al., 2015). In Chapter 2 of this dissertation (Lamar et al., 2017), we 

report another loss of function SCN3A mutation, L247P, in a patient with partial epilepsy 

and autonomic dysfunction.  Table 1.1 summarizes all the SCN3A mutations reported to 

date and their clinical presentation. To date, no other loss of function mutations have 

been reported. Furthermore, although the human mutations have been functionally 

characterized, the role of Scn3a dysfunction in epilepsy has not been studied in vivo. In 

Chapter 2 of this dissertation, I report a novel, trafficking-deficient SCN3A mutation in a 

patient with focal epilepsy. In addition, I investigate the role of Scn3a deficiency in vivo 

by characterizing the seizure and behavioral phenotype of an Scn3a hypomorphic mouse 

line.    

 

 



18	
	

Table 1.1 Summary of SCN3A epilepsy variants  
SCN3A 
Variant 

Locati
on 

Age 
of 
onset 

Behavior Seizure 
type 

Family 
Seizures 

Refractory Treatment References 

K354Q DI S5-
S6 
linker 

2 yrs Normal focal  Father 
(carrier) 

YES Carbamazepine 

Oxcarbazepine 

(Holland et 
al., 2008) 

R357Q DI S5-
S6 
linker 

4 yrs ADHD, 
speech 
delay 

Focal w/ 
secondar
y GE  

cousin w/ FS NO Carbamazepine (Vanoye et 
al., 2014) 

D766N DII S2 22 
mths 

Nonverbal 
learning 
disability 

Focal  NO NO Carbamazepine 

E111K DII-
DIII 
loop 

2 
days 

Normal Focal Paternal aunt NO Phenobarbital 

M1323V DIII 
S5-S6 
linker 

16 
mths 

Normal Focal + 
FS 

Mother ; 
paternal 
grandfather 

NO Oxcarbazepine 

N302S DI S5-
S6 
linker 

N/A ID GEFS+ N/A N/A N/A (Chen et 
al., 2015) 

L247P DI S5 1 wk GDD, 
speech 
delay 

Focal NO, de novo YES N/A (Lamar et 
al., 2017) 

 

Abbreviations: yr – years, mths – months, wk – week, ADHD – Attention Deficit 
Hyperactivity Disorder, ID – intellectual disability, GDD – global developmental 
delay, GE – generalized epilepsy, FS – febrile seizures, GEFS+ - genetic epilepsy 
with febrile seizures plus 
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1.4.C. SCN9A in Epilepsy 

  Singh et al. (2009) identified the SCN9A missense mutation N641Y in a large 

Utah pedigree in which all but one mutation-positive family member exhibited seizure 

phenotypes ranging from simple febrile seizures to refractory temporal lobe epilepsy 

(Singh et al., 2009). The N641Y mutation was subsequently knocked into the mouse 

Scn9a gene and the homozygous mutant mice were found to be more susceptible than 

wild-type (WT) littermates to electrically induced seizures (Singh et al., 2009). Singh et 

al. (2009) also identified nine inherited SCN9A missense mutations in a cohort of 110 

unrelated DS patients, five of which were also positive for SCN1A mutations. These 

patients expressed SCN1A missense mutations that would be predicted to have modest 

functional impact, leading to the hypothesis that altered SCN9A function might have 

contributed to the severe epilepsy phenotype observed in these patients. In a more recent 

study, fifteen additional SCN9A variants were identified in a screen of 125 DS patients, 

nine of which were found in patients also positive for SCN1A mutations (Mulley et al., 

2013b). Although eight of the identified SCN9A mutations were predicted to be 

potentially pathogenic, it is unclear whether they are disease-causing or risk factors. To 

determine whether SCN9A can influence the phenotype of SCN1A-derived epilepsy, I 

analyzed the seizure susceptibility of mice heterozygous for both the Scn9aNY and 

Scn1aRH mutations (Scn9a+/NY/ Scn1a+/RH, Appendix B)   

1.4.D. SCN2A in Epilepsy 

Mutations in SCN2A are most commonly identified in patients with benign 

familial neonatal-infantile seizures, which is characterized by seizures that begin 

suddenly within the first year of life and remit by thirteen months (Heron et al., 2002, 
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Schwarz et al., 2016). A growing number of SCN2A mutations have also been reported in 

GEFS+, intractable childhood epilepsy, Dravet syndrome, and epileptic encephalopathy 

(Haug et al., 2001, Sugawara et al., 2001, Kamiya et al., 2004, Ogiwara et al., 2009, Shi 

et al., 2009, Howell et al., 2015, Saitoh et al., 2015). The majority of SCN2A mutations 

are missense; however, electrophysiological analyses revealed both gain and loss of 

function effects (Misra et al., 2008, Liao et al., 2010). 

1.4.E. SCN8A in Epilepsy 

Until recently, the role of SCN8A in epilepsy was unknown. In 2012, a gain of 

function SCN8A mutation was identified in a patient with epileptic encephalopathy 

(Veeramah et al., 2012). Subsequent studies have reported various, usually de novo, 

mutations in patients with epileptic encephalopathy (Carvill et al., 2013, Epi et al., 2013, 

de Kovel et al., 2014, Estacion et al., 2014, Ohba et al., 2014, Vaher et al., 2014, 

Blanchard et al., 2015, Boerma et al., 2016, Butler et al., 2016). Recently, SCN8A 

mutations have been identified in patients with benign infantile seizures, thus expanding 

the phenotype of SCN8A-related epilepsy to include milder syndromes (Anand et al., 

2016, Gardella et al., 2016). Similar to SCN3A and SCN2A, most mutations are missense 

and can exhibit gain of function or loss of function effects (de Kovel et al., 2014, 

Estacion et al., 2014, Berghuis et al., 2015, Blanchard et al., 2015, Boerma et al., 2016).  

1.5 Genetic Modifiers in Epilepsy 

As mentioned previously, the variable penetrance and expressivity of monogenic 

epilepsy syndromes can be explained, in part, by the presence of modifier genes. 

Modifier genes have been identified in a wide range of monogenic disorders with 

Mendelian inheritance, such as cystic fibrosis, Huntington’s disease, neurofibromatosis 
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type 1, muscular dystrophy, and sickle cell anemia (Steinberg and Adewoye, 2006, 

Heydemann et al., 2007, Sabbagh et al., 2009, Becanovic et al., 2015, Corvol et al., 

2015). Modifier genes can exacerbate, reduce, alter, or mask disease phenotypes; 

therefore, the identification of such genes is crucial to both diagnosis and treatment of 

epilepsy syndromes. Below, I summarize the human and animal studies that have 

identified or examined the effects of candidate modifier genes in monogenic epilepsy.    

1.5.A. Human Studies 

To date, a limited number of studies have identified putative modifier genes or 

modifier loci in families with inherited epilepsy syndromes. In the first of these studies, 

linkage analysis was performed on a four generation family with a phenotype of febrile 

seizures, febrile seizures plus (FS+) and childhood absence epilepsy (CAE) (Marini et al., 

2003). In most affected family members, a mutation in the GABA receptor gene 

GABRG2 segregated with febrile seizures and epilepsy (Wallace et al., 2001). Additional 

loci were identified exclusively in individuals with CAE, including chromosome 10, 13, 

14, and 15, raising the possibility that interaction between genes in these loci and 

GABRG2 is required to produce the CAE phenotype (Marini et al., 2003). A few years 

later, another four-generation family was identified with febrile seizures, temporal lobe 

epilepsy, and CAE (Nabbout et al., 2007). The febrile seizure phenotype, which was 

present in all affected family members, was mapped to chromosome 3, while all 

individuals with temporal lobe epilepsy or CAE also shared haplotypes on chromosome 

18, suggesting a modifier gene at this locus.  

Copy number variants have also been proposed as modifiers of epilepsy 

syndromes. In a family with a 15q13.3 microdeletion disorder, a novel microduplication 
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in 16q22.1 was hypothesized to cause the intellectual disability and epilepsy phenotype 

(Banka et al., 2011). Similarly, a 19p13.2 deletion was implicated as a modifier of the 

clinical presentation in a family with a 16p11.2 deletion disorder (Bassuk et al., 2013) 

The 16p11.2 deletion is characterized by obesity and intellectual disability, while patients 

with both deletions also developed generalized epilepsy (Bassuk et al., 2013).  

To date, only a few studies have identified putative human epilepsy modifier 

genes, several of which play a role in SCN1A-derived Dravet syndrome. A Dravet patient 

with a deleterious de novo mutation in SCN1A was also found to have a mutation in 

calcium channel CACNB4, which was inherited from a father with a history of febrile 

seizures and believed to exacerbate the Dravet phenotype (Ohmori et al., 2008). As 

mentioned previously, 14 mutations in SCN9A were identified in Dravet patients who 

were also positive for SCN1A missense mutations, suggesting that the combination of 

SCN9A and mild SCN1A mutations results in a more severe seizure phenotype (Singh et 

al., 2009, Mulley et al., 2013a).   In addition, a recent study discovered that Dravet 

patients with mutations in both the calcium channel CACNA1A and SCN1A experienced 

more frequent absence seizures than those with only SCN1A mutations (Ohmori et al., 

2013). In a cohort of unrelated SCN1A-positive Dravet patients, two rare variants were 

identified in the mitochondrial gene POLG and proposed to worsen clinical presentation 

(Gaily et al., 2013). Beyond modifiers of SCN1A-derived epilepsy, a mutation in the 

nicotinic acetylcholine receptor CHRNB2 was hypothesized to be responsible for the 

generalized seizure phenotype in a family with primary familial brain calcification (Fjaer 

et al., 2015).  
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Although genetic modifiers have been proposed to explain the heterogeneous 

phenotypes observed in many epilepsy syndromes, linkage analysis studies have yielded 

a paltry number of modifier genes and loci. As a comparison, studies in the monogenic 

disorder cystic fibrosis have successfully identified considerably more putative modifiers 

using linkage analysis, association studies, and candidate gene studies (Egan, 2016). I 

propose two observations to shed light on these divergent outcomes.  

First, unlike disorders like cystic fibrosis, in which mutations in a single gene 

produce the phenotype, epilepsy is not a monogenic disorder. Although epilepsy 

syndromes with Mendelian inheritance exist, they are a rarity, while the vast majority of 

genetic epilepsy disorders are multifactorial and result from individual rare variants 

(Greenberg and Subaran, 2011). This complicates linkage analysis and association 

studies, which both require large sample sizes and shared mutations to achieve sufficient 

statistical power (Heinzen et al., 2012). Secondly, candidate gene studies have not been 

undertaken for genetic modifiers in epilepsy patients, even though they are more 

statistically powerful than genome-wide searches and more replicable than linkage 

analysis. The genes implicated in complex epilepsies have expanded dramatically over 

the past decade; however, monogenic syndromes are still dominated by ion channel and 

receptor mutations. It is possible, therefore, to prioritize and sequence genes that are 

likely to functionally interact with the primary disease gene. This method, once 

employed, may prove more effective than prior studies.  
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1.5.B. Animal Studies  

One weakness of human studies is the inability to prove that identified mutations 

are causative. Surprisingly, the normal human genome contains a number of rare, and 

even potentially deleterious variants in known disease genes, suggesting that analyzing 

the biophysical effects of a mutation in vitro might not be sufficient to demonstrate 

pathogenicity (Claes et al., 2001, Pelak et al., 2010, Klassen et al., 2011, Cooper et al., 

2013). Studies of genetic animal models allow us to investigate the functional validity of 

candidate disease and modifier genes in vivo. In this section, I will discuss how 

interstrain variation in epilepsy mouse models have led to the discovery of novel modifier 

genes. I will also describe studies that investigated interactions between epilepsy genes 

by crossing two mutant mouse lines.  

For more than a decade, it has been recognized that variation in genetic 

background can alter susceptibility to seizures in both wild-type and mutant mice 

(Kosobud and Crabbe, 1990, Ferraro et al., 1995, Oliva et al., 2014, Leclercq and 

Kaminski, 2015). In particular, strain differences in mutant mouse models suggests the 

presence of modifier genes that alter the phenotype and severity of the primary mutation. 

The first modifier locus was identified in the Scn8amed-j mouse, a Scn8a hypomorphic 

mouse model (Sprunger et al., 1999). Med-j mice exhibit severe paralysis and early 

lethality on the C57Bl/6J background, while mice on strain C3H have improved survival 

and ataxia. The responsible locus was mapped to chromosome 3, and the gene Scnm1 was 

later identified as the modifier in this region (Buchner et al., 2003). Background strain 

variation has also been well-characterized in the transgenic gain of function Scn2aQ54 

mouse. Scn2aQ54 mice on a SJL/J x C57BL/6J (BL6) mixed background have more 
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frequent seizures and a reduced lifespan compared to mutants on a congenic BL6 

background, suggesting interaction between the primary mutation and a modifier gene 

within the SJL/J strain (Bergren et al., 2005). Genetic mapping and subsequent 

behavioral studies have implicated the genes Hlf and Cacna1g on chromosome 11 and 

Kcnv2 on chromosome 19  (Bergren et al., 2009, Jorge et al., 2011, Hawkins and 

Kearney, 2012, Calhoun et al., 2016, Hawkins and Kearney, 2016). The phenotype of the 

Scn1a null mouse is also influenced by genetic variation in the background strain. 

Scn1a+/- mice have severe, spontaneous seizures and postnatal lethality on the C57BL/6J 

background, while heterozygotes on the 129X1/SVJ background have no discernible 

phenotype (Yu et al., 2006). Modifier loci were later detected on chromosomes 5, 7, 8, 

and 11 (Miller et al., 2014).  

Mouse models have also been used to test possible interactions between two 

genes, including genes not previously identified in patients (Table 1.2). Connor et al. 

demonstrated that loss of both Kvβ1 and Kvβ2 genes leads to increased lethality 

compared with loss of either gene alone (Connor et al., 2005). Loss of function of Kcnq2 

has been shown to exacerbate the seizure phenotype and shorten the lifespan of Scn2aQ54 

mice (Kearney et al., 2006). On the other hand, the combination of mutations in Cacna1a 

and Kcna1, which individually produce absence seizures and severe partial seizures 

respectively, results in the rescue of these phenotypes (Glasscock et al., 2007).  

Studies of gene interactions in Scn1a mutant mice have yielded a number of 

candidate modifier genes (Table 1.2). Our own laboratory discovered that Scn2a and 

Kcnq2 each interact with Scn1a to exacerbate the phenotype of mice expressing the 

human GEFS+ SCN1A R1648H mutation (Hawkins et al., 2011). We have also shown 
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that the Scn8amed-jo mutation can restore normal seizure thresholds and lifespans to 

heterozygous Scn1aRH mice (Hawkins et al., 2011) and to heterozygous Scn1a knockout 

mice, a DS model (Martin et al., 2007). Taken together, these studies suggest that genetic 

modifiers may play an important role in altering the phenotypic consequences of SCN1A 

dysfunction, either to increase severity or ameliorate the phenotype. 
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Table 1.2 Genetic interactions between mutations in epilepsy mouse models 

Mutant mice Phenotype of combined mutations References 
Kvβ2-/- 
   ↓ lifespan (20% lethality)  
   sp. Seizures 

Kvβ1-/- 
   sp. seizures 

↓ lifespan (50% lethality) (Smart et al., 1998, 
Connor et al., 2005) 

Kcnq2SZT1/+ 
   ↑ seizure susceptibility 

Kcnq2V182M/+ 
   ↑ seizure susceptibility 

Scn2aQ54:    
   ↓ lifespan (25% lethality) 
   sp. Seizures 

Scn2aQ54/Kcnq2SZT1/+ 
↓ age of onset for sp. seizures  
↓ lifespan (90% lethality) 
 
Scn2aQ54/Kcnq2V182M/+ 
↓ age of onset for sp. seizures  
 
↓ lifespan (90% lethality) 
 
 

(Kearney et al., 2006) 

Cacna1atg/tg 
   sp. seizures 

Kcna1-/- 
   ↓ lifespan (74% lethality) 
   sp. seizures 
   ↑ hippocampal bursting 

↑ lifespan (13% lethality)  
 
↓ seizure susceptibility 
 
↓ hippocampal bursting 

(Glasscock et al., 2007) 

Scn1a+/RH, RH/RH 
     sp. seizures                        
   ↓ lifespan (RH/RH: 100%)  
   ↑ seizure susceptibility 

Kcnq2V182M/+ 

Scn2aQ54 

Scn8amed-jo/+ 
   ↓ seizure susceptibility 
   sp. seizures  
 
 

Scn1a+/RH/Kcnq2V182M/+ 
↑ sp. seizures 
↓ lifespan (53% lethality) 

 
Scn1a+/RH/Scn2aQ54 
↑ sp. seizures 
↓ lifespan (100% lethality) 

 
Scn1a+/RH/Scn8amed-jo/+ 
↓seizure susceptibility 
 
Scn1aRH/RH/Scn8amed-jo/+ 

↑ lifespan (53% lethality) 
 

(Hawkins et al., 2011) 

Scn1a+/-, -/- 
  Sp. Seizures 
  ↓ lifespan (+/-: 100% , -/-: 100%) 
  ↑ seizure susceptibility (+/-) 

Scn1a+/-/ Scn8amed-jo/+ 

↑ lifespan 
↓ seizure susceptibility 

(Martin et al., 2007) 
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1.6 Specific Aims 

In Chapter 3 and Appendix B, I use mouse models expressing mutations in Scn3a 

and Scn9a, respectively, to evaluate the potential role of these two VGSCs as modifiers 

of the phenotype of the Scn1a R1648H knock-in mouse (Scn1aRH, see Section 1.3.A), a 

model of GEFS+. The Scn3a mouse model used in these experiments (Scn3aHyp) is a 

hypomorphic gene trap mouse line. Although a small number of SCN3A mutations have 

been identified in epilepsy patients, all but one are gain of function mutations (Chen et 

al., 2014a, Vanoye et al., 2014). In Chapter 2, I characterized for the first time the effects 

of Scn3a deficiency in vivo on seizure susceptibility and behavior.  

In addition to the role as a disease-causing gene, recent findings support the role 

of SCN3A as a candidate modifier of SCN1A-related disorders. Firstly, SCN3A and 

SCN1A are both found in the soma and dendrites of neurons in the central nervous system 

(Westenbroek et al., 1989, Westenbroek et al., 1992, Whitaker et al., 2001b). Secondly, 

the age at which SCN3A expression declines and SCN1A expression increases in humans 

and mice correlates with the age of onset of disease in DS patients with SCN1A mutations 

(Cheah et al., 2013). This correlation suggests that SCN3A might confer protection 

against loss of SCN1A in early development, thereby delaying disease progression. 

Thirdly, Scn3a was shown to be upregulated in hippocampal inhibitory interneurons of 

homozygous Scn1a null mice, providing support for Scn3a compensation in the presence 

of Scn1a dysfunction (Yu et al., 2006). In Chapter 3, I investigated whether Scn3a and 

Scn1a interact by crossing the Scn3aHyp mouse line with the Scn1aRH line. The double 

heterozygous offspring (Scn3a+/Hyp/Scn1a+/RH) were evaluated for alterations in survival, 

seizure susceptibility, and behavioral deficits. 
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The second mouse model studied is the Scn9aNY mutant mouse, which carries the 

human epilepsy mutation N641Y as described in Section 1.3.C. As mentioned previously, 

a number of Dravet syndrome patients are positive for both SCN9A and missense SCN1A 

mutations, suggesting that SCN9A may modify the severity of the Dravet phenotype 

(Singh et al., 2009, Mulley et al., 2013a). To determine whether Scn9a interacts with 

Scn1a, the Scn9aNY mutant line was crossed with the Scn1aRH line to produce compound 

heterozygotes (Scn9a+/NY/Scn1a+/RH), which were evaluated for increased susceptibility to 

hyperthermia-induced and flurothyl-induced seizures (Appendix B). The results of this 

dissertation provide greater insight into the role of Scn3a and Scn9a in epilepsy. 

1.7 Conclusions 

 Although epilepsy is a complex, genetically heterogeneous disorder, monogenic 

epilepsy syndromes have facilitated a better understanding of disease mechanisms and 

lead to the identification of potential genetic targets for treatments. Even within inherited, 

monogenic syndromes, however, variable penetrance and expressivity is observed, 

suggesting the presence of genetic modifiers. Identifying genetic modifiers in epilepsy 

patients has been challenging; nevertheless, epilepsy mouse models can be exploited in 

order to discover new modifier genes and to validate those identified in patient studies or 

proposed from a priori assumptions. This dissertation seeks to investigate two VGSCs, 

Scn3a and Scn9a, as disease genes and as modifiers of Scn1a dysfunction in a GEFS+ 

mouse model.  
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Chapter 2: SCN3A deficiency associated with increased seizure susceptibility 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from:  

Lamar T, Vanoye CG, Calhoun J, Wong JC, Dutton SB, Jorge BS, Velinov M, Escayg A, 

Kearney J (2017) SCN3A deficiency associated with increased seizure susceptibility. 

Neurobiol Dis. 102: 38-48. 
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2.1 Abstract 

	 Mutations in voltage-gated sodium channels expressed highly in the brain 

(SCN1A, SCN2A, SCN3A, and SCN8A) are responsible for an increasing number of 

epilepsy syndromes. In particular, mutations in the SCN3A gene, encoding the pore-

forming Nav1.3 α subunit, have been identified in patients with focal epilepsy. 

Biophysical characterization of epilepsy-associated SCN3A variants suggests that both 

gain- and loss-of-function SCN3A mutations may lead to increased seizure susceptibility. 

In this report, we identified a novel SCN3A variant (L247P) by whole exome sequencing 

of a child with focal epilepsy, developmental delay, and autonomic nervous system 

dysfunction. Voltage clamp analysis showed no detectable sodium current in a 

heterologous expression system expressing the SCN3A-L247P variant. Furthermore, cell 

surface biotinylation demonstrated a reduction in the amount of SCN3A-L247P at the cell 

surface, suggesting the SCN3A-L247P variant is a trafficking-deficient mutant. To 

further explore the possible clinical consequences of reduced SCN3A activity, we 

investigated the effect of a hypomorphic Scn3a allele (Scn3aHyp) on seizure susceptibility 

and behavior using a gene trap mouse line. Heterozygous Scn3a mutant mice (Scn3a+/Hyp) 

did not exhibit spontaneous seizures nor were they susceptible to hyperthermia-induced 

seizures. However, they displayed increased susceptibility to electroconvulsive (6 Hz) 

and chemiconvulsive (flurothyl and kainic acid) induced seizures. Scn3a+/Hyp mice also 

exhibited deficits in locomotor activity and motor learning. Taken together, these results 

provide evidence that loss-of-function of SCN3A caused by reduced protein expression or 

deficient trafficking to the plasma membrane may contribute to increased seizure 

susceptibility. 
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2.2 Introduction 

Voltage-gated sodium channels (VGSCs) are responsible for the initiation and 

propagation of action potentials in excitable cells such as neurons. In the mammalian 

brain, the most highly expressed VGSC α subunits are SCN1A, SCN2A, SCN3A, and 

SCN8A, which encode Nav1.1, Nav1.2, Nav1.3, and Nav1.6 respectively. Mutations in 

these VGSCs are responsible for an increasing number of epilepsy syndromes (Escayg et 

al., 2000, Sugawara et al., 2001, Estacion et al., 2014, Fung et al., 2015, Howell et al., 

2015, Schwarz et al., 2016, Surovy et al., 2016b). Mutations in SCN1A have been 

established as the main cause of Dravet syndrome and have also been identified in some 

families with generalized epilepsy with febrile seizures plus (GEFS+) (Scheffer et al., 

2009, Escayg and Goldin, 2010, Volkers et al., 2011). SCN2A mutations have been 

identified in patients with benign familial neonatal-infantile seizures, and both SCN2A 

and SCN8A mutations have been identified in some cases of severe epileptic 

encephalopathies (Sugawara et al., 2001, Heron et al., 2002, Veeramah et al., 2012, de 

Kovel et al., 2014, Estacion et al., 2014, Hackenberg et al., 2014, Vaher et al., 2014).  

To date, only a few SCN3A mutations have been identified in patients with focal 

epilepsy. Electrophysiological analysis of these mutations in either transfected rat 

hippocampal pyramidal neurons (Holland et al., 2008, Estacion et al., 2010) or tsA201 

cells (Vanoye et al., 2014, Chen et al., 2015) revealed increased persistent sodium current 

or elevated ramp currents. In contrast, there is one report of an SCN3A mutation, N302S, 

identified through a genetic screen of GEFS+ patients, that resulted in depolarizing shifts 

in voltage-dependent activation and inactivation, as well as slower recovery from slow 

inactivation, thereby predicting a reduction in channel activity (Chen et al., 2015). These 
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results suggest that both gain- and loss-of-function SCN3A mutations may lead to 

epilepsy.  

Epilepsy syndromes, including those caused by sodium channel mutations, are 

often accompanied by neuropsychiatric comorbidities, such as anxiety, autism spectrum 

disorders, and intellectual disability (Han et al., 2012, Baasch et al., 2014, de Kovel et al., 

2014). Consistent with this, developmental delay or behavioral abnormalities have been 

reported in patients with SCN3A mutations. For example, one patient presented with 

speech delay and attention-deficit/hyperactivity disorder (Vanoye et al., 2014). Another 

patient was diagnosed with nonverbal learning disability, and the patient carrying the 

N302S mutation was diagnosed with intellectual disability (Chen et al., 2014b, Vanoye et 

al., 2014).  

In this study, we report a novel SCN3A mutation (L247P) associated with 

childhood focal epilepsy and global developmental delay. Using a combination of 

electrophysiology and cell surface biotinylation experiments, we demonstrate that 

SCN3A-L247P encodes a trafficking deficient channel. To more broadly investigate the 

possible clinical consequences of reduced SCN3A activity, we characterized the seizure 

and behavioral phenotypes of the available Scn3aGt(OST52130)Lex mouse line, which 

expresses a hypomorphic Scn3a allele (Scn3aHyp).  Heterozygous mutants (Scn3a+/Hyp) 

displayed increased susceptibility to induced seizures, but did not exhibit spontaneous 

seizures. Additionally, Scn3a+/Hyp mice showed deficits in locomotor activity and motor 

learning. These observations demonstrate that reduced SCN3A function via reduced 

trafficking or expression can result in increased seizure susceptibility.  
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2.3 Material and Methods 

Clinical presentation 

Parental consent for release of de-identified medical information was obtained. 

An 18 month-old female patient was evaluated due to concerns for global developmental 

delay, central hypotonia, right-sided renal pelviectasis, and microcephaly. She was the 

second child of a 39-year-old mother and 50-year-old father, both of whom denied 

consanguinity. The pregnancy was uncomplicated, amniocentesis was declined, and the 

child was born at full term. At birth, her weight was 2950 g (10%), her length was 50 cm 

(20%), and her head circumference was 33 cm (10%). Her Apgar scores were 9 and 9. At 

two days of age she had an episode of cyanosis, apnea, tonic posturing and bradycardia. 

EEG recording at that time was normal.  

Beginning during the first week of life, two distinct types of episodes were 

observed, and occasionally coincided. The first type consists of a “scared look” followed 

by paroxysmal events, which include apnea, eyes rolling back, and limbs stiffening. 

These episodes occur approximately once a month and were subsequently identified as 

focal seizures. The second type of episode includes skin flushing and sweating and occurs 

several times a day for 30-second intervals. This clinical presentation is consistent with 

Harlequin syndrome, which is characterized by unilateral facial erythema with 

contralateral pallor that is strikingly demarcated at the midline. Although the color 

change is limited to the head, it can initiate on one side and shift to the other side within 

the same episode. This coincides with contralateral pupil dilation and ipsilateral ptosis. 

Video EEG at 14 months of age revealed right frontal-temporal electrographic seizures 

compatible with focal epilepsy. Various anticonvulsant medications were tried with 
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limited success. The EEG abnormalities were not associated with the autonomic changes; 

therefore, it was concluded that the episodes of autonomic dysregulation are not epileptic 

by nature. The patient also developed progressive microcephaly, although her brain and 

cervical spine MRIs were normal. A routine cardiology examination, which included 

EKG, echocardiogram, and Holter monitor, showed no abnormalities. On telemetry, 

however, several episodes of sinus and junctional bradycardia were noted and thought to 

correspond with vagal activity and the Harlequin flushing. The child was also diagnosed 

with global developmental delay. She did not sit without support until 16 months after 

birth and was still unable to walk on her last evaluation at two years of age. Her speech 

development was also delayed. Additionally, her height, weight and head circumference 

were below the third percentile for two year olds. She also had trunkal hypotonia and 

mid-face hypoplasia. 

Metabolic screening was negative. Familial Dysautonomia was ruled out by 

observation of normal fungiform tongue papillae and normal axon flare on intradermal 

histamine testing. Chromosomal microarray analysis was normal. Clinical whole-exome 

sequencing revealed a single, novel, de novo heterozygous sequence change in the gene 

SCN3A, L247P. In silico analysis concluded that this change was “likely pathogenic”. 

Other changes reported were deemed as “benign” or were rare population variants 

inherited from an unaffected parent, suggesting they were not pathogenic (Table A.1). 

Results were confirmed by Sanger sequencing.  
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Plasmids and Cell Transfection 

Electrophysiology and biochemistry experiments were conducted using tsA201 

cells (HEK-293 stably transfected with SV40 large T antigen) grown at 37°C with 5% 

CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum, 2 mM L-glutamine, and penicillin (50 U/ml)-streptomycin (50 µg/ml). 

These cells are commonly used for functional analysis studies of voltage-gated sodium 

channel (Rhodes et al., 2004, Rusconi et al., 2009, Liu and Zheng, 2013). Only cells from 

passage number < 13 were used. A plasmid encoding the major splice isoform of the 

human SCN3A with exon 5 adult (5A) and exon 12v1 (646 bp) splice variants was used 

(Wang et al., 2010). Full-length Nav1.3 was propagated in STBL2 cells at 30°C 

(Invitrogen), and the open reading frame of all plasmid preparations was fully sequenced 

prior to transfection. The L247P variant was introduced by site-directed mutagenesis. 

Plasmids encoding the human Nav channel accessory subunits β1 or β2 in vectors 

containing the marker genes CD8 (pCD8-IRES-β1) or GFP (pGFP-IRES-β2) were also 

used.  

For electrophysiology experiments, expression of Nav1.3, β1, and β2 subunits was 

achieved by transient transfection (2 µg of total cDNA: SCN3A, β1, β2 mass ratio was 

10:1:1) using Superfect Transfection Reagent (QIAGEN, Valencia, CA, USA). Cells 

were incubated as described above for 48 hours after transfection before use in 

electrophysiology experiments. For low temperature rescue experiments, cells were 

incubated for 24 hours at 37°C followed by 24 hours at 28°C prior to electrophysiology. 

Transfected cells were dissociated by brief exposure to trypsin/EDTA, resuspended in 

supplemented DMEM medium, plated on glass coverslips, and allowed to recover for ~2 
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hrs at 37°C or 28°C in 5% CO2. Polystyrene microbeads pre-coated with anti-CD8 

antibody (Dynabeads M-450 CD 8, Dynal, Great Neck, NY, USA) were added and only 

cells positive for both CD8 antigen (i.e., β1 expression) and GFP fluorescence (i.e., β2 

expression) were studied. 

For cell surface biotinylation experiments, expression of Nav1.3, β1 and β2 

subunits was achieved by transient transfection (2 µg of total cDNA: SCN3A, β1, β2 mass 

ratio was 10:1:1) using Lipofectamine 2000 (Life Technologies, Grand Island, NY, 

USA). Before use in these experiments, cells were incubated as described above for 48 

hours after transfection. 

Electrophysiology 

Coverslips were placed into a recording chamber on the stage of an inverted 

epifluorescence microscope (IX 50, Olympus, Center Valley, PA, USA) and allowed to 

equilibrate for 10 min in bath solution prior to starting experiments. Bath solution 

contained (in mM): 145 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES (N-(2-

hydroxyethyl) piperazine-N′-2-ethanosulphonic acid), pH 7.35, 310 mOsm/kg. The 

composition of the pipette solution was (in mM): 10 NaF, 110 CsF, 20 CsCl, 2 EGTA 

(ethyleneglycol-bis-(β-aminoethylether), 10 HEPES, pH 7.35, 310 mOsm/kg. Osmolarity 

and pH values were adjusted with sucrose and NaOH, respectively. A 2% agar-bridge 

with composition similar to the bath solution was utilized as a reference electrode. 

Junction potentials were zeroed with the filled pipette in the bath solution. Unless 

otherwise stated, chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Patch pipettes were pulled from thin-wall borosilicate glass (World Precision 

Instruments, Inc., Sarasota, FL, USA) using a multistage P-97 Flaming-Brown 
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micropipette puller (Sutter Instruments Co., San Rafael, CA, USA) and fire-polished with 

a Micro Forge MF 830 (Narashige, Japan). After heat polishing, the resistance of the 

patch pipettes was 1–3 MΩ in standard bath and pipette solutions. Once whole-cell 

recording mode was achieved, the access resistance averaged 2.5 ± 0.1 MΩ. Whole-cell 

sodium currents were recorded as previously described (Lossin et al., 2002, Vanoye et al., 

2006) at room temperature (20–23°C) in the whole-cell configuration of the patch-clamp 

technique (Hamill et al., 1981) using an Axopatch 200B series amplifier (Molecular 

Devices Corp, Sunnyvale, CA, USA). Cells were allowed to equilibrate for 10 min after 

establishment of the whole-cell configuration before currents were recorded. Pulse 

generation was performed with Clampex 8.1 (Molecular Devices Corp.) and whole-cell 

currents were acquired at 20 kHz and filtered at 5 kHz. Linear leak and residual 

capacitance artifacts were subtracted out using the P/4 method. To reduce voltage errors, 

80–90% series resistance and prediction compensation were applied. Cells were excluded 

from analysis if the predicted voltage error exceeded 3 mV or the current at the holding 

potential (-120 mV) was >5% of the peak current. 

Peak currents were measured using 20 ms pulses between -80 and +50 mV every 

5 s from a holding potential of -120 mV. The peak current was normalized for cell 

capacitance and plotted against voltage to generate peak current density–voltage 

relationships.  

Data were collected from at least 2 transient transfections per experimental 

condition. Results are reported as means ± SEM, and number of cells used for each 

experimental condition are listed on the legends or figures. Current values were 

normalized to membrane capacitance.  
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Cell Surface Biotinylation 

Forty-eight hours post-transfection, cell surface proteins of transfected tsA201 

cells were labeled with cell membrane impermeable Sulfo-NHS-Biotin (Thermo 

Scientific, Waltham, MA, USA). The biotinylation reaction was quenched with 100mM 

glycine, and the cells were subsequently lysed with RIPA lysis buffer (Thermo Scientific) 

containing Complete protease inhibitors (Roche Applied Science, Indianapolis, IN, USA) 

and clarified by centrifugation. An aliquot of the supernatant was retained as the total 

protein fraction. Biotinylated surface proteins (300 to 600 µg per sample) were recovered 

from the remaining supernatant by incubation with streptavidin-agarose beads (Thermo 

Scientific) and elution in Laemmli sample buffer. Total (5 to 10 µg per lane) and surface 

fractions were analyzed by Western blotting using rabbit anti-pan VGSC α subunit 

(1:250; Alomone, Jerusalem, Israel), mouse anti-transferrin receptor (1:500; Life 

Technologies), and rabbit anti-calnexin (H70) (1:250; Santa Cruz Biotechnology, Dallas, 

TX, USA) primary antibodies. Peroxidase-conjugated mouse anti-rabbit immunoglobulin 

G (IgG; 1:20,000; Jackson ImmunoResearch, West Grove, PA, USA) and goat anti-

mouse IgG (1:40,000, Jackson ImmunoResearch) secondary antibodies were utilized. 

Blots were probed for each protein in succession, stripping in between with Restore 

Western Blot Stripping Buffer (Pierce Biotechnology, Rockford, IL, USA). Calnexin 

immunoreactivity was present in total protein lysates and absent from cell surface 

fraction, confirming the selectivity of biotin labeling for cell surface proteins. 

Densitometry was performed using NIH ImageJ software. Transferrin receptor was 



40	
	

utilized as a loading control for Nav1.3 immunoreactive bands. Surface fractions were 

analyzed from two independent transfections, while total fractions were analyzed from 

three independent transfections. 

Mouse Model 

The Scn3aGt(OST52130)Lex mouse line (Lexicon Pharmaceuticals Inc.), containing a 

gene trap vector upstream of the first coding exon, was purchased from the Mutant 

Mouse Regional Resource Center (University of North Carolina at Chapel Hill, NC, 

USA). The line was maintained by backcrossing to C57BL/6J mice (Jackson 

Laboratories, Bar Harbor, ME, US). RNA and protein analysis in adult mice as well as all 

seizure and behavioral experiments were performed on heterozygous mutants and WT 

littermates generated by crossing N6-N7 Scn3a+/Hyp males to C57BL/6J females. WT, 

heterozygous, and homozygous littermates (P1) that were used for RNA and protein 

analysis were generated by mating heterozygous siblings from the N8-N9 generations.  

Mice were housed in an animal facility with a 12-hour light/dark cycle (lights on 7:00am 

– lights off 7:00pm) with food and water available ad libitum. All experiments were 

performed in accordance with the guidelines of the Emory University Institutional 

Animal Care and Use Committees. Unless stated otherwise, adult (4-6 month old) mice 

were used for the following experiments. 

Genotyping 

Genotyping was performed on DNA extracted from tail biopsies. To detect the 

wild-type allele, forward and reverse PCR primers were designed in the intronic 

sequences flanking the vector insertion site (3AF: GAGGATCAGGCTTAGCGGTG; 

3AR: TCTGGTCTGTTATGTCAGAAGGC) to produce a 337 bp PCR product. To 
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detect the mutant allele, a forward primer was designed in the vector sequence (VECTF: 

TATGTATTTTTCCATGCCTTGC) and paired with the 3AR reverse primer to produce 

a 233 bp PCR product.  

Quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted from whole brain samples of 1-day old (P1) 

homozygous (Scn3aHyp/Hyp; n = 3) and heterozygous (Scn3a+/Hyp; n = 5) mutants and wild-

type (WT; n = 4) littermates. RNA extraction and cDNA synthesis were performed as 

previously described (Makinson et al., 2014). PCR amplification of Scn1a, Scn2a, Scn3a 

and Scn8a was performed using primers designed to span two exons. The following 

primer pairs were used: Scn1a (F: CAGGAGGAAGGGGTTTCGCTTC, R: 

CCCCACATCCTTGGCTCGCCCTC), Scn2a (F: 

CTGCAACGGTGTGGTCTCCCTAG, R: ATGTAGGGTCTTCCAACAAGTCC), 

Scn3a (F: CCTGGACCCCTACTACGTCA, R: TGTGTACTCTACATTCTTCGTCCA), 

and Scn8a (F: AGATTTAGCGCCACTCCTGC, R: GGACCATTCGGGAGGGTTAC). 

Each primer pair produced standard curves with 90-100% efficiency. Real-time analysis 

was performed in technical triplicate using the BioRad CFX96 Real-Time PCR Detection 

System and SYBR Green fluorescent dye (BioRad, Hercules, CA, USA). Expression 

levels were normalized to beta-actin (F: CAGCTTCTTTGCAGCTCCTT, R: 

ACGATGGAGGGGAATACAGC). Expression relative to WT was determined using the 

Pfaffl calculation (Pfaffl, 2001).  

 

 

 



42	
	

 

Western Blot Analysis 

Whole brains were extracted from P1 WT (n = 5), Scn3a+/Hyp (n = 6), and 

Scn3aHyp/Hyp littermates (n = 4). Tissue was homogenized with a Dounce homogenizer in 

cold protease inhibitor buffer (50mM Tris, pH 7.5; 10mM EGTA; 1 protease inhibitor 

cocktail tablet (Roche) per 50mL of buffer). The homogenate solution was centrifuged at 

3500 RPM for 10 minutes at 4°C. The resulting supernatant was centrifuged at 38,000 

RPM for 30 minutes at 4°C. The membrane-enriched pellet was resuspended in protease 

inhibitor buffer and then stored at -80°C. Protein was quantified using the BCA protein 

assay (Pierce, Rockford, Il, USA). The protein (50 µg) was then denatured, separated by 

SDS-PAGE, and transferred to PVDF membrane. The membranes were blocked with 5% 

milk, then incubated at 4°C overnight with either polyclonal rabbit anti-Nav1.1 (1:200; 

Millipore, Billerica, MA), Nav1.2 (1:200; Millipore), Nav1.3 (1:200; Alomone), or 

Nav1.6 (1:200; Millipore), followed by HRP-conjugated donkey anti-rabbit secondary 

antibody (1:3000; GE Healthcare Life Sciences, Little Chalfont, UK) for 1 hour. To 

normalize for variation in protein loading, membrane blots were also incubated for 1 hour 

with monoclonal mouse anti-tubulin (1:5000; Sigma-Aldrich) followed by HRP-

conjugated goat anti-mouse secondary antibody (1:3000; Jackson ImmunoResearch). 

Following each secondary antibody, all blots were incubated in HyGlo Quick Spray 

(Denville Scientific, Holliston, MA, USA) and imaged. Protein expression was quantified 

using Image J software (NIH). 
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Hyperthermia-induced Seizures 

Susceptibility to hyperthermia-induced seizures in P21-22 Scn3a+/Hyp mutants (n = 

12) and WT littermates (n = 13) was determined as previously described (Dutton et al., 

2013). Since mice are not sexually mature at this age, results from male and female mice 

were combined.  Briefly, the body temperature of each mouse was monitored and 

controlled via a rectal temperature probe that was connected to a heating lamp and 

temperature controller (TCAT 2DF, Physitemp, Clifton, NJ, USA). Each mouse was 

placed in a clear cylinder and held at 37.5°C for 10 minutes. The core body temperature 

of each mouse was then increased by 0.5°C every two minutes until either a seizure 

occurred or a temperature of 42.5°C was reached. The temperature at which each mouse 

exhibited a GTCS was compared between genotypes. Behavioral seizures were also 

scored using a modified Racine scale (Racine, 1972): 1 – staring, 2 – head nodding, 3 – 

unilateral forelimb clonus, 4 – bilateral forelimb clonus, 5 – rearing and falling, 6 – 

generalized tonic-clonic seizure (GTCS).  

6 Hz Seizure Induction   

The topical anesthetic tetracaine (0.5%, Bausch and Lomb, Rochester, NY, USA) 

was applied to each eye 30 minutes prior to seizure induction. Adult male Scn3a+/Hyp 

mutants and WT littermates (n = 10/genotype) were subjected to 6 Hz corneal stimulation 

(0.2 ms pulse width, 3 s duration) using an ECT unit (Ugo Basile; Comerio, Italy). Each 

mouse was tested once per week, over a 3-week period, using a current of 16, 24, or 30 

mA. Behavioral seizures were scored using a modified Racine scale: 0 – no seizure, 1 – 

staring, 2 – forelimb clonus, and 3 – rearing and falling. For each genotype, the CC50 (the 
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convulsive current at which 50% of mice seize) was established as well as the average 

Racine scores at each current. 

Flurothyl Seizure Induction 

Seizure induction using flurothyl (2,2,2-trifluroethyl ether, Sigma-Aldrich) was 

performed as previously described (Martin et al., 2007, Makinson et al., 2014, Sawyer et 

al., 2014). Briefly, 5-8 week old Scn3a+/Hyp male and female mutants (n = 29/sex) and 

WT littermates (male n = 33; female n = 32) were placed in a clear chamber and flurothyl 

was introduced at a constant rate of 20 µl/min. Latencies to the first myoclonic jerk, first 

generalized tonic-clonic seizure (GTCS) with loss of posture, and hind limb extension 

were recorded. 

EEG cortical/depth electrode surgery 

Electroencephalogram (EEG) electrodes were surgically implanted in adult male 

Scn3a+/Hyp mice (n = 6) and WT littermates (n = 4) as previously described (Martin et al., 

2007, Dutton et al., 2013, Papale et al., 2013, Makinson et al., 2014). Briefly, two pairs of 

bipolar stainless steel screw electrodes (Vintage Machine Supplies, OH, USA) were 

implanted in the skull at the following coordinates (relative to bregma): anterior-poster 

(AP) +0.5 mm  and medial-lateral (ML) -2.2 mm; AP +2.0 mm and ML +1.2 mm; AP -

3.5 mm and ML −2.2 mm; AP -1.5 mm and ML +1.2 mm. Two fine-wire electrodes were 

implanted in the dorsal neck muscles to record electromyography (EMG) activity.  

Depth EEG recordings were obtained in adult male Scn3a+/Hyp mice (n = 3) and 

WT littermates (n = 2). Two depth electrodes were implanted into the hippocampus 

(relative to bregma): AP -1.8 mm, ML ±1.6 mm, dorsal-ventral (DV) -1.7 mm. Two 

cortical electrodes were also implanted (relative to bregma): AP +2.0 mm and ML+1.2 
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mm; AP +0.5 mm and ML -2.2 mm. EMG electrodes were not implanted for depth EEG 

recordings. 

For all surgeries, mice were administered Meloxicam (2 mg/kg; Norbrook 

Laboratories, Lenexa, KS, USA) preoperatively and postoperatively for two days 

following surgery (1 mg/kg). Each mouse was allowed to recover from surgery for at 

least 7 days before the onset of EEG recording. Twelve days of continuous video/EEG 

recording were collected from each mouse, and EEG signals were analyzed with Stellate 

Harmonie EEG software (Natus Medical Inc., San Carlos, CA, USA) using a high-pass 

filter of 0.5 Hz and a low-pass filter of 35 Hz. For the cortical-only recordings, EMG 

signals were analyzed using a high-pass filter of 10 Hz and a low-pass filter of 70 Hz. 

Two montages were used to manually score the cortical-only and depth EEG recordings. 

In the first montage, one muscle electrode was used as the reference. Since muscle 

electrodes were not implanted during the depth electrode surgery, the second montage 

used a cortical electrode as a reference.  Seizure activity was defined as synchronous 

discharges of increasing frequency with amplitudes at least twice the background.  

Kainic Acid Seizure Induction 

Male Scn3a+/Hyp mutants (n = 8) and WT littermates (n = 5) were administered 

kainic acid (i.p., 20 mg/kg, Sigma-Aldrich) and observed for two hours. Seizures were 

confirmed by EEG analysis using cortical electrode and hippocampal depth electrodes as 

described above. Behavioral seizures were scored using a modified Racine scale: 0 – no 

behavior, 1 – freezing/staring, 2- head nodding, 3 – tail clonus, 4 – forelimb clonus, 5 – 

rearing and falling, and 6 – death (Martin et al., 2007, Tang et al., 2009, Makinson et al., 
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2014). The latency to the first electrographic seizure in each mouse as well as the average 

seizure severity during the observation period were compared.  

Locomotor Activity 

Adult male Scn3a+/Hyp mice and WT littermates (n= 8/genotype) were placed in 

novel transparent cages (40 × 20 × 20 cm) equipped with 7 infrared photobeams, each 

beam spaced 5 cm apart and 5 cm from the cage wall (San Diego Instruments Inc., San 

Diego, CA, USA). Activity was monitored for 48 hours, and ambulation was recorded as 

the number of consecutive beam breaks during the time period.  

Rotarod 

Adult male Scn3a+/Hyp mice (n =11) and WT littermates (n= 9) were trained on a 

fixed speed (5 RPM) rotating rod (AccuScan Instruments, Columbus, OH, USA) daily for 

five minutes across two days. Experimental trials were performed on an accelerating 

(acceleration: 4-40 RPM) rotarod (Columbus Instruments, Columbus, OH, USA) for 

three days following training. Animals were subjected to three 5-minute trials each day, 

with a rest period of 30 minutes between each trial. The latency to fall was recorded for 

each trial.   

Statistical Analysis 

Data was analyzed using the following software: Clampfit 8.1 (Molecular Devices 

Corp.), Excel 2002 (Microsoft, Seattle, WA, USA), SigmaPlot 10 (Systat Software, Inc., 

San Jose, CA, USA), Prism 5-6 (GraphPad Software, Inc., La Jolla, CA, USA), and SPSS 

Statistical Software (IBM, Armonk, NY, USA). mRNA expression (normalized to β-

actin), protein expression (normalized to α-tubulin and reported in optical density units), 

latencies to flurothyl-induced seizures, and latencies to the first KA-induced 
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electrographic seizure were analyzed with a two-tailed Student’s t-test when comparing 

two genotypes or one-way Analysis of Variance (ANOVA) followed by the Tukey 

pairwise post hoc comparison when comparing three genotypes.  The log-rank (Mantel-

Cox) test was used to analyze the number of animals that seized in the hyperthermia-

induced seizure paradigm and the temperature at which each mouse seized per genotype. 

The 6 Hz CC50 and respective confidence intervals were determined for each genotype 

using log-probit analysis. Racine scores at each current in the 6 Hz paradigm were 

analyzed using the nonparametric Mann-Whitney Rank Sum test. A two-way repeated 

measures ANOVA followed by Bonferroni’s multiple comparisons post hoc analyses was 

used to analyze the time course of KA-induced seizure severity, the number of 

ambulations during locomotor activity, and latency to fall during the rotarod task. All bar 

graphs indicate the means, and all error bars represent ± standard error of the mean 

(SEM).  

2.4. Results 

2.4.A. The SCN3A-L247P variant is associated with childhood epilepsy and 

encodes a trafficking deficient channel 

Clinical whole-exome sequencing identified a single de novo variant, SCN3A-

L247P, in an 18 month-old female patient exhibiting focal seizures, global developmental 

delay, and autonomic dysfunction. This non-synonymous variant was not present in 

either parent, or in publically available exome databases (Exome Aggregation 

Consortium (ExAC), 2016; Exome Variant Server, 2016). SCN3A is highly intolerant of 

variation with genic intolerance score of -2.48 for missense variants, putting it amongst 

the top 1% most intolerant of genes (Petrovski et al., 2013). The SCN3A-L247P variant 
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resulted in a non-conservative amino acid substitution at the cytoplasmic face of the S5 

transmembrane segment in domain 1 (Fig. 2.1A and 2.1B). We attempted to functionally 

characterize this variant using recombinant human Nav1.3 co-expressed with human β1 

and β2 subunits in a heterologous expression system (tsA201 cells). However, SCN3A-

L247P mutant channels failed to exhibit significant sodium current (Fig. 2.1C-D). 

Incubation at low temperature (28°C) for 24 hours did not rescue any significant sodium 

current (Fig. 2.1D). Two independent recombinant Nav1.3 clones expressing the L247P 

mutation were tested. The open reading frame of both clones was fully sequenced to rule 

out cloning artifacts. 

The absence of detectable sodium current in cells transfected with SCN3A-L247P 

suggests that either the mutation affected the level of channel protein at the cell surface, 

or the mutant channel is expressed at the cell surface but does not conduct sodium. To 

determine the level of cell surface expression of SCN3A-L247P, we performed cell 

surface biotinylation (Fig. 2.1E). There was a significant reduction in the amount of 

SCN3A-L247P at the level of the cell surface relative to SCN3A-WT (normalized surface 

VGSC expression = 1.0 for SCN3A-WT and 0.18 for SCN3A-L247P; n = 2). There was 

also a trend toward a decrease in total cellular SCN3A expression between SCN3A-WT 

and SCN3A-L247P (normalized total VGSC expression = 1.0 for SCN3A-WT and 0.66 

for SCN3A-L247P; p = 0.11, Student’s t-test; n = 3). Fewer Nav1.3 channels at the cell 

surface would be predicted to reduce the magnitude of the inward current, which may 

contribute to disease pathogenesis. 
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Figure 2.1 SCN3A-L247P is a trafficking deficient mutant. 	

(A) Predicted transmembrane topology of Nav1.3 showing the location of the L247P 

variant characterized in this study. The S4 segments are shown in black with plus (+) 

signs and the grey rectangle behind the depiction represents the plasma membrane. (B) 

Multiple alignment of human homologs and species orthologs of Nav1.3 (Clustal Omega; 

(Sievers et al., 2011)). The variant amino acid L247P (shaded) is contained within a 

region of strong evolutionary conservation. (C) Average sodium current traces for 
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SCN3A-WT and SCN3A-L247P co-expressed with β1 and β2 in a heterologous 

expression system (tsA201 cells). (D) Average current density-voltage relationships are 

shown for whole-cell currents tsA201 cells transiently co-expressing β1 and β2 with 

SCN3A-WT or SCN3A-L247P incubated at 37°C or 28°C for 24 hours prior to 

recording. (E) Total and surface protein were detected with anti-pan VGSC α subunit 

antibody or anti-transferrin receptor antibody as indicated. The WT SCN3A protein 

traffics normally to the cell surface, whereas trafficking of SCN3A L247P to the cell 

surface is significantly impaired. 
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2.4.B. Scn3a mRNA and protein expression is reduced in Scn3a+/Hyp and 

Scn3aHyp/Hyp mice 

To better understand the contribution of SCN3A to disease, we evaluated the 

Scn3a gene trap mouse line, Scn3aGt(OST52130)Lex , developed by Lexicon Pharmaceuticals. 

The original description of this mouse line reported the observation of only two 

homozygotes from 63 pups at the F2 generation (WT: 20, heterozygous: 41, 

homozygous: 2; Chi-squared: 16.016, df = 2, p < 0.001), neither of which survived 

beyond four weeks of age (http://www.informatics.jax.org/external/ko/lexicon/1392.html; 

Lexicon personal communication). We generated WT, heterozygous, and homozygous 

pups for our study by mating heterozygous siblings that had been backcrossed 8-9 

generations onto the C57BL/6J strain. Although fewer homozygotes were born than WT 

pups, we did not observe statistically significant deviations from Mendelian ratios in 

animals born (WT: 21, heterozygous: 36, homozygous: 10; Chi-squared: 3.985, df = 2, p 

= 0.14).  However, in order to appropriately model the heterozygous SCN3A mutation 

observed in the patient, we used heterozygous mutants and WT littermates, generated 

from crossing male heterozygous mutants to female C57BL/6J mice, for all behavioral 

experiments.  Gross brain morphology of adult heterozygous mutants was normal except 

for focal cortical anomalies, including disruptions in cortical lamination and 

invaginations (Fig. A.1). These were observed in the majority of Scn3a+/Hyp mice 

examined, but not in WT littermates. However, cortical malformations have been 

reported to occur in WT C57BL/6J mice at a low level (Ramos et al., 2008). To confirm 

disruption of Scn3a in mutant mice, quantitative real-time PCR analysis was performed 

on whole brain samples from one-day old (P1) WT, heterozygous and homozygous 
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littermates. We observed approximately 70% and nearly 100% reduction of Scn3a 

mRNA expression (relative to WT) in the brains of heterozygous and homozygous 

mutants, respectively (p < 0.0001, Fig. 2.2A).  Western blotting indicated that Nav1.3 

protein expression in the brains of P1 heterozygous and homozygous mutants, compared 

to WT, was reduced by approximately 35% (p < 0.05) and 60% (p < 0.001), respectively 

(Fig. 2.2B). These observations indicate that the Scn3a gene trap allele is hypomorphic 

(defined henceforth as Scn3aHyp).  In adult heterozygous Scn3a+/Hyp mice, Scn3a mRNA 

expression was reduced by approximately 60% compared to WT in both the hippocampus 

and cerebellum (p < 0.05; Fig. A.2). Nav1.3 protein expression was undetectable in the 

brains of adult WT and Scn3a+/Hyp mice.  

To determine whether Scn3a deficiency could alter the expression levels of other 

CNS VGSCs, we compared Scn1a, Scn2a, and Scn8a mRNA and protein levels from the 

brains of Scn3aHyp mutant mice and WT littermates.  Although Scn1a (Fig. 2.3A), Scn2a 

(Fig. 2.3B), and Scn8a (Fig. 2.3C) mRNA levels were comparable between P1 Scn3a+/Hyp 

pups and WT littermates, they were significantly reduced in Scn3aHyp/Hyp pups (p < 0.05). 

No significant differences in mRNA expression of Scn1a, Scn2a, and Scn8a were 

observed between adult Scn3a+/Hyp mice and WT littermates (Fig. A.2 B-D). Nav1.1, 

Nav1.2, and Nav1.6 protein expression was undetectable by Western blotting for all 

genotypes of P1 mice (data not shown). No significant differences in protein levels of 

Nav1.1, Nav 1.2 and Nav 1.6 were observed in adult Scn3a+/Hyp mutant mice compared 

with WT littermates (Fig. A.2 B-D). 
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Figure 2.2 Scn3a expression is reduced in Scn3a+/Hyp mice. 	

(A) Scn3a mRNA expression is reduced by approximately 70% (p < 0.0001) and nearly 

100% (p < 0.0001) in Scn3a+/Hyp and Scn3aHyp/Hyp mice respectively. mRNA expression, 

quantified from real-time PCR analysis, was normalized to β-actin. Expression values for 

each genotype are relative to WT levels. n = 4 (WT), 5 (Scn3a+/Hyp), 3 (Scn3aHyp/Hyp). (B) 

Scn3a protein expression, quantified from Western blot analysis, is reduced by 

approximately 35% (p < 0.05) and 60% (p < 0.001) in membrane-enriched whole brain 

homogenate from Scn3a+/Hyp and Scn3aHyp/Hyp mice, respectively. Optical density (OD) 

expression values are relative to WT and normalized to α-tubulin; n = 5 (WT), 6 

(Scn3a+/Hyp), 4 (Scn3aHyp/Hyp). Protein results represent the means of triplicate values for 

each genotype. *p < 0.05, *** < 0.001, ****p < 0.0001; One-way ANOVA. Error bars 

indicate SEM. 
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Figure 2.3 Expression of Scn1a, Scn2a, and Scn8a in Scn3a+/Hyp mice.  	

(A) Scn1a, (B) Scn2a), and (C) Scn8a mRNA expression, quantified from real-time PCR 

analysis, is significantly reduced in whole brain samples from P1 Scn3aHyp/Hyp mice. n = 4 

(WT), 5 (Scn3a+/Hyp), 3 (Scn3aHyp/Hyp). Expression values are relative to WT and 

normalized to β-actin. *p < 0.05, One-way ANOVA. Error bars indicate SEM. 
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2.4.C. Scn3a+/Hyp mice exhibit increased seizure susceptibility 

We first determined whether reduced Scn3a expression increases susceptibility to 

hyperthermia-induced seizures. Core body temperature of P21-P22 Scn3a+/Hyp mutants 

and WT littermates was increased by 0.5°C every two minutes until either a generalized 

tonic-clonic seizure (GTCS) was observed or 42.5°C is reached. No statistically 

significant differences were observed in the number of mice exhibiting seizures, the 

temperature at which the seizure occurred, nor the seizure severity between Scn3a+/Hyp 

mice and WT littermates (Fig. 2.4).  

Next, we assessed the susceptibility of male Scn3a+/Hyp mutants to focal seizures 

using the 6 Hz “psychomotor” seizure induction paradigm (Toman, 1951, Brown et al., 

1953).  Male Scn3a+/Hyp mutants and WT littermates were tested at current intensities of 

16 mA, 24 mA, and 30 mA.  Seizure incidence and severity (based on a modified Racine 

score, denoted RS) was compared between Scn3a+/Hyp mutants and WT littermates at each 

current (Fig. 2.5). Both genotypes displayed minimal seizure response at 16 mA. 

However, at 24 mA, 50% (5/10) of Scn3a+/Hyp mutants seized (3RS1, 2RS2), compared 

with 10% (1/10) of WT (1RS3). At 30 mA, 90% (9/10) Scn3a+/Hyp mutants seized (4RS1, 

3RS2, 2RS3) compared with 56% (5/9) of WT littermates (1RS1, 1RS2, 3RS3). Based on 

these results, the CC50 was found to be significantly lower in the Scn3a+/Hyp mutants 

[CC50 = 24 mA; 95% CI: 19.8 to 25.4] when compared with WT littermates [CC50 = 29 

mA; 95% CI: 26.7 to 38.4] (Fig. 2.5A).  No statistically significant differences were 

observed in seizure severity between mutant and WT littermates at the currents tested 

(Fig. 2.5B).  
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Figure 2.4 Scn3a+/Hyp  mice do not exhibit increased susceptibility to hyperthermia-

induced seizures.  

Seizure generation in response to increasing body temperature was comparable between 

Scn3a+/Hyp mutants (n = 12) and WT littermates (n = 13). Log-Rank Survival Test. 
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Figure 2.5 Scn3a+/Hyp  mice exhibit increased susceptibility to 6 Hz psychomotor 

seizures.	

 (A) The CC50 is significantly lower for Scn3a+/Hyp mice compared with WT littermates; n 

= 10/genotype. (B) The difference in the average Racine score between Scn3a+/Hyp 

mutants and WT littermates was not statistically significant for any current. Mann-

Whitney Rank Sum test.  Error bars indicate SEM. 
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Latencies to flurothyl-induced seizures were examined in both sexes of Scn3a+/Hyp 

mutants and WT littermates (Fig. 2.6). The average latency to the first myoclonic jerk 

was reduced in Scn3a+/Hyp mutants compared to WT littermates in both sexes.  Average 

latencies to the first GTCS were comparable between male Scn3a+/Hyp mutant and male 

WT littermates (Fig. 2.6A); however, female Scn3a+/Hyp mutants exhibited significantly 

reduced latencies to the GTCS when compared to female WT littermates (p < 0.01, Fig. 

2.6B). In both sexes, Scn3a+/Hyp mice progressed to hindlimb extension significantly 

faster than WT littermates (male: p < 0.001; female: p < 0.001). 

The response of male Scn3a+/Hyp mutants and WT littermates to kainic acid (KA)-

induced seizures was also compared (Fig. 2.7). Scn3a+/Hyp mutants exhibited significantly 

higher average Racine scores compared to WT littermates from 20 minutes to 2 hours 

following KA administration (p < 0.05, Fig. 2.7A).  The latency to the first observed 

electrographic seizure was also significantly reduced in Scn3a+/Hyp mice (p < 0.05, Fig. 

2.7B). An example of an EEG-confirmed KA-induced seizure in a Scn3a+/Hyp mutant is 

shown in Fig. 2.7C. 

2.4.D. Scn3a+/Hyp mutants do not exhibit spontaneous seizures 

Male Scn3a+/Hyp mutants (n= 6) and WT littermates (n= 4) were implanted with 

cortical electrodes and continuous video/EEG analysis was performed for 12 days (288 

hours each mouse). No spontaneous seizures were detected during the recording period. 

Since patients with SCN3A mutations exhibit focal seizures, we also performed EEG 

analysis on Scn3a+/Hyp mice (n= 3) and WT littermates (n = 2) using depth electrodes 

positioned bilaterally in the dorsal hippocampus. Each mouse was continuously 
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monitored by video/EEG analysis for 12 days; however, no spontaneous seizures were 

detected.  

2.4.E. Scn3a+/Hyp mutants are hypoactive and display deficits in motor 

learning 

The locomotor activity of male Scn3a+/Hyp mice and WT littermates was 

continuously monitored for 48 hours and the number of ambulations were recorded (Fig. 

2.8A). Scn3a+/Hyp mutants traveled significantly less than WT littermates during the first 

dark cycle (8:00-11:00 pm; hours 6.5 to 9.5) and during the second dark cycle (9:00 – 

9:30 pm; hours 31.5-32.0) (p < 0.05, Fig. 2.8A). We also compared motor learning 

between Scn3a+/Hyp mice and WT littermates using an accelerating rotarod. All mice 

underwent three trials per day for three days. There were no differences in average 

latencies to fall between the genotypes during the first five trials. During the remaining 

trials, however, Scn3a+/Hyp mutants fell from the accelerating rotarod significantly faster 

than WT littermates (Fig. 2.8B). A battery of behavioral tests was also conducted on the 

Scn3a+/Hyp mutants and WT littermates to evaluate exploratory activity, anxiety, memory, 

social behavior, depressive-like behavior, vision, and sensorimotor gating (Table 2). No 

statistically significant differences were observed between mutants and WT littermates in 

any of these behavioral tasks, with the exception of the open field in which Scn3a+/Hyp 

mice entered the center zone significantly fewer times when compared to WT littermates 

(p < 0.05). 
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Figure 2.6 Scn3a+/Hyp mice exhibit increased susceptibility to flurothyl-induced 

seizures. 	

(A) Male Scn3a+/Hyp
   
mutants exhibit significantly shorter latencies to the first MJ and 

HLE when compared to WT littermates. (B) Female Scn3a+/Hyp
   
female mice have 

significantly shorter latencies to all three seizure components when compared to WT; 

male n = 33 (WT), 29 (Scn3a+/Hyp
 
); female n = 32 (WT), 29 (Scn3a+/Hyp).  **p < 0.01, 

***p < 0.001, Two-tailed Student’s t-test. Error bars indicate SEM. 
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Figure 2.7 Scn3a+/Hyp 
mice exhibit increased susceptibility to KA-induced seizures.  

(A) Following the administration of KA, Scn3a+/Hyp
 
mutants (n = 8) exhibited 

significantly more severe seizure phenotypes when compared to WT littermates (n = 5). 

*p < 0.05; Two-way repeated measures ANOVA. (B) Average latency to the first 

electrographic seizure was shorter in Scn3a+/Hyp
 
mutants. *p < 0.05, Two-tailed Student’s 

t-test.  (C) A representative EEG recording during a KA-induced seizure in a mutant 

mouse. Seizure onset and termination are indicated within brackets. EEG montage: 

Cortical EEG 1, Cortical EEG 2, Cortical EEG 3, and Cortical EEG 4 – cortical 

electrodes. EMG – muscle electrodes. All cortical electrodes and EMG referenced to a 

second EMG electrode. Error bars indicate SEM. 
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Figure 2.8 Scn3a+/Hyp 
mice exhibit deficits in motor behavior.  

(A) Scn3a+/Hyp mice (n = 8) traveled significantly less than WT (n = 8) during the first 

dark phase (hours 6.5-9.5) and the second dark phase (hour 31.5-32.0). Inset shows 

locomotor activity during hours 6.5-9.5.  **p < 0.01, ***p < 0.001, ****p < 0.0001; 

Two-way repeated measures ANOVA (Genotype x Time). White and black bars below the 

X-axis represent the light and dark periods, respectively. (B) Latency to fall from the 
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rotarod was significantly shorter for Scn3a+/Hyp
 
mutants (n = 11) when compared to WT 

littermates (n = 9) from trial 6 (Day 2) to the last trial (trial 9) on Day 3. *p < 0.05, **p < 

0.01, Two-way repeated measures ANOVA (Genotype x Time). Error bars indicate SEM.  
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2.5. Discussion 

2.5.A. A novel SCN3A variant (L247P) is associated with childhood epilepsy 

and displays reduced trafficking to the cell surface 

Clinical whole-exome sequencing identified a novel, non-synonymous missense 

variant in the SCN3A gene, encoding the Nav1.3 VGSC α subunit, in a female patient 

with childhood epilepsy, global developmental delay, and autonomic nervous system 

dysfunction. The L247P substitution replaces a highly conserved leucine residue with 

proline at the cytoplasmic face of the DIS5 transmembrane domain (Fig. 2.1B). This 

substitution is predicted to affect the secondary structure of SCN3A, which could alter the 

function or trafficking of the channel (Table A.1). We demonstrate herein that SCN3A-

L247P is a trafficking deficient mutant. This finding provides further support for loss-of-

function of SCN3A as a pathogenic mechanism.   

There is a precedent for the rescue of trafficking-deficient sodium channel 

mutants by co-expression of VGSC β subunits, other interacting proteins, or 

pharmacologic agents (Rusconi et al., 2007, Rusconi et al., 2009, Thompson et al., 2012, 

Cestele et al., 2013, Bechi et al., 2015). The biochemical and functional assays of 

SCN3A-L247P were performed in cells co-transfected with β1 and β2 subunits, 

suggesting that β1 and β2 are not sufficient to rescue the trafficking of SCN3A-L247P. 

Further experimentation will be necessary to ascertain whether the trafficking of SCN3A-

L247P can be rescued by other interacting proteins or pharmacologic agents. 
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2.5.B. In vivo characterization of Scn3a haploinsufficiency 

In order to further explore the potential of reduced SCN3A activity to confer 

elevated seizure risk in vivo, we studied the gene trapped Scn3aGt(OST52130)Lex  line. Scn3a 

mRNA expression in P1 mice was found to be significantly reduced in heterozygous 

mutants, and Nav1.3 protein levels were approximately 35% lower than in WT 

littermates. Interestingly, although Scn3a mRNA in homozygous mutants was almost 

undetectable, Nav1.3 protein was still detected, indicating that this mouse line is 

hypomorphic. It is well recognized that mRNA and protein expression levels do not 

always correlate due to experimental noise, the stability of the RNA or protein, or 

modifications at the transcriptional or translational level (Nie et al., 2006, Raj et al., 2006, 

Maier et al., 2009). We were unable to detect Nav1.3 protein in the adult WT mouse brain 

by Western blot, which is consistent with observations from a previous study (Cheah et 

al., 2013). The lack of detectable Nav1.3 protein in adult brain also confirmed the 

specificity of the Scn3a antibody, since we showed that all other CNS VGSCs are 

detectable in the adult brain.   

Previous observations by Lexicon indicated reduced viability of homozygous 

Scn3aHyp/Hyp mutants, suggesting that Scn3a is critical during early development. In the 

current study, we did not observe significant skewing of Mendelian ratios when the three 

genotypes (WT, Scn3a+/Hyp, Scn3aHyp/Hyp) were examined at P1. However, Lexicon 

observations were based on numbers at the time of genotyping (P10 at earliest); therefore, 

homozygous mutants likely exhibit postnatal lethality. We also investigated whether the 

expression of the other brain VGSCs would be altered due to the reduced expression of 

Scn3a. Previous studies have demonstrated that sodium channel deficiency can result in 
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changes in expression of other VGSCs. For example, Scn1b-null mice exhibit reduced 

Nav1.1 and increased Nav1.3 protein levels (Chen et al., 2004). Analysis of Scn1a 

knockout mice also showed compensatory upregulation of Nav1.3 in hippocampal 

interneurons, although this increase was insufficient to restore normal levels of sodium 

current (Yu et al., 2006). In the current study, Scn1a, Scn2a, and Scn8a mRNA levels 

were unchanged in P1 Scn3a+/Hyp mice, while mRNA expression was significantly 

reduced in homozygous mutants.  However, since Nav1.1, Nav1.2, and Nav1.6 proteins 

are undetectable by Western blot in P1 mice, further investigation will be required to 

determine whether these observed reductions in mRNA levels are functionally important.  

To date, only two reported patients with SCN3A mutations (M1323V, N302S) 

have presented with febrile seizures, suggesting that this is not a common seizure type for 

SCN3A mutations (Vanoye et al., 2014, Chen et al., 2015). Consistent with clinical 

observations, Scn3a+/Hyp mice did not show increased susceptibility to hyperthermia-

induced seizures. However, Scn3a+/Hyp mice did exhibit increased susceptibility to 

flurothyl, KA, and 6 Hz-induced seizures. The results from the KA and the 6 Hz 

paradigms are particularly relevant since these approaches model limbic seizures, which 

are the most commonly observed seizure type in patients with SCN3A mutations, 

including the patient with the L247P mutation (Barton et al., 2001, Holland et al., 2008, 

Vanoye et al., 2014).  Taken together, these clinical and experimental findings suggest a 

role for SCN3A in the development of generalized and partial epilepsy.   

While the Scn3a+/Hyp mutant did not express the L247P mutation identified in the 

patient, the observation of increased seizure susceptibility in the mutants provides support 

for the association between reduced SCN3A activity and increased seizure susceptibility. 
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Although we did not observe spontaneous seizures in the Scn3a mice, we cannot exclude 

the possibility of infrequent seizures that were not captured during the periods of EEG 

analysis. It is noteworthy that two of the six Scn3a+/Hyp mice fitted with cortical electrodes 

were observed exhibiting brief, seizure-like behaviors, including rearing and falling. 

However, these behaviors did not correspond with electrographic seizure activity. 

Furthermore, we cannot exclude the possibility that the spontaneous seizures in the 

patient are the result of the toxic accumulation of mutant Nav1.3 protein in the cells due 

to defective trafficking.  

One general caveat of mouse models is that gene expression patterns can differ 

from humans. SCN3A is highly expressed during early development in humans and 

rodents, with expression declining into adulthood (Black et al., 1994, Felts et al., 1997b, 

Chen et al., 2000, Whitaker et al., 2001b). However, the relative reduction in adult Scn3a 

levels appears to be greater in the mouse. Nevertheless, a number of studies have 

revealed that Scn3a expression is still detectable in certain brain regions, including the 

hippocampus and cortex, during adulthood (Beckh et al., 1989, Furuyama et al., 1993, 

Lindia and Abbadie, 2003). The observation of increased seizure susceptibility in 

Scn3a+/Hyp mutants suggest that Scn3a is still functionally important in the adult mouse. 

However, it is also possible that reduced Scn3a during early development results in long-

term alterations in neuronal excitability or cortical organization. Future studies will 

investigate these possibilities. 
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2.5.C. A putative role for Scn3a in motor function and coordination 

Scn3a+/Hyp mice exhibited reduced locomotor activity, suggesting hypoactivity, 

and decreased latency to fall from a rotarod. Interestingly, average latencies to fall from 

the rotarod were not significantly different between the genotypes during the initial trials; 

however, the performance of the mutants did not improve over time, indicating a deficit 

in motor learning. Poor rotarod performance suggests dysfunction of the cerebellum, 

since this brain region plays a crucial role in movement, motor coordination, and motor 

learning (Reeber et al., 2013). Studies in both rat and human have identified SCN3A 

expression in the granule, molecular, and deep cerebellar layers of the cerebellum, 

suggesting that SCN3A is expressed in excitatory granule cells as well as inhibitory cell 

types in the molecular layer. (Furuyama et al., 1993, Whitaker et al., 2000, Whitaker et 

al., 2001b, Lindia and Abbadie, 2003). The patient with mutation L247P was unable to sit 

without support or walk at two years of age, suggesting a deficit in motor function. 

Additionally, the patient exhibits hypotonia, or low muscle tone, which can be partially 

attributed to cerebellar dysfunction (Koziol and Barker, 2013). Taken together, these 

results suggest a role for Scn3a in cerebellum-regulated motor function.  

2.6. Conclusions 

We report the identification of the novel de novo variant SCN3A-L247P in a 

patient with childhood epilepsy. SCN3A-L247P was demonstrated to cause a defect in 

trafficking, which would be predicted to functionally reduce SCN3A activity. Consistent 

with the clinical observations, Scn3a+/Hyp mice display increased seizure susceptibility, 

hypoactivity, and impaired motor learning. These observations support a role for SCN3A 
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loss of function mutations, whether by reduced protein expression or defective 

trafficking, in epileptogenesis.  
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Chapter 3: Exploring the possibility that Scn3a can function as a genetic modifier in 

Scn1a mutant mice 
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3.1 Abstract 

	 More than 1200 mutations in SCN1A have been identified in epilepsy 

syndromes, including GEFS+ and Dravet syndrome. Clinical heterogeneity is frequently 

observed in SCN1A-derived epilepsies, suggesting that additional genetic and/or 

environmental factors contribute to the clinical presentation. Previous studies in mouse 

models identified Scn2a and Scn8a as modifiers of Scn1a dysfunction. To determine 

whether Scn3a also acts as a genetic modifier, we crossed the Scn1a R1648H GEFS+ 

mouse model with the Scn3a hypomorphic line (Scn3a+/Hyp). Mice with both Scn3a and 

Scn1a dysfunction (Scn3a+/Hyp/Scn1a+/RH mice) did not exhibit altered survival or growth 

rates compared to Scn3a and Scn1a mutant mice.  Scn3a+/Hyp/Scn1a+/RH  mice did exhibit 

increased susceptibility to flurothyl-induced seizures but not hyperthermia-induced or 6 

Hz-induced seizures. Finally, Scn3a+/Hyp/Scn1a +/RH mice did not exhibit alterations in 

anxiety, exploration, or motor leaning compared to both Scn3a and Scn1a mutant mice. 

Taken together, these results suggest that Scn3a is unlikely to be a major modifier of 

Scn1a.  

3.2 Introduction 

Epilepsy is a disorder of hyperexcitability and hypersynchrony; therefore, it is 

unsurprising that many of the genes implicated in this disorder encode voltage-gated 

sodium channels (Escayg et al., 2000, Singh et al., 2009, Saitoh et al., 2015, Boerma et 

al., 2016). In particular, more than 1200 mutations in the voltage-gated sodium channel 

SCN1A have been identified in epilepsy syndromes ranging from genetic epilepsy with 

febrile seizures plus (GEFS+) to Dravet syndrome (Meng et al., 2015). Studies in mouse 

models of Scn1a dysfunction have revealed that Scn1a mutations lead to epilepsy by 
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reducing the excitability of inhibitory interneurons, resulting in an overall increase in 

network excitability (Yu et al., 2006, Ogiwara et al., 2007, Cheah et al., 2013, Dutton et 

al., 2013, Ito et al., 2013).  

We previously generated a mouse model of GEFS+ (Scn1aRH line) by introducing 

the human SCN1A mutation R1648H, which was identified in a large GEFS+ family, into 

the orthologous mouse Scn1a gene (Escayg et al., 2000; Martin et al., 2010). 

Homozygous Scn1aRH/RH mice exhibit frequent spontaneous generalized seizures and 

premature lethality, while Scn1a+/RH heterozygous mice exhibit infrequent spontaneous 

generalized seizures, as well as increased susceptibility to hyperthermia-induced seizures 

and to chemically- and electrically-induced seizures (Martin et al., 2010). After 

backcrossing for 12 generations on the C57BL/6J background, Scn1a+/RH mice were 

found to have reduced lifespan compared to wildtype (WT) littermates, and to exhibit 

hyperactivity and deficits in spatial memory, cued fear conditioning, pre-pulse inhibition, 

social behavior, and risk assessment (Sawyer et al., 2016).  

As mentioned in Chapter 1, few epilepsy mutations have been identified in the 

VGSC SCN3A in comparison to SCN1A. The first mutation, K345Q, was discovered 

through genetic screening of a cohort of refractory partial epilepsy patients (Holland et 

al., 2008). This mutation was shown to result in increased persistent and ramp currents 

when measured in rat hippocampal pyramidal neurons. Four additional mutations were 

subsequently identified in patients with partial epilepsy, all of which were demonstrated 

to increase ramp currents when tested in tsA201 cells, suggesting gain of function 

(Vanoye et al., 2014). However, functional analysis demonstrated that the SCN3A N302S 

mutation, identified in a patient with GEFS+ and severe intellectual disability, increased 
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recovery time from slow inactivation, suggesting that mutations that reduce channel 

activity may also result in epilepsy (Chen et al., 2015). We have also recently reported 

the identification of a trafficking deficient mutation in SCN3A, L247P, in a patient with 

partial epilepsy and developmental delay (Chapter 2). To investigate the effects of 

reduced SCN3A activity in vivo, an Scn3a hypomorphic mouse model (Scn3a+/Hyp) was 

characterized and shown to exhibit increased seizure susceptibility, providing further 

support that reduced SCN3A activity can increase seizure risk (Chapter 2). These mice 

also displayed reduced locomotor activity and deficits in motor learning during the 

accelerating rotarod task (Lamar et al., 2017).   

Within GEFS+ pedigrees, affected individuals co-segregating the same SCN1A 

mutation often exhibit different types of epilepsy and variable severity, including cases of 

Dravet syndrome, supporting the notion that additional genetic and/or environmental 

factors contribute to the clinical presentation (Marini et al., 2007, Suls et al., 2010, 

Mhanni et al., 2011). Although a few studies have identified modifier genes in patients 

with Dravet syndrome, variation in genetic background in mouse lines has provided a 

greater number of putative modifier loci and genes (Sprunger et al., 1999, Bergren et al., 

2005, Papale et al., 2009, Calhoun et al., 2016, Hawkins and Kearney, 2016). 

Furthermore, studies with Scn1a+/RH and Scn1a null mice have demonstrated that Scn1a 

functionally interacts with other ion channels such as Kcnq2, Scn2a, and Scn8a (Martin 

et al., 2007, Hawkins et al., 2011). Co-expression of mutations in either Kcnq2 or Scn2a 

significantly reduces the lifespan of RH mutants, while some Scn8a mutations have been 

shown to ameliorate the seizure phenotype of RH mice. In both mice and humans, a 

limited number of modifier genes have been investigated. More comprehensive 
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knowledge of epilepsy modifier genes would contribute towards understanding disease 

mechanisms and the development of improved treatments.  

Although no studies to date have investigated potential interactions between 

Scn1a and Scn3a, a number of observations raise the possibility that Scn3a might 

function as a modifier of Scn1a function. First, Scn3a and Scn1a are both localized in the 

soma and dendrites of neurons in the central nervous system (Westenbroek et al., 1989, 

Westenbroek et al., 1992, Whitaker et al., 2001b). Second, the decline of SCN3A 

expression in humans and mice coincides with the increase in expression of SCN1A and 

with the onset of disease in DS patients with SCN1A mutations (Cheah et al., 2013). 

These complementary expression patterns suggest that SCN3A might play an important 

role in the regulation of neuronal excitability during early development prior to the robust 

expression of SCN1A. Finally, Scn3a was shown to be upregulated in the hippocampus of 

homozygous Scn1a null mice, providing support for Scn3a compensation in the presence 

of Scn1a dysfunction (Yu et al., 2006). Based on these observations, we hypothesized 

that Scn3a can function as a genetic modifier of Scn1a.  

In the present study, we sought to obtain evidence for a functional interaction 

between Scn1a and Scn3a by crossing the Scn1a R1648H GEFS+ model with the Scn3a 

hypomorphic line (Scn3a+/Hyp). We examined the progeny of this cross for alterations in 

life span, weight, seizure susceptibility, and behavior. Co-expression of Scn3a and Scn1a 

mutations exacerbated susceptibility to flurothyl-induced seizures but not hyperthermia-

induced or 6 Hz-induced seizures. Furthermore, the presence of both mutations did not 

alter survival, weight, or behavior when compared to littermates expressing each 
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individual mutation, suggesting that Scn3a is unlikely to be a major modifier of Scn1a in 

vivo.  

3.3 Materials and Methods 

Animals 

Scn3aHyp mice were generated as previously described (Chapter 2). The line was 

maintained by backcrossing to C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) 

for nine generations. Scn1aRH mice were generated as previously described (Martin et al., 

2010) and backcrossed to C57BL/6J mice for 14 generations. Scn3a+/Hyp males were 

crossed to Scn1a+/RH females to obtain double heterozygotes (designated 

Scn3a+/Hyp/Scn1a+/RH). Littermates were used in all experiments to avoid confounds due 

to differences in genetic background and rearing conditions. To assess survival, a cohort 

of the Scn3a+/Hyp/Scn1a+/RH mice and littermates were monitored weekly from postnatal 

day 6 (P6) to P58 (8 weeks old). The mice were also weighed every three days from P6 to 

P21. Unless stated otherwise, 6-9 week old mice were used for all experiments. Mice 

were housed in an animal facility with a 12-hour light/dark cycle (lights on 7:00am – 

lights off 7:00pm). Food and water were available ad libitum. All experiments were 

performed in accordance with the guidelines of the Emory University Institutional 

Animal Care and Use Committees.   

Genotyping 

To detect the Scn3aHyp allele, genotyping was performed as described in Chapter 

2. Genotyping of the Scn1a +/RH allele was performed separately as previously described 

(Sawyer et al., 2016). Scn3a+/Hyp/Scn1a+/RH mice were identified by the presence of WT 

and mutant bands for both Scn3a and Scn1a. 
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Flurothyl Seizure Induction 

 Flurothyl seizure induction was performed as described in Chapter 2. Male and 

female 5-9 week old Scn3a+/Hyp/Scn1a+/RH mice and littermates were used.  

Hyperthermia-induced Seizures 

  Scn3a+/Hyp/Scn1a+/RH mice and littermates, aged P14-P15, were examined for 

susceptibility to hyperthermia-induced seizures as described in Chapter 2.  

6 Hz psychomotor Seizures 

 Hz corneal stimulation was performed as described in Chapter 2. The topical 

anesthetic 0.5% proparacaine hydrochloride (Akorn, Lake Forrest, Il, USA) was applied 

to each eye 15 minutes prior to seizure induction. Two to four month old 

Scn3a+/Hyp/Scn1a+/RH mice and littermates were tested at five different currents in 

increasing intensity (5 mA, 8 mA, 10 mA, 14 mA, and 18 mA), with 1-week recovery 

between each current. Immediately following electrical stimulation, each mouse was 

released into an empty cage, and behavior was scored using a modified Racine scale: 0 – 

no seizure, 1 – staring, 2 – forelimb clonus, 3 – rearing and falling.  

Open field  

The open field test was performed as described in Chapter 2.  

Novel cage 

  The novel cage task was performed as described in Chapter 2.  

Rotarod 

  The rotarod performance task was performed as described in Chapter 2. 

Statistical Analysis 
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All bar graphs indicate the means, and all error bars represent ± standard error of 

the mean (SEM). All data was analyzed using Prism 6 (GraphPad Software, Inc., La 

Jolla, CA, USA). Unrelated parametric data (latencies to flurothyl-induced seizures, open 

field measures, novel cage measures) were analyzed with one-way Analysis of Variance 

(ANOVA) followed by the Bonferroni post hoc comparison if a significant difference 

was detected. The % survival, number of animals that seized in the hyperthermia-induced 

seizure paradigm, and the temperature at which each mouse seized were analyzed using 

the log-rank (Mantel-Cox) test. The average Racine score for each genotype was 

compared at each 6 Hz current using the nonparametric Kruskal-Wallis test. Weights and 

the latency to fall from the rotarod was analyzed using a two way repeated measures 

ANOVA followed by Bonferroni’s multiple comparisons post hoc analysis.  

 

3.4 Results 

3.4.A. Differences in lifespan and pre-weaning weight among 

Scn3a+/Hyp/Scn1a+/RH mice and littermates are sex-dependent. 

To investigate potential interactions between Scn3a and Scn1a, we crossed 

Scn3a+/Hyp mice with Scn1a+/RH mice to produce double heterozygotes 

(Scn3a+/Hyp/Scn1a+/RH), as well as WT, Scn3a+/Hyp, and Scn1a+/RH littermates. First, we 

characterized the effect of genotype on survival and pre-weaning weight (Fig. 3.1). Due 

to the possibility of sex differences on survival and weight, male and female data were 

analyzed separately.  This study also allowed provided the opportunity to further examine 

the phenotype of Scn3a+/Hyp and Scn1a+/RH mice. Consistent with the results of Chapter 2 

(Lamar et al., 2017), the mortality rate of Scn3a+/Hyp mice was not significantly different 



78	
	

than WT for either sex. However, the survival of Scn1a+/RH mice varied by sex, with 

female mutants exhibiting a significantly higher mortality rate (36% higher; p < 0.0001) 

when compared to WT (Fig. 3.1B). Both male and female Scn3a+/Hyp/Scn1a+/RH mice 

exhibited significantly higher mortality rates than WT (22% higher, p < 0.02 and 29%, 

higher p < 0.0003 respectively), but the mortality rate of the double heterozygotes was 

similar to Scn1a+/RH littermates (p = 0.21, 0.50 respectively; Fig. 3.1A-B). These results 

suggest that the effects on survival and weight gain are driven by the Scn1a mutation and 

not altered by reduced function in Scn3a. 

We also compared weights among male and female littermates. Male Scn3a+/Hyp 

mice gained significantly less weight than WT and Scn1a+/RH littermates from P9 to P21 

(p < 0.05; Fig. 3.1C). No differences were observed between male Scn1a+/RH and WT 

mice at any age (p > 0.70 for P6-P21; Fig. 3.1C). However, female Scn3a+/Hyp and 

Scn1a+/RHmice both exhibited slower growth rates than WT from P9-P21 (Fig. 3.1D). 

Scn3a+/Hyp/Scn1a+/RH mice also displayed a sex-dependent slower growth rate. The 

average weight of male Scn3a+/Hyp/Scn1a+/RH mice was similar to that of Scn3a+/Hyp mice, 

and was significantly lower than that of WT and Scn1a+/RH mice (Fig. 3.1C). On the other 

hand, the weights of female double heterozygotes were not significantly different than 

either single heterozygote at any age. 
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Figure 3.1 Characterization of survival and body weight  

Both male and female Scn3a+/Hyp/Scn1a+/RH mice and littermates were monitored for 

survival from P6-P56 and weighed every three days from P6-P21. (A) Male 

Scn3a+/Hyp/Scn1a+/RH mice exhibited significantly higher mortality when compared to WT 

(22%, p < 0.02) but not Scn1a+/RH littermates (p > 0.05). n=27-47. (B) Both 

Scn3a+/Hyp/Scn1a+/RH and Scn1a+/RH females exhibited significantly higher mortality than 

WT (29%, p < 0.0001; 36%, p < 0.0001 respectively). There is no difference in lifespan 

between Scn3a+/Hyp/Scn1a+/RH and Scn1a+/RH mice (p = 0.50). n = 14-44. (C) Male 

Scn3a+/Hyp/Scn1a+/RH and Scn3a+/Hyp mice had significantly lower weights compared to 

WT and Scn1a+/RH littermates from P9 to P21 (p < 0.05, n = 11-33). (D) Female mutants 

exhibit lower average weights compare to WT from P9-P21 (p < 0.05, n = 10-33). Error 

bars represent SEM. 
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3.4.B. Scn3a+/Hyp/Scn1a+/RH mice are more susceptible to flurothyl-induced 

seizures than either single heterozygote. 

 To examine seizure susceptibility, we compared latencies to flurothyl-induced 

seizures in the Scn3a+/Hyp/Scn1a+/RH mice to littermates. Due to sex differences, male and 

female data was analyzed separately. No differences were observed between any of the 

female genotypes at any seizure endpoint (data not shown). In males, the average latency 

to the myoclonic jerk (the first behavioral seizure response) was lower for both 

Scn3a+/Hyp and Scn3a+/Hyp/Scn1a+/RH mice compared to WT, although these trends did not 

reach statistical significance (p = 0.13, 0.05 respectively; Fig. 3.2A). In contrast, the 

latency to the first generalized tonic-clonic seizure (GTCS) was not significantly reduced 

in Scn3a+/Hyp or Scn1a+/RH mice compared to WT (p = 0.65, 0.14 respectively) (Fig. 

3.2B). Male Scn3a+/Hyp/Scn1a+/RH mice, however, exhibited significantly reduced 

latencies to the first GTCS compared with all other genotypes (Fig. 3.2B). There were no 

differences between the genotypes in latency to the hindlimb extension (data not shown).  
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Figure 3.2 Male Scn3a+/Hyp/Scn1a +/RH mice are more susceptible to flurothyl-induced 

seizures. 

(A) The latency to the myoclonic jerk (MJ) is comparable among all genotypes for male 

mice. (B) Male Scn3a+/Hyp/Scn1a+/RH mice exhibit significantly reduced latencies to the 

generalized tonic-clonic seizure (GTCS) compared to the other genotypes. **p < 0.01, 

***p < 0.001, ****p < 0.0001. Error bars represent SEM, n = 8-10. 
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3.4.C. Scn3a+/Hyp/Scn1a +/RH and Scn1a+/RH mice exhibit similar thresholds to 

hyperthermia-induced seizures and 6 Hz-induced seizures.    

 We also examined susceptibility to hyperthermia-induced seizures, a model of 

febrile seizures, in male and female Scn3a+/Hyp/Scn1a+/RH mice and littermates (Fig. 3.3). 

Since the mice were not sexually mature at the age at which they were tested (P14-15), 

both sexes were combined for analysis. As was previously reported in Chapter 2, there 

were no significant differences in the percentage of Scn3a+/Hyp mice exhibiting seizures or 

the average temperature at which the seizures occurred compared to WT littermates. Also 

consistent with previous reports, Scn1a+/RH mice were more susceptible to hyperthermia-

induced seizures when compared to WT littermates (p < 0.05, leftward shift in curve, Fig. 

3.3). There were no significant differences between Scn1a+/RH and Scn3a+/Hyp/Scn1a+/RH 

mice in their response to the increasing temperature (p = 0.83). 

We also investigated the susceptibility of each genotype to 6 Hz-induced 

electroconvulsive seizures. Only male mice were studied using this seizure paradigm. 

Seizure incidence and severity were determined at five currents: 5 mA, 8 mA, 10 mA, 14 

mA, and 18 mA (Fig. 3.4A-E). At all currents, a greater number of Scn1a+/RH and 

Scn3a+/Hyp/Scn1a+/RH mice exhibited a seizure response, and were more severely affected 

when compared to WT littermates but not compared to each other. At 5 mA, 82% (9/11) 

of Scn1a+/RH mice (1RS1, 7RS2, 1RS3) and 73% (8/11) of Scn3a+/Hyp/Scn1a+/RH mice 

(1RS1, 5RS2, 2RS3) seized. At 8 mA, 91% (10/11) of Scn1a+/RH mice (1RS1, 4RS2, 

5RS3) and 82% (9/11) of Scn3a+/Hyp/Scn1a+/RH mice (6RS2, 3RS3) seized. At 10 mA, 

82% (9/11) of Scn1a+/RH mice (1RS1, 3RS2, 5RS3) and 55% (6/11) of 

Scn3a+/Hyp/Scn1a+/RH mice (3RS2, 3RS3) seized. At 14 mA, 82% (9/11) of Scn1a+/RH 
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mice (9RS3) and 73% (8/11) of Scn3a+/Hyp/Scn1a+/RH mice (1RS1, 7RS3) seized. At 18 

mA, 90% (9/10) of Scn1a+/RH mice (9RS3) and 100% (11/11) of Scn3a+/Hyp/Scn1a+/RH 

mice (2RS1, 1RS2, 8RS3) seized.  

A greater number of Scn3a+/Hyp mice also exhibited a seizure response and were 

more severely affected than WT at all currents, although this difference was not 

statistically significant. WT mice were resistant to 6 Hz-induced seizures until 18 mA.  
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Figure 3.3 Scn3a+/Hyp/Scn1a+/RH mice exhibit increased susceptibility to 

hyperthermia-induced seizures 

Both Scn3a+/Hyp/Scn1a+/RH and Scn1a+/RH mice exhibit greater susceptibility to 

hyperthermia-induced seizures when compared to WT (p < 0.05), but are not significantly 

different from each other (p = 0.83). n = 6-9. 
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Figure 3.4 Scn3a+/Hyp/Scn1a+/RH and Scn1a+/RH  mice exhibit similar susceptibility to 6 

Hz-induced seizures 

Scn3a+/Hyp/Scn1a+/RH and Scn1a+/RH mice exhibit significantly higher average Racine 

scores than WT littermates at (A) 5 mA, (B) 8 mA, (C) 10 mA, (D) 14 mA, and (E) 18 

mA. The average Racine score of Scn3a+/Hyp/Scn1a+/RH mice was significantly higher 

than Scn3a+/Hyp mice at currents of 5 mA and 8 mA. The seizure severity of 

Scn3a+/Hyp/Scn1a+/RH and Scn1a+/RH mice was comparable at each current. *p < 0.05 vs. 
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WT, **p < 0.01 vs. WT, ***p < 0.001 vs. WT, #p < 0.05 vs. Scn3a+/Hyp , ##p < 0.01 vs. 

Scn3a+/Hyp. Error bars represent SEM, n = 11 for each group.  
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3.4.D Behavioral responses of the Scn3a+/Hyp/Scn1a +/RH mice were similar to 

Scn3a+/Hyp mutants. 

We also compared the behavioral characteristics of the Scn3a+/Hyp/Scn1a+/RH mice 

to littermates of each genotype. Tests were conducted to measure anxiety (open field), 

response to novelty (novel cage exploration) and motor coordination and motor learning 

(rotarod). In the open field test, there were no differences in time spent in the center of 

the field (Fig. 3.5A). There were also no differences in distance traveled and speed during 

the open field test (data no shown). In the novel cage exploration task, the time spent 

digging, rearing, and grooming while in the novel environment was measured. 

Scn3a+/Hyp/Scn1a+/RH mice spent significantly more time rearing than WT and Scn1a+/RH 

mice, but not more than Scn3a+/Hyp mice (Fig. 3.5B). There were no differences in the 

time spent digging among any of the genotypes (Fig. 3.5C). Scn3a+/Hyp/Scn1a+/RH mice 

also spent significantly more time grooming than WT littermates (p < 0.01; Fig. 3.5D). 

Although Scn3a+/Hyp/Scn1a+/RH mice also groomed more than Scn3a+/Hyp and Scn1a+/RH 

mice, these differences did not reach statistical significance (0.14 and 0.06 respectively). 

 We compared the motor behavior of the double heterozygotes to their littermates 

by measuring performance on an accelerating rotarod (Fig. 3.6). Consistent with the data 

in Chapter 2 (Lamar et al., 2017), Scn3a+/Hyp mice failed to improve on the rotarod and 

fell more quickly than WT littermates. Scn3a+/Hyp/Scn1a+/RH mice also exhibited 

significantly reduced latencies to fall when compared with WT and Scn1a+/RH mice; 

however, the difference between Scn3a+/Hyp/Scn1a+/RH and Scn3a+/Hyp mice was not 

statistically significant.  
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Figure 3.5 Scn3a+/Hyp/Scn1a+/RH mice do not exhibit increased anxiety or exploratory 

behaviors. 

(A) No differences were observed between the genotypes in time spent in the center of 

the open field. n = 11-14. (B) Scn3a+/Hyp/Scn1a+/RH mice spent significantly more time 

rearing during novel cage exploration than WT and Scn1a+/RH littermates, but time 

rearing was similar to Scn3a+/Hyp mice. (C) No differences were observed in time spent 

digging during the novel cage test. (D) Scn3a+/Hyp/Scn1a+/RH mice groomed significantly 

more than WT during novel cage, but not more than Scn3a+/Hyp and Scn1a+/RH mice (p = 

0.14, 0.06 respectively). *p < 0.05, **p < 0.01, ****p < 0.0001. Error bars represent 

SEM, n = 14-16. 
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Figure 3.6 Scn3a+/Hyp/Scn1a+/RH and Scn3a+/Hyp littermates had impaired rotarod 

performance.  

Scn3a+/Hyp/Scn1a+/RH (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and 

Scn3a+/Hyp mice (+p < 0.05, ++p < 0.01) exhibited significantly reduced latencies to fall 

compared with WT littermates. Scn3a+/Hyp/Scn1a+/RH mice also had significantly reduced 

latencies compared to Scn1a+/RH mice (#p < 0.05, ##p < 0.01). Error bars represent SEM, n 

= 14-16. 
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3.5 Discussion 

 We have previously shown that the VGSCs Scn2a and Scn8a can interact with 

Scn1a to worsen or ameliorate the GEFS+ phenotype (Martin et al., 2007, Hawkins et al., 

2011). Recent evidence suggests that Scn3a may partially compensate for Scn1a 

dysfunction, supporting the hypothesis that both genes may serve a similar role in the 

brain. Therefore, dysfunction in both genes could potentially exacerbate seizure and 

behavior phenotypes. In order to investigate this hypothesis, we generated mice 

heterozygous for both a hypomorphic Scn3a allele and the GEFS+ Scn1a mutation 

R1648H. We compared the responses of Scn3a+/Hyp/Scn1a+/RH mice, littermates with each 

mutation, and WT littermates using a number of seizure induction paradigms, and we 

also compared anxiety, exploration, and motor behavior.  

Scn3a+/Hyp/Scn1a+/RH mice were more susceptible to flurothyl-induced seizures 

than any other genotype, which seems to support genetic interaction between the two 

genes. Flurothyl is believed to act as a GABA receptor antagonist, so it is possible that, 

similar to Scn1a, Scn3a functions within GABAergic neurons to regulate inhibition 

(Hashimoto et al., 2006). Interestingly, we were unable to replicate previous findings that 

both single mutants were also significantly more susceptible to flurothyl-induced seizures 

than WT. This is possibly due to the smaller sample size compared with previous studies 

and the variability typically observed with flurothyl. Notably, in light of our sample size, 

the findings for the double heterozygotes were particularly robust (p < 0.01 – 0.0001), 

bolstering our confidence in the result. 

In all other seizure paradigms and behavioral tests, Scn3a+/Hyp/Scn1a +/RH mice 

exhibited the same phenotype as the more severe phenotype of the two single mutants. As 
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an example, Scn3a+/Hyp/Scn1a+/RH mice were more susceptible to hyperthermia-induced 

seizures than WT, a phenotype observed in the Scn1a+/RH mice but not Scn3a+/Hyp 

mutants. This observation and the remaining results presented in this Chapter suggest that 

Scn3a is largely independent of Scn1a in function. One explanation for this result could 

be that both genes are often expressed in different cell types and therefore might perform 

distinct functions. One example of a task where this may be the case is the accelerating 

rotarod test, in which Scn3a and Scn3a+/Hyp/Scn1a+/RH mice exhibit a motor learning 

impairment. Motor learning is regulated by the cerebellum, a region in which Scn3a and 

Scn1a are expressed in different neuron types: the granule cells and Purkinje cells, 

respectively (Black et al., 1994, Lindia and Abbadie, 2003).  Another potential 

explanation for the lack of interaction between these two genes is the complementary 

timing of their expression. Although Scn3a is still expressed in select regions during 

adulthood, it declines dramatically after birth, the period during which Scn1a expression 

increases (Beckh et al., 1989, Cheah et al., 2013). These inversely correlated expression 

patterns may naturally limit interactions between the two VGSCs, even if they are 

expressed in the same neuronal cell types. Furthermore, we demonstrated in Chapter 2 

that Scn1a is not upregulated following reduced Scn3a expression, further evidence that 

one does not necessarily compensate for the other. Ultimately, further work is needed to 

determine the extent of interaction between Scn3a and Scn1a.  

 In conclusion, we investigated the potential genetic interaction between Scn3a 

and Scn1a and discovered that Scn3a deficiency increases susceptibility to flurothyl-

induced seizures in a GEFS+ Scn1a model. Although, additional seizure and behavioral 

experiments suggest that Scn3a and Scn1a are largely independent of each other in 
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function, our results warrant further studies and highlight Scn3a as a potential, if limited, 

modifier of Scn1a dysfunction.  
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Chapter 4: Conclusions and Future Directions 
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4.1 Overview 

 The experiments described in this dissertation provide greater insight into the role 

of SCN3A in epilepsy, both as a primary disease gene and as a modifier of SCN1A-

derived epilepsy. To date, only six SCN3A epilepsy mutations have been reported, five of 

which have been shown to cause gain of function biophysical properties (Holland et al., 

2008, Vanoye et al., 2014, Chen et al., 2015). Although a sixth mutation was shown to 

reduce channel activity, the contribution of loss of function SCN3A mutations to epilepsy 

remains unclear (Chen et al., 2015). In Chapter 2, we reported a novel, trafficking-

deficient SCN3A mutation in a patient with partial epilepsy, providing further evidence 

that SCN3A deficiency results in increased seizure risk. We then demonstrated that partial 

loss of Scn3a expression is sufficient to increase seizure susceptibility and produce motor 

deficits in a hypomorphic mouse line.  

In contrast to SCN3A, over 1200 SCN1A mutations have been identified in DS, 

most of which are loss of function (Meng et al., 2015).  One hallmark of SCN1A 

disorders is the clinical heterogeneity observed. Within a single GEFS+ pedigree, for 

example, the phenotype may range from mild febrile seizures to DS (Scheffer and 

Berkovic, 1997, Singh et al., 2001, Camfield and Camfield, 2015). This variable 

expressivity can be partially explained by the action of genetic modifiers. Human and 

mouse studies have identified candidate modifiers of SCN1A-derived epilepsy, including 

the VGSCs SCN2A and SCN8A (Martin et al., 2007, Ohmori et al., 2008, Singh et al., 

2009, Hawkins et al., 2011, Gaily et al., 2013, Mulley et al., 2013a, Ohmori et al., 2013). 

In Chapter 3, we determined that partial loss of Scn3a increases susceptibility to 

flurothyl-induced seizures but does not alter survival or the behavioral characteristics of a 
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GEFS+ mouse model. Furthermore, in Appendix B, we demonstrated that Scn9a did not 

modify the seizure susceptibility observed in the GEFS+ mouse model.  In this chapter, I 

will discuss the significance of the main findings and describe future directions for this 

project. 

4.2 The Role of SCN3A in Partial Epilepsy: Different Mechanisms, Common 

Outcome 

In Chapter 2, we describe a novel SCN3A mutation, L247P, in a patient with 

partial epilepsy. Although a previous mutation was shown to slightly reduce channel 

activity (Chen et al., 2015), our work extends this finding by identifying the first 

trafficking-deficient SCN3A epilepsy mutation (Lamar et al., 2017). Taken together, these 

findings provide evidence that SCN3A-deficiency results in epilepsy.  

These findings are intriguing since the first five identified SCN3A mutations were 

shown to have gain of function effects (Holland et al., 2008, Vanoye et al., 2014). 

Additionally, upregulation of SCN3A expression was observed in the hippocampus of 

human epilepsy patients and a number of rat models of epilepsy, (Aronica et al., 2001, 

Whitaker et al., 2001a, Guo et al., 2008, Xu et al., 2013). Although this could be a 

protective compensatory change in SCN3A expression, these results may also suggest that 

increased SCN3A expression might contribute to seizure generation. Taken together, the 

previous results and the results from this dissertation suggest that increased or decreased 

activity of SCN3A channels can cause epilepsy.  

In a number of epilepsy genes, gain and loss of function mutations have been 

identified; however, each mechanism often produces different phenotypes. For example, 
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gain of function KCNA2 mutations produce a more severe epileptic encephalopathy than 

loss of function mutations (Syrbe et al., 2015). In SCN8A, gain of function mutations also 

produce epileptic encephalopathy, while loss of function mutations appear to result in 

intellectual disability with or without the presence of seizures (Blanchard et al., 2015). 

Interestingly, in the case of SCN3A, the two loss of function mutations seem to produce 

the more severe behavioral comorbidities, including severe intellectual disability, global 

developmental delay, and hypotonia, suggesting that loss of function may be more 

deleterious than increased activity. As an explanation for the more severe phenotype 

observed with reduced SCN3A activity, I hypothesize that, similarly to SCN1A, SCN3A is 

expressed primarily in GABAergic interneurons, such that decreased activity of SCN3A 

results in an overall decrease in network inhibition (Ogiwara et al., 2007, Hedrich et al., 

2014). There is a delicate balance of excitation and inhibition in the brain, and reduced 

inhibition by way of GABAergic interneuron dysfunction has been implicated in a range 

of neurological disorders, including epilepsy, autism, Rett syndrome, and schizophrenia 

(Konradi et al., 2011, Gill and Grace, 2014, Braat and Kooy, 2015, Frye et al., 2016, 

Jiang et al., 2016). Intellectual disability, developmental delay, motor dysfunction, and 

seizures are all within the range of comorbidities observed in disorders of GABAergic 

dysfunction, further linking reduced inhibition to the phenotype observed in SCN3A-

deficient patients (Chao et al., 2010, Akiyama et al., 2012, Ure et al., 2016).  

One caveat is that Scn3a expression has been demonstrated to decline in the brain 

during development. In fact, we were unable to detect Scn3a protein in whole brain by 

Western blot (Chapter 2). Although Scn3a is reduced in the adult brain overall, a number 

of studies have observed moderate to high expression in specific regions, such as the 
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hippocampus and the basal ganglia (Beckh et al., 1989, Furuyama et al., 1993, Lindia and 

Abbadie, 2003). Furthermore, previous studies in rodents have shown that Scn3a is 

expressed in both excitatory neurons, such as granule cells of the dentate gyrus and 

cerebellum, and inhibitory interneurons (Lindia and Abbadie, 2003, Okaty et al., 2009). 

However, the cell type-specific distribution of SCN3A in adult mice has not been fully 

characterized. In a future study, immunohistochemistry could be performed in brain 

slices from adult wild-type mice in order to determine the proportion of excitatory and 

inhibitory neurons that express Scn3a. However, expression studies alone will be 

insufficient to determine the mechanisms by which reduced Scn3a increases seizure 

susceptibility. To determine the contribution of specific cell-types to the epilepsy 

phenotype, a conditional knockout mouse could be used to selectively delete Scn3a in 

either excitatory or inhibitory neurons in the brain.  

One question that may be raised is whether the disinhibition hypothesis can 

adequately explain the role of gain of function SCN3A mutations in epilepsy. Patients 

with gain of function SCN3A mutations exhibit partial seizures. However, increased 

GABAergic transmission has been shown to rescue the seizure and behavioral 

phenotypes in both patients and mouse models of epilepsy, autism, and schizophrenia 

(Wassef et al., 1999, Gandal et al., 2012, Han et al., 2012, Han et al., 2014, Martin et al., 

2016). One possible factor in this discrepancy is the developmental expression pattern of 

SCN3A. SCN3A expression is highest in early development, when GABA acts as the 

primary excitatory neurotransmitter in the brain, rather than glutamate, and drives the 

maturation of excitatory neurons (Ben-Ari et al., 1989, Ganguly et al., 2001, Ben-Ari, 

2002, Cancedda et al., 2007, Pfeffer et al., 2009, Kirmse et al., 2011). Increased SCN3A 
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function in GABAergic interneurons during this critical period could therefore have a 

long-term impact on excitability and, ultimately, seizure risk.  

4.3 Potential Mechanisms of Scn3a Epilepsy 

 In Chapter 2, the in vivo consequences of Scn3a-deficiency were studied for the 

first time. We showed that mice heterozygous for a hypomorphic Scn3a allele, expressing 

approximately 60% of wild-type levels of Scn3a, exhibit increased susceptibility to 

seizures induced by the proconvulsants flurothyl and kainic acid as well as by the 6 Hz 

psychomotor seizure test. Each test represents a different mode of seizure induction, 

which permits us to speculate on potential brain regions and mechanisms that may play a 

role in Scn3a-derived epilepsy.  

4.3.A. Susceptibility to Flurothyl-Induced Seizures 

 Both male and female Scn3a+/Hyp mice exhibited decreased latencies to flurothyl-

induced generalized seizures. Although the mechanism of action of flurothyl is not fully 

understood, it is speculated to open sodium channels and is also believed to be, in part, a 

GABA receptor antagonist, acting at the benzodiazepine binding site (Woodbury, 1980, 

Krasowski, 2000, Hashimoto et al., 2006). Increased susceptibility to flurothyl is 

consistent with the hypothesis that reduced Scn3a results in reduced GABAergic 

inhibition. However, since flurothyl likely does not only affect GABA receptors, 

experiments comparing both GABAergic interneuron and excitatory neuron-specific 

Scn3a conditional knockout mice would allow us to determine whether Scn3a acts via 

inhibitory pathways in the brain.  
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4.3.B. Susceptibility to 6 Hz Corneal Stimulation 

 Scn3a+/Hyp mice were more susceptible to electrically induced 6 Hz seizures than 

WT littermates. The 6 Hz “psychomotor” seizure induction paradigm produces partial 

seizures and has been used as a model of refractory partial epilepsy due to its insensitivity 

to phenytoin and related drugs (Brown et al., 1953, Barton et al., 2001).  C-fos 

immunohistochemistry in mice has shown that 22 mA and 32 mA stimulations, which are 

within the range used in this dissertation, activate limbic structures in the frontal and 

temporal lobe, including the piriform cortex, perirhinal cortex, and the amygdala (Barton 

et al., 2001).  

Compared with surrounding limbic regions, the piriform cortex, the perirhinal 

cortex, and the amygdala are especially sensitive to kindling (McIntyre et al., 1993, 

McIntyre and Plant, 1993, Loscher and Ebert, 1996). Each of these regions has extensive 

bidirectional connections with each other and other temporal lobe structures, such as the 

hippocampus, placing them in prime position to contribute to the spread of temporal lobe 

seizures (Agster and Burwell, 2009, Vaughan and Jackson, 2014, Vismer et al., 2015, 

Agster et al., 2016). Furthermore, a strong inhibitory network in the perirhinal cortex has 

been shown to regulate the propagation of neuronal activity between the temporal cortex 

and hippocampus, suggesting that disinhibition in this region could result in increased 

excitatory input to the hippocampus (de Curtis and Pare, 2004). Consistent with the brain 

regions activated by 6 Hz seizure induction, the patient with the L247P trafficking-

deficient mutation exhibited spontaneous seizures originating in the frontal and temporal 

lobe.  It is possible, therefore, that reduced SCN3A results in increased susceptibility to 

seizures originating in these regions. 
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4.3.C. Susceptibility to Seizures Induced by Kainic Acid 

 Scn3a+/Hyp mice exhibited reduced seizure latencies and more severe kainic acid-

induced seizures when compared to WT littermates. Kainic acid is an agonist of 

ionotropic kainate glutamate receptors. Although glutamate is an excitatory 

neurotransmitter, the mechanism underlying kainic acid-induced seizures has not been 

fully elucidated. Kainic acid has been shown to excite hippocampal pyramidal cells, 

particularly those in the CA3 region, which contains a high density of kainate receptors 

(Monaghan and Cotman, 1982, Ben-Ari and Gho, 1988, Lothman et al., 1991). However, 

activation of kainate receptors may also exhibit negative effects on inhibition by 

depressing evoked inhibitory postsynaptic currents in GABAergic interneurons of the 

limbic system (Rodriguez-Moreno et al., 1997, Mulle et al., 2000, Jiang et al., 2015).  As 

further evidence of the role of kainate receptors in disinhibition, mice with a mutation in 

the GABA-A receptor β3 subunit gene are more susceptible to seizures induced by 

injection of kainic acid (Vien et al., 2015). Taking these findings into account, the 

increased susceptibility to systemic kainic acid provides support for increased network 

disinhibition in Scn3a+/Hyp mice compared with WT. 

4.4 The role of Scn3a in motor behavior 

 Scn3a+/Hyp mice exhibited decreased locomotor activity when compared to WT 

littermates during the dark phase (more active period) of the light/dark cycle. Locomotor 

activity is believed to be regulated by the basal ganglia, which supports and suppresses 

movement via the direct and indirect pathways, respectively (Kreitzer and Malenka, 

2008, Kravitz et al., 2010, Vien et al., 2015). SCN3A expression has been observed in all 

regions of the basal ganglia of adult humans and rodents, including the striatum, the 



101	
	

globus pallidus, and the substantia nigra (Beckh et al., 1989, Furuyama et al., 1993, Chen 

et al., 2000, Whitaker et al., 2001b, Lindia and Abbadie, 2003). The majority of basal 

ganglia neurons are GABAergic interneurons, providing further support for the possible 

role of SCN3A in neuronal inhibition (Galvan and Wichmann, 2007). Future studies could 

use electrophysiological techniques to determine the effect of Scn3a deficiency on 

signaling of GABAergic cells in individual regions of the basal ganglia.  

 Perhaps the most interesting behavioral deficit observed was the impairment in 

rotarod performance. Scn3a+/Hyp mice performed the same as WT littermates on the 

accelerating rotarod during early trials, but unlike WT, they failed to improve after 

multiple trials, suggesting a deficit in motor learning rather than coordination. Motor 

learning is regulated primarily by signaling from the cerebellar Purkinje cells to the deep 

cerebellar nuclei (Mauk, 1997).  Mice with Purkinje cell-specific deletions of a number 

of genes exhibit impairment in motor learning tasks (Levin et al., 2006, Woodruff-Pak et 

al., 2006, Schonewille et al., 2010, Peter et al., 2016).  

The axons of excitatory granule cells, also called parallel fibers, facilitate motor 

learning by innervating Purkinje cells (Hirano, 2014). A recent study demonstrated that 

silencing these neurons by deleting their voltage-gated calcium channels is sufficient to 

produce motor learning impairments in mice (Galliano et al., 2013). Although expression 

of Scn3a has not been observed in human or rodent Purkinje cells, Scn3a protein is 

present in the granule cells of adult humans and mice, suggesting that a global reduction 

in Scn3a may impair learning via reduced excitation of Purkinje cells (Brysch et al., 

1991, Whitaker et al., 2000, Whitaker et al., 2001b, Lindia and Abbadie, 2003). 

Similarly, one study showed that mice with granule cell-specific deletion of the VGSC 
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Scn8a improved on the rotarod at a significantly slower rate than WT, providing evidence 

that VGSC loss in granule cells alone can result in motor learning impairment (Levin et 

al., 2006). In the future, it will be interesting to determine whether loss of Scn3a 

expression in the granule cells of the cerebellum is sufficient to cause motor learning 

deficits.   

4.5 Scn3a as a Modifier of Scn1a 

4.5.A. Effects on Seizure Susceptibility and Behavior 

 To investigate the potential role of Scn3a as a modifier of Scn1a, we generated 

mice heterozygous for both the Scn3aHyp hypomorphic allele and Scn1aRH mutation 

(Scn3a+/Hyp/Scn1a+/RH).  The presence of the Scn3aHyp allele exacerbated susceptibility of 

Scn1a+/RH mice to flurothyl-induced seizures, but not to hyperthermia- or 6 Hz-induced 

seizures. The phenotype of the double heterozygotes, which was mostly similar or 

identical to the more severe of the single mutants, suggests that while Scn3a and Scn1a 

are important in the regulation of neuronal excitability, these channels are functionally 

independent in at least some pathways. Interestingly, the increased susceptibility to 

flurothyl, a likely GABA receptor antagonist, provides support for the hypothesis that 

both channels contribute to the regulation of GABAergic interneuron excitability. A 

future experiment could use immunohistochemistry to determine whether Scn3a and 

Scn1a colocalize in various regions throughout the brain.  

4.5.B. Role of Scn3a Dosage on Modifier Effects 

 In our studies of Scn3a as a disease gene and as a modifier, we used a gene trap 

mouse line, which we later determined to be hypomorphic rather than a complete null. 

Due to the increased lethality observed in homozygotes of this hypomorphic line, we 
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crossed heterozygous Scn3a mutants (Scn3a+/Hyp) mice to Scn1a+/RH mice to produce 

double heterozygous progeny (Scn3a+/Hyp/Scn1a+/RH). Since Scn3a+/Hyp mice express 

more than 60% of WT levels of Nav1.3 protein, it is possible that a larger reduction in 

Scn3a expression might have a greater impact on the phenotype of the Scn1a+/RH mouse. 

It would therefore be interesting to study the effects of both 50% and complete loss of 

Scn3a on the phenotype of the Scn1a+/RH mice. In order to overcome the potential 

difficulties of breeding with homozygous Scn3a knockout mice, double heterozygotes 

(Scn3a+/-/Scn1a+/RH) can be mated to Scn3a+/- to produce WT,  Scn3a+/-, Scn1a+/RH, 

Scn3a-/-, Scn3a+/-/Scn1a+/RH, and Scn3a-/-/Scn1a+/RH littermates. 

4.6 Scn9a as a Modifier of Scn1a  

In Appendix B, we evaluated Scn9a as a modifier of GEFS+ by crossing the 

Scn9aNY line with the Scn1aRH mouse. The point mutation N641Y was previously 

observed in a multigenerational family in which all but one mutation-positive member 

presented with a seizure phenotype ranging from simple febrile seizures to intractable 

epilepsy (Singh et al., 2009). A mouse model was generated in that study by knock-in of 

the mutation into the orthologous mouse gene, and homozygous Scn9aNY/NY mice were 

shown to be more susceptible to electrically-induced seizures (Singh et al., 2009). In our 

study, neither heterozygotes nor homozygotes were more susceptible than WT to seizures 

induced by flurothyl or hyperthermia. Furthermore, mice heterozygous for both the NY 

and Scn1a RH mutations were not more seizure susceptible than Scn1a+/RH mice alone, 

suggesting that the N641Y allele does not alter the GEFS+ phenotype. 

 One caveat of our study is that, in the family carrying the SCN9ANY allele, there 

were no co-segregating SCN1A mutations, which suggests that the Scn9a+/NY/Scn1a+/RH 
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mouse might not be the ideal model in which to study interactions between these two 

genes. Furthermore, given the fact that the patients were heterozygous for the N641Y 

mutation and heterozygous mutants exhibited normal seizure thresholds in both studies, it 

is possible that this variant is not disease-causing. We cannot exclude the possibility, 

therefore, that SCN9A does modify SCN1A. A more informative future experiment would 

be to generate a mouse line expressing both a SCN1A and SCN9A mutation that was 

found in a patient.  

4.7. Conclusions 

To summarize our findings, we have demonstrated for the first time that 1) Loss 

of function SCN3A mutations can result in epilepsy and developmental impairment, 2) 

that Scn3a-deficiency increases seizure susceptibility and impacts motor learning, 3) 

Scn1a interacts with Scn3a to exacerbate response to flurothyl but the combined 

mutations did not alter response to other seizure induction paradigms. The findings from 

this study provide further support for the role of SCN3A as an epilepsy disease gene as 

well as reveal new insights into the function of VGSCs in epilepsy. 
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Appendix A: Additional Data and Figures from Chapter 2 
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A.1 Material and Methods 

  Histology and Immunohistochemistry 

Scn3a+/Hyp mutants and WT littermates were deeply anesthetized and 

transcardially perfused with 0.1 M phosphate buffer followed by 4% paraformaldehyde. 

Brains were post-fixed overnight, cryoprotected in 30% sucrose and sectioned at 40 

microns. Sections were processed for NeuN immunohistochemistry with a mouse 

monoclonal anti-NeuN antibody (1:500; Chemicon MAB377, clone A60, EMD 

Millipore, Billerica, MA, USA). Immunoreactivity was visualized with the streptavidin–

biotin conjugate technique using a Vectastain kit (Vector, Burlingame, CA) with CoCl2 

enhancement. Adjacent sections were stained with Cresyl Violet. Sections were viewed 

under light microscopy on a Zeiss Axioskop upright microscope and images were 

captured with a CRI Nuance multispectral camera. 

Quantitative Real-time PCR (qRT-PCR) of Adult Samples 

Total RNA was extracted from dissected hippocampus and cerebellum samples 

from 10 week old Scn3a+/Hyp mutants and WT littermates (n =4/genotype). RNA 

extraction and cDNA synthesis was performed as previously described (Makinson et al., 

2014). PCR amplification of Scn1a, Scn2a, Scn3a and Scn8a and real-time analysis was 

performed as described in the main article. Data was analyzed using the two-tailed 

student’s t-test in Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). 

Western Blot Analysis of Adult Samples 

Whole brains were extracted from 10-week old WT and Scn3a+/Hyp littermates (n 

= 3/genotype), and frozen at -80°C. The tissue was homogenized and Western blotting 
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was performed as described in the main article. Densitometry was performed using Image 

J software (NIH). 

Behavioral Analysis 

Adult male mice (4-6 months old) were used for all behavioral assays and all data 

was scored by an investigator blinded to genotypes. Unless otherwise specified, all results 

were analyzed by one-way ANOVA and post hoc comparisons were made using the 

Tukey test (SigmaPlot 10: Systat Software, Inc., San Jose, CA, USA).  

Novel Cage  

Scn3a+/Hyp mice and WT littermates (n= 10/genotype) were individually placed 

into a novel standard cage (30 cm × 17 cm) with corn-cob bedding and video recorded for 

15 minutes. Times spent rearing, grooming, and digging were manually scored.  

Open Field  

Scn3a+/Hyp mice and WT littermates (n= 10/genotype) were individually placed in 

an opaque, acrylic arena (60 × 60 cm2) and video recorded for 10 minutes. The center of 

the chamber was defined as a 30 × 30 cm2 square. Time in the center, the number of 

entries into the center, total distance, average speed, and time spent immobile were 

scored using Any-Maze software (Stoelting Co, Wood Dale, Il, USA).  

Marble Burying   

Nineteen Scn3a+/Hyp mice and 17 WT littermates were each placed in a plastic 

container (62 cm × 38 cm × 16 cm) filled 13 cm deep with corn-cob bedding. Twenty 

black marbles were arranged on the bedding in an evenly spaced 5 x 4 grid. Mice were 

placed in the container for 30 minutes, and the numbers of marbles at least 2/3 buried 

were recorded.  
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Light/Dark Box   

The apparatus (58 cm × 20 cm) consisted of a two acrylic compartments: one well 

lit (43 cm × 20 cm) and one black (15 cm × 20 cm), separated by a partition with an 8 cm 

× 5 cm opening at floor level. Scn3a+/Hyp mice and WT littermates (n= 10/genotype) were 

individually placed in the center of the lit compartment and allowed to freely explore 

both the light and dark zones. Mice were videotaped, and the time spent in the light zone, 

time spent in the dark zone, and the number of entries into the dark zone were scored 

using Any-Maze software.  

Novel Object  

Eleven Scn3a+/Hyp mice and 9 WT littermates were individually tested in an open 

field arena (60 cm × 60 cm). The test was composed of four 5-minute trials/day for 4 

days. During the first trial, mice were habituated to the empty chamber. During the 

second and third trial, mice were exposed to two identical spheres. During the last trial, 

mice were exposed to a familiar object (sphere) and a novel object (cube). Mice were 

videotaped and the time spent exploring both the novel and familiar object were manually 

scored. Exploration was defined as time spent within close proximity (< 5 mm) of the 

object or with nose and whiskers in contact with the object. Object preference was 

determined using the discrimination index, defined by (Tn − Tf)/(Tn + Tf), where Tn is the 

time (in seconds) spent with the novel object and Tf  is time spent with the familiar object.  

Social Interaction   

Nine Scn3a+/Hyp mice and 10 WT littermates were individually tested in a three-

chamber acrylic glass arena (20 cm × 40 cm). The chambers were separated by two 

partitions, each with a 5 cm × 5 cm opening in the bottom center. The test consisted of 
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three trials, each ten minutes long. A cylindrical wire cage (10 cm diameter) was used as 

an inanimate object or to hold the stranger mice. During the first trial (habituation phase), 

two empty wire cages were placed in the corners of the leftmost and rightmost sections. 

The experimental mouse was placed in the center chamber and allowed to freely explore 

the three chambers. During the second trial, which tests sociability, an age-matched and 

gender-matched stranger mouse was placed in one of the wire cages, and the test mouse 

was allowed to freely explore. During the third trial, a second stranger mouse (novel 

mouse) was placed in the other wire cage so that the arena now housed a novel mouse 

and a familiar mouse (the stranger mouse from the second trial). The test mouse was 

again allowed to freely explore. Each trial was videotaped, and the time spent exploring 

each mouse, or empty wire cage, was measured using Any-Maze software.  

Porsolt Forced Swim  

Scn3a+/Hyp mice and WT littermates (n= 10/genotype) were individually placed in 

a 4 L glass beaker (24 cm × 18 cm) three-quarters filled with water maintained at 25 ± 

1°C. Behavior was videotaped for ten minutes and the time spent treading, swimming, 

and floating was manually scored. Treading was characterized by traveling around the 

beaker with minimal movement, swimming was defined as vigorous movement with 

forepaws breaking the water, and floating was defined as minimum activity required to 

remain afloat.  

Visual Cliff 

This task was performed in a rectangular acrylic box (62 cm × 38 cm) with a clear 

bottom and white paper covering the sides. The box was positioned on a table so that half 

of the box extended beyond the tabletop to form a “cliff”. A checkered tablecloth was 
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placed underneath the box and draped from the tabletop to the floor to emphasize the cliff 

drop off. The cliff zone and “safe” zone (the half of the box on the table) were separated 

by a 38 cm × 10 cm opaque region designated the neutral zone. Scn3a+/Hyp mice and WT 

littermates (n= 10/genotype) were individually placed in the neutral zone and allowed to 

freely explore for 10 minutes. The mice were videotaped, and the latency to cliff entry, as 

well as the time spent in both the safe- and cliff-sides, were measured for each mouse 

using Any-Maze software.   

Prepulse Inhibition 

Scn3a+/Hyp mice and WT littermates (n= 10/genotype) were placed into acrylic 

holders in the SR-Lab Startle Response System (San Diego Instruments, San Diego, CA). 

The mice were acclimated to the system by exposure to background white noise (60 dB) 

for five minutes. After acclimation, the following randomized trials were presented: 

acoustic startle alone (117 dB for 40 ms), no startle, or startle preceded by one of four 

prepulse intensities (70, 72, 76, or 80 dB). A total of 48 trials were run (8 trials of each of 

the different conditions), with each trial separated by a randomized time interval. The 

maximum startle amplitude was measured during the first 100 ms after each trial pulse 

was presented. The percent prepulse inhibition was calculated using the average startle 

amplitude to the startle alone stimulus. 

A.2 Results 

A.2.A. No significant changes in Scn1a, Scn2a, and Scn8a expression were 

observed in Scn3a+/Hyp mutants 

 As expected, Scn3a mRNA levels were significantly reduced in both the 

hippocampus and cerebellum of 10-week old Scn3a+/Hyp mice when compared with WT 
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littermates (Fig. A.2A). Scn3a protein expression was undetectable in 10-week old WT 

mice. To determine whether reduction of Scn3a expression leads to compensatory 

alterations in expression of the other VGSCs in the brain, we also measured Scn1a, 

Scn2a, and Scn8a mRNA and protein levels in the hippocampus and cerebellum (n = 

4/genotype) and whole brain (n = 3/genotype) respectively (Fig. A.2B-D). We found no 

significant differences in either mRNA or protein expression levels for any of these 

sodium channels. 

A.2.B. Scn3a+/Hyp mutants performed normally in behavioral testing 

No statistically significant differences were observed between Scn3a+/Hyp mutants 

and WT littermates in novel cage, marble burying, light/dark box, novel object 

recognition, social interaction, forced swim, visual cliff, and prepulse inhibition 

(Supplemental Table 2). In the open field task, Scn3a+/Hyp mice entered the center of the 

open field significantly less than WT littermates (p < 0.05), suggesting increased anxiety. 

However, the time spent in the center of the open field was not significantly different 

between the genotypes (p > 0.05). In addition, the performance of Scn3a+/Hyp mutants and 

WT littermates were comparable in the marble burying and light/dark box tasks, both of 

which provide measures of anxiety. 
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Table A.1 Non-synonymous variants identified by clinical exome sequencing. 

 

Gene Location rs ID Nucleotide 
Change 

Amino 
Acid 

Change 
Inheritance 

MAF %  
(EA/AA/Asia

n/Latino) 
(Exome 

Aggregation 
Consortium, 
2016, Exome 

Variant 
Server, 2016)  

Genic 
Intolerance 

Score 
(Exome 

Aggregation 
Consortium, 
2016, Exome 

Variant 
Server, 2016) 
(Petrovski et 

al, 2013) 

Provean 
(score)  

(Choi et al., 
2012) 

SIFT (score) 
(Kumar et 
al., 2009) 

Polyphen2 
(score) 

(Adzhubei 
et al., 2010) 

SCN3A 2:16601
9293 Novel A>G L247P De novo 

0.0% 
(0.0/0.0/0.0

/0.0) 

-2.48 
(0.97%) 

Deleterious 
(-6.840) 

Damaging 
(0.00) 

Probably 
damaging 

(1.0) 

KCNAB3 17:7832
599 

rs20010
0920 T>C K52R Maternal 

0.3% 
(0.36/1.01/
0.01/0.53) 

-0.29 
(32.94%) 

Neutral 
(0.001) 

Tolerated 
(0.691) 

Benign 
(0.212) 

SCN9A 2:16714
1109 

rs41268
673 G>T P610T Not 

Determined 

2.4% 
(3.45/0.47/
1.43/1.18) 

0.33 
(73.63%) 

Neutral 
(-0.771) 

Tolerated 
(0.076) 

Benign 
(0.003) 

KMT2C 7:15187
6973 

rs14083
4550 C>T R2463H Maternal 

0.074% 
(0.005/0.0/
0.002/0.0) 

-2.52 
(0.91%) 

Deleterious 
(-4.018) 

Damaging 
(0.001) 

Probably 
damaging 

(0.994) 
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Figure A.1 Histology of Scn3a+/Hyp mice.  

Representative NeuN immunohistochemistry images of cortical anomalies observed in 

Scn3a+/Hyp mice, including disrupted lamination (red arrows) and invaginations (black 

arrows). Each row contains a low power (left) and high power image (right) from the 

same section. Rows are independent samples. Following perfusion fixation with 4% 

paraformaldehyde, brains were cryoprotected and sectioned at 40 microns. Free floating 

sections were stained for NeuN immunohistochemistry using a mouse monocloncal anti-

NeuN antibody (1:500; MAB377, Clone A60, Chemicon) and detected using a vectastain 

ABC kit according to the manufacturer’s recommendation (Vector Labs). Slides were 
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viewed on a Zeiss Axioskop upright microscope and images were captured with a CRI 

Nuance multispectral camera.  
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Figure A.2 Expression of VGSCs in adult Scn3a+/Hyp mice.  

(A) Scn3a mRNA expression is reduced by approximately 60% in both the hippocampus 

and cerebellum of Scn3a+/Hyp mice relative to WT littermates. Scn3a protein expression 

was undetectable by Western blot. ND, Not detectable. No significant differences in 

either mRNA or protein expression were observed for (B) Scn1a, (C) Scn2a, or (D) 

Scn8a. mRNA expression values (n = 4), quantified from qRT-PCR analysis, are relative 

to WT and normalized to β-actin. Optical density (OD) expression values (n = 3), 

quantified from Western blot analysis, are relative to WT and normalized to α-tubulin. 

Protein results represent the mean of duplicate values for each genotype. *p < 0.05, Two-

tailed Student’s t-test. Error bars indicate SEM. White and black bars represent WT and 

Scn3a+/Hyp mice, respectively.  
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Table A.2 Summary of non-motor behavioral tasks performed on Scn3a+/Hyp mice.  

Values are presented as Mean ± SEM. *p < 0.05, One-way ANOVA. Abbreviations: T, 

time; s, seconds; cm, centimeters; cm/s, centimeters/second; #, number; %, percent; dB, 

decibels. 

Behavior Test N Measurement WT Scn3a+/Hyp 
Exploration Novel Cage 10 T digging (s) 70.9 ± 14.9 75.1 ± 15.1 

   T rearing (s) 100.0 ± 9.2 79.5 ± 7.3 
   T grooming (s) 33.0 ± 6.1 32.8 ± 2.7 

Anxiety Open Field 10 T in center (s) 93.4 ± 9.1 90.3 ± 19.3 
   # center entries* 40.6 ± 2.9 29.4 ± 3.0 
   Total Distance (cm) 4720.0 ± 240.0 4020.0 ± 370.0 
   Average Speed (cm/s) 7.7 ± 0.4 6.7 ± 0.6 
   Time Immobile (s) 107.1 ± 12.6 131.5 ± 19.0 

 Marble 
Burying 

19 (WT)        
 17 (Scn3a+/Hyp) # marbles buried 2.9 ± 0.7 4.1 ± 0.7 

 Light/Dark 
Box 10 T in light zone (s) 153.4 ± 9.0 152.4 ± 11.4 

   T in dark zone (s) 140.0 ±  9.4 142.0 ± 11.0      
   # dark zone entries 18.4 ± 2.1 16.1 ± 1.6 

Memory Novel 
Object 

9 (WT)         
11 (Scn3a+/Hyp) 

Novel Object preference 
(Discrimination index) 0.4 ± 0.1 0.2 ± 0.1 

Social 
Behavior 

Social 
Interaction 

10 (WT)          
9 (Scn3a+/Hyp) %T w/ 1st stranger (Trial 1) 88.8 ± 2.0 82.6 ± 3.8 

   %T w/ 2nd stranger (Trial 2) 65.9 ± 5.0 64.3 ± 8.2 

Depressive-like Forced 
Swim 10 T treading (s) 78.1 ± 7.0 82.1 ± 10.4 

   T swimming (s) 78.8 ± 5.8 71.5 ± 6.8 
   T floating (s) 288.8 ± 19.8 311.4 ± 11.6 

Vision Visual Cliff 10 Latency to cliff entry (s) 4.0 ± 1.3 6.6 ± 2.3 
   T in cliff zone (s) 201.2 ± 17.3 221.5 ± 9.5 
   T in safe zone (s) 300.1 ± 14.9 281.5 ± 16.2 

Sensorimotor 
gating 

Prepulse 
Inhibition 

9 (WT)        
 11 (Scn3a+/Hyp) % Inhibition at:   

   70dB 3.3 ± 10.3 16.4 ± 8.3 
   72dB 23.6 ± 7.2 25.0 ± 9.3 
   76dB 52.4 ± 6.3 47.0 ± 5.6 
   80dB 64.2 ± 6.9 64.5 ± 4.7 
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Appendix B: Scn9a does not modify the seizure phenotype of a GEFS+ mouse 

model. 
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B.1 Abstract 

SCN9A mutations have been identified in patients with Dravet Syndrome who are 

also positive for SCN1A mutations, suggesting that SCN9A may modify SCN1A-derived 

epilepsy. There is also evidence to support SCN9A as a monogenic cause of epilepsy, as 

variants have also been found in patients with no other potential mutations. Although a 

number of SCN9A variants have been identified, the role of SCN9A in epilepsy is still 

unclear. To investigate the role of SCN9A as an epilepsy gene, we assessed the seizure 

susceptibility of knock-in mice carrying SCN9A mutation N641Y, identified in a family 

with febrile seizures and epilepsy. Both heterozygous and homozygous Scn9a mutants 

(Scn9a+/NY  and Scn9aNY/NY mice respectively) exhibited comparable susceptibility to 

flurothyl and hyperthermia-induced seizures compared to WT mice. To test the 

hypothesis that Scn9a modifies Scn1a-derived epilepsy, we examined seizure 

susceptibility in mice heterozygous for both N641Y and the SCN1A GEFS+ mutation 

R1648H. Mice heterozygous for both mutations (Scn9a+/NY/Scn1a+/RH mice) did not 

exhibit increased susceptibility to flurothyl or hyperthermia-induced seizures compared 

with Scn1a mutants. Taken together, these results suggest that N641Y is likely not a 

pathogenic mutation. Further study is therefore necessary to determine whether SCN9A 

can modify SCN1A dysfunction.  
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B.2 Introduction 

As described in previous chapters, mutations in voltage-gated sodium channels 

(VGSCs) have been identified in a number of epilepsy disorders. The most clinically 

significant of these VGSCs is SCN1A, which is responsible for a spectrum of disorders 

ranging from genetic epilepsy with febrile seizures plus (GEFS+) to the severe 

encephalopathy Dravet syndrome (DS) (Escayg et al., 2000, Surovy et al., 2016a, Usluer 

et al., 2016). SCN1A mutations causing GEFS+ are primarily missense, whereas the 

majority of mutations that cause DS are frameshifting, truncations, or missense mutations 

in the voltage sensor/channel pore, suggesting a relationship between genotype and 

clinical outcome (Marini et al., 2007). However, genotype and phenotype are not 

perfectly correlated, as evidenced by the association of a single SCN1A mutation with a 

range of phenotypes (Hoffman-Zacharska et al., 2015, Passamonti et al., 2015). Genetic 

modifiers may contribute in part to this phenotypic heterogeneity; however, only a few 

modifier genes have been identified to date (Ohmori et al., 2008, Gaily et al., 2013, 

Ohmori et al., 2013).    

 The VGSC SCN9A has recently been proposed as a candidate modifier of SCN1A-

associated disorders. Fourteen SCN9A mutations were identified in DS patients who were 

also positive for SCN1A mutations (Singh et al., 2009, Mulley et al., 2013a). A number of 

these patients expressed SCN1A missense mutations that would be predicted to have 

modest functional impact, suggesting that SCN9A dysfunction might have contributed to 

the severe epilepsy phenotype observed in these patients.  
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There is also evidence to suggest that mutations in SCN9A alone can result in 

epilepsy. In the two previous studies, ten SCN9A variants were found in patients with no 

other identified causal mutations (Singh et al., 2009, Mulley et al., 2013a). Furthermore, 

the SCN9A missense mutation N641Y was identified in a large Utah family exhibiting a 

range of seizure types, including febrile, partial, generalized, and absence seizures (Singh 

et al., 2009). Singh et al generated knock-in mice with the N641Y mutation and found 

that homozygotes mutants (Scn9aNY/NY) were more susceptible to seizures induced by 

maximal electroshock (MES) and electrical kindling.  

Although a number of SCN9A variants have been identified, it is still unclear 

whether they are pathogenic. Furthermore, when found in the presence of an SCN1A 

mutation, it is difficult to ascertain whether SCN9A dysfunction alters the SCN1A 

phenotype or has no effect at all. To investigate the role of SCN9A as a disease-causing 

gene, we examined the Scn9aNY line for susceptibility to flurothyl and hyperthermia-

induced seizures. We also tested the hypothesis that Scn9a modifies Scn1a-derived 

epilepsy by crossing the Scn9aNY mouse line with the Scn1aRH GEFS+ mouse model and 

examining the susceptibility of the double heterozygous mice (Scn9a+/NY/Scn1a+/RH) to 

flurothyl and hyperthermia-induced seizures. 

B.3 Materials and Methods 

Animals 

Scn9aNY mice were generated as previously described (Singh et al., 2009). The 

line was maintained by backcrossing to C57BL/6J mice (Jackson Laboratories, Bar 

Harbor, ME) for twelve generations. Scn1aRH mice were generated as previously 

described (Martin et al., 2010) and backcrossed to C57BL/6J mice for 12 generations. 
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Scn1a+/RH males were crossed to Scn9a+/NY females to obtain double heterozygotes 

(designated Scn1a+/RH/Scn9a+/NY). Offspring were born in expected Mendelian ratios and 

littermates were used in all experiments to avoid confounds due to differences in genetic 

background and rearing conditions. Mice were housed in an animal facility with a 12-

hour light/dark cycle (lights on 7:00am – lights off 7:00pm). Food and water were 

available ad libitum. All experiments were performed in accordance with the guidelines 

of the Emory University Institutional Animal Care and Use Committees.   

Genotyping 

The Scn1aRH allele was detected as previously described (Martin et al., 2010). A 

separate PCR was performed to detect the Scn9aNY allele, using primers (9AF: 

CCCTTGGGAACAACTTCCCACC; 9AR: GTGCCTTAAAGGCTCGAATAACC) 

designed to flank the loxP site remaining after excision of the ACN cassette (Singh et al., 

2009). The mutant Scn9a PCR product and the WT fragment were approximately 184 

and 150 bp, respectively. Scn1a+/RH/Scn9a+/NY mice were identified by the presence of 

both WT and mutant bands in both Scn1a and Scn9a. 

Flurothyl Seizure Induction 

Flurothyl seizure induction was performed as described in Chapter 2. To 

investigate Scn9a as a disease gene, male and female 5-9 week old WT, Scn9a+/NY and 

Scn9aNY/NY mice were used. To explore potential interactions between Scn9a and Scn1a, 

7-11 week old Scn1a+/RH/Scn9a+/NY mice and littermates were used. 

Hyperthermia-induced Seizures 
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WT, Scn9a+/NY and Scn9aNY/NY mice, as well as Scn1a+/RH/Scn9a+/NY mice and 

littermates, all aged P21-P22, were examined for susceptibility to hyperthermia-induced 

seizures as described in Chapter 2. 

Statistics 

All bar graphs indicate the means, and all error bars represent ± standard error of 

the mean (SEM). All data was analyzed using Prism 6 (GraphPad Software, Inc., La 

Jolla, CA, USA). Latencies to flurothyl-induced seizures were analyzed with one-way 

Analysis of Variance (ANOVA) followed by the Bonferroni post hoc comparison if a 

significant difference was detected. The number of animals that seized in the 

hyperthermia-induced seizure paradigm and the temperature at which each mouse seized 

per genotype were analyzed using the log-rank (Mantel-Cox) test.  

B.4 Results 

B.4.A. The susceptibility of Scn9aNY mutants to hyperthermia-induced and 

flurothyl-induced seizures is comparable to WT littermates. 

In order to characterize the seizure susceptibility of the Scn9aNY line, we mated 

heterozygous siblings to produce WT, Scn9a+/NY, and Scn9aNY/NY littermates. Since 

patients with the N641Y mutation often exhibit febrile seizures, we first examined mice 

from these litters for susceptibility to hyperthermia-induced seizures. Neither the 

percentage of mice seizing nor the temperature at which seizures occurred were 

significantly different among the genotypes (Fig. B.1A). We also examined the 

susceptibility of the Scn9a line to flurothyl-induced seizures. No differences were 

observed between male and female mice, so the data from both sexes were combined. 
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The latencies of heterozygous and homozygous Scn9a mice to each seizure step (MJ, 

GTCS, and HLE) were not significantly different from WT (Fig. B.1B).  

B.4.B. Scn1a+/RH/Scn9a+/NY mutants are not more susceptible to 

hyperthermia-induced or flurothyl-induced seizures than Scn1a+/RH mice. 

To determine whether Scn9a interacts with Scn1a, Scn9a+/NY mice were crossed 

with Scn1a+/RH mice to produce WT, Scn9a+/NY, Scn1a+/RH, and Scn1a+/RH/Scn9a+/NY 

littermates. In the hyperthermia seizure induction paradigm, both Scn1a+/RH and 

Scn1a+/RH/Scn9a+/NY mice were significantly more susceptible than WT littermates but 

the two genotypes were comparable with respect to the number of mice seizing and the 

temperature at which the seizures occurred (p < 0.0001, p = 0.67 respectively; Fig. 

B.2A). We also compared latencies to flurothyl-induced seizures. No significant 

differences were observed between Scn1a+/RH and Scn1a+/RH/Scn9a+/NY and any of the 

other genotypes, although there was a significant difference between Scn9a+/NY and the 

double heterozygotes in latency to the GTCS (p = 0.04; respectively; Fig. B.2B). 
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Figure B.1 Susceptibility of Scn9a+/NY and Scn9aNY/NY mice to hyperthermia and 

flurothyl-induced seizures 

(A) Neither Scn9a mutant exhibited increased seizure susceptibility in response to 

increasing body temperature when compared with WT. n = 9-12 per group. (B) Latencies 

to the myoclonic jerk (MJ), first generalized seizure (GTCS), and hindlimb extension 

(HLE) were comparable between WT and Scn9a mutants. Error bars represent SEM, n = 

18-21.  
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Figure B.2 Susceptibility of Scn1a+/RH/Scn9a+/NY mice to hyperthermia and flurothyl-

induced seizures 

(A) Scn1a+/RH/Scn9a+/NY and Scn1a+/RH mice exhibit increased but comparable 

susceptibility to seizures induced by increasing body temperature when compared with 

WT. n = 13-24 per group. (B) Scn1a+/RH/Scn9a+/NY mice exhibit significantly lower 

latencies to the GTCS compared with Scn9a+/NY littermates. Error bars represent SEM, p 

< 0.05, n = 14-16.  
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B.5 Discussion 

Singh et al. (2009) previously reported that Scn9aNY/NY mice are more susceptible 

to MES and corneal kindling (Singh et al., 2009). We have extended their initial study by 

testing heterozygous and homozygous mutants for susceptibility to hyperthermia and 

flurothyl, tests that model febrile and generalized seizures respectively. These seizure 

paradigms were chosen to reflect the clinical presentation of the patients. All but one 

family member carrying the N641Y mutation exhibited febrile seizures, while six 

members also developed generalized seizures (Singh et al., 2009).  Neither heterozygous 

nor homozygous Scn9aNY mutants were more susceptible to either seizure test when 

compared to WT. This result seemingly contradicts the published findings of increased 

seizure susceptibility, since Singh et al observed increased seizure susceptibility in 

homozygotes mutants. Taken together, our findings suggest that the N641Y mutation 

might not be responsible for the seizure phenotype observed in patients.   

It is possible that the patients with the N641Y mutation harbor variants in 

additional genes that could modify the severity and types of seizures observed. It is not 

uncommon to observe multiple disease-causing or susceptibility genes within a single 

family.  

Mutations in SCN1A have been reported to co-segregate with SCN9A mutations in 

patients with Dravet (Singh et al., 2009, Mulley et al., 2013a). To determine whether 

SCN9A can interact with SCN1A to exacerbate the seizure phenotype, we mated 

heterozygous Scn9aNY mutants with heterozygous Scn1aRH mice. Heterozygous mutants 

were chosen to better model the heterozygous mutations observed in human patients. We 
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found that the seizure responses of Scn1a+/RH/Scn9a+/NY mutants were similar to  

Scn1a+/RH mice. It is possible, however, that the Scn9a N641Y mutation is not 

pathogenic, since we did not observe an increase in seizure susceptibility in heterozygous 

or homozygous Scn9aNY mutants. In the future, perhaps a combination of a SCN9A and 

SCN1A mutation already identified in a Dravet patient could be tested in order to better 

model potential interactions between Scn9a and Scn1a.    
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