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Abstract 

 

 Voltage-gated sodium channels play a crucial role in regulating neuronal activity in the 

brain. One of these voltage-gated sodium channel isoforms in particular, Nav1.6, is instrumental 

in the initiation and propagation of action potentials that is necessary for normal brain function.  

Nav1.6 is highly expressed at the distal axon initial segment and the nodes of Ranvier, where the 

channel’s more hyperpolarized activation allows for a lower action potential threshold. In both 

genetic and acquired epilepsies, proexcitatory alterations to Nav1.6 can induce neuronal 

hyperexcitability.  This hyperexcitability causes the rewiring of key neural circuits in a way that 

is conducive to the initiation and propagation of spontaneous seizures.  Here we explore how 

proexcitatory changes to Nav1.6 contribute to neuronal hyperexcitability in the genetic epilepsy 

syndrome, early infantile epileptic encephalopathy 13 (EIEE13), and the acquired temporal lobe 

epilepsy (TLE). 

 EIEE13 is a rare neurological disorder that results predominantly from missense, de novo 

mutations to the SCN8A gene, which encodes Nav1.6.  Patients with EIEE13 experience seizures 

beginning from birth to 18 months of age that are often refractory to clinically available 

treatments.  In addition to seizures, EIEE13 patients suffer from mild to severe intellectual 

disability, developmental delay, and movement disorders. Here we are the first to 

electrophysiologically characterize novel, recurrent SCN8A mutations that account for 20% of all 

EIEE13 mutations known to date. As previously mentioned, patients suffering from EIEE13 are 

often refractory to clinically available antiepileptic drugs and literature detailing the efficacy of 

various treatments is sparse. To fill this knowledge gap, we test the in vitro efficacy of the 

sodium channel blocker phenytoin on a novel gain-of-function SCN8A mutation. We show that 

phenytoin shows preferential block of mutant Nav1.6 channels over wild type and that phenytoin 

can help decrease the proexcitatory alterations in channel function that are induced by the 

mutation. To grasp a better understanding of the phenotypes that result from SCN8A mutations, 

we also are the first to characterize novel loss-of-function SCN8A mutations from patients with 

intellectual disability and no seizures.  This work contributes to the SCN8A field by 

demonstrating the spectrum of phenotypes that can result from Nav1.6 mutations and it makes a 
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stronger case for the screening of SCN8A mutations in patients with idiopathic intellectual 

disorders.   

 To grasp a deeper understanding of EIEE13 that goes beyond in vitro cultured cell 

experiments, a mouse model of EIEE13 was generated by knocking in the p.Asn1768Asp 

(N1768D) mutation.  Mice carrying this mutation recapitulate many of the phenotypes seen in 

human patients including motor disorder, seizures, and SUDEP.  To better understand how the 

N1768D mutation contributes to neuronal hyperexcitability, we electrophysiologically 

characterized layer II excitatory neurons of the medial entorhinal cortex (mEC) of heterozygote 

(D/+) and homozygote (D/D) mice. Layer II mEC neurons from D/+ and D/D are hyperexcitable 

in response to somatic current injection steps and synaptic stimulation.  Additionally, D/+ and 

D/D mice show a dose-dependent increase in both persistent (INaP) and resurgent (INaR) sodium 

currents, two currents that strongly contribute to bursting and high frequency action potential 

firing. Our work using the N1768D mouse model further expands our knowledge of this rare and 

devastating disorder and it paves the way for future, more advanced in vitro and in vivo 

experiments.   

 Temporal lobe epilepsy (TLE) is one of the most common forms of adult epilepsy and it 

is marked by seizures that originate from the temporal lobe.  While seizure-induced changes in 

the dentate gyrus (DG) and Cornu Ammonis (CA) regions have been well studied, relatively 

little attention has been given to alterations that occur in the subiculum, a region that acts as an 

output of the temporal lobe. This gap is literature is surprising as the subiculum consists of a 

large population of endogenously bursting neurons and is largely spared in TLE.  Here we 

explore the neuronal excitability in subiculum excitatory neurons, and how it is altered in TLE.  

Specifically, we see that TLE subiculum bursting neurons are hyperexcitable in response to 

somatic current injection steps and synaptic stimulation.  We hypothesized that alterations in 

sodium channel physiology contribute to this neuronal hyperexcitability seen in the subiculum in 

TLE.  Outside-out patch clamp recordings revealed proexcitatory alterations in sodium channel 

physiology from TLE neurons compared to wild type.  Additionally, we saw significant 

increases in both persistent (INaP) and resurgent (INaR) sodium channel currents in TLE subiculum 

neurons compared to controls.  We believed that proexcitatory changes to Nav1.6 in particular 

were the predominant driver of subiculum neuronal hyperexcitability in TLE.  To test this 

hypothesis we applied the TTX metabolite 4,9-anhydro-tetrodotoxin (4,9-ah-TTX), which has 
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higher affinity for Nav1.6 over other sodium channel isoforms, to TLE subiculum neurons.  We 

saw that 4,9-ah-TTX significantly reduced TLE subiculum neuron hyperexcitability and caused 

significant reductions in both INaP and INaR currents. These findings shed more light on the 

intrinsic changes that occur in TLE and expand our existing knowledge of the cellular and 

synaptic reorganization that occurs in the disorder. Additionally, this data makes a stronger case 

to continue the push to develop the elusive Nav1.6 selective blocker, a drug that could be the next 

promising treatment option for patients suffering from TLE.  
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I. Introduction 

 

Epilepsy 

 

Definitions 

Epilepsy is a severe neurological disorder characterized by a prolonged predisposition to 

the occurrence of spontaneous seizures.  As described by the International League Against 

Epilepsy (ILAE), a seizure is a “transient occurrence of signs and/or symptoms due to abnormal 

excessive or synchronous neuronal activity in the brain”  (Fisher et al., 2014). Instead of being 

labeled a disease, epilepsy is often described as an eclectic disorder that embodies a wide variety 

of various diseases (Fisher et al., 2014). This description truly encompasses the heterogeneous 

nature of epilepsy and hints at the true spectrum of the conditions that are classified under the 

disorder.  

In addition to providing definitions for terms related to epilepsy, the ILAE has also 

devised a criterion for the definition of epilepsy itself, with the hopes of aiding in the process of 

a clinical diagnosis. As defined by the ILAE in 2014, a patient can be diagnosed with epilepsy if 

they meet one of the three conditions: 1) “two unprovoked or reflex seizures that occur less than 

24 hours apart” 2) “one unprovoked or reflex seizure and a probability of further seizures similar 

to the general recurrence risk (at least 60%) after two unprovoked seizures, occurring over the 

next 10 years” 3) “a diagnosis of an epilepsy syndrome” (Fisher et al., 2014).  

With guidelines set to help with the diagnosis of epilepsy, the ILAE also wanted to 

formulate criteria for the termination of epilepsy in a patient.  The word “cure” is not used when 

it comes to epilepsy as it implies that a patient’s risk for future seizures is the same as the 

unaffected population. Unfortunately for epileptic patients, this low seizure probability is never 

achieved. Instead, the ILAE settled on the term “resolved” to reflect the fact that epilepsy does 

not have to be a lifelong condition (Fisher et al., 2014). A patient’s epilepsy is considered 

resolved if either they “had an age dependent epilepsy syndrome but are now past applicable age 

or they have remained seizure free for the last 10 years and have been off antiseizure medicines 

for at least the last five years” (Fisher et al., 2014).  

 

Significance 
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 Epilepsy is a one of the most globally prevalent neurological disorders and it affects 

people of all ages.  Approximately 50 million people worldwide suffer from epilepsy, with an 

estimated 2.4 million new cases diagnosed every year (WHO, 2018). The number of people 

suffering from active epilepsy, which WHO describes as patients with “continuing seizures or 

with the need for treatment,” is between four and ten per 1000 people worldwide, with patients 

living in low or middle income countries accounting for 80% of all epilepsy cases (WHO, 2018).   

Epilepsy can arise from a variety of etiologies that can be classified into six major 

categories: structural, genetic, infectious, metabolic, immune, and unknown (Scheffer et al., 

2017). In addition to seizures, epilepsy patients tend to suffer from severe comorbidities 

including poor bone health, migraine headaches, ADHD, depression and other psychiatric 

conditions (Seidenberg et al., 2009). In epileptic patients, there is always a risk of mortality from 

sudden unexpected death in epilepsy (SUDEP). Annually, there are 1.16 SUDEP cases per 1000 

epileptic patients, and SUDEP is second only to strokes when it comes to potential life lost from 

neurological disorders (Thurman et al., 2014). 

The social and economic burdens of epilepsy can often be as devastating as the seizures 

patients suffer from. Epilepsy is a financial burden on both the affected and unaffected, with total 

direct and indirect costs in the United States being estimated to be approximately $15.5 billion 

per year (CDC, 2018). Epilepsy also is responsible for 0.6% of the global burden of disease, a 

measurement that combines years of life loss due to premature death and years spent living in 

poor health (WHO, 2018). 

 

Voltage-gated Sodium Channels 

 

Structure and Function  

Voltage-gated sodium channels play a crucial role in the initiation and propagation of 

action potentials and the importance of these channels are reflected in the high degree of 

evolutionary conservation. The mammalian voltage-gated sodium channel is a complex 

composed of a 260 kDa α subunit usually in association with one or two smaller auxiliary β 

subunits (β1-β4) ranging from 33-36 kDa in size (Catterall, 2000; Catterall et al., 2005) (Figure 

1.1). The sodium channel α subunit protein is composed of four domains (I-IV), with each 

domain consisting of six transmembrane α-helical segments (S1-S6). It’s believed that the S1-S4 
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segments act as the voltage-sensing 

component whereas the reentrant P loop 

and S5-S6 segments form the pore-

forming region (Catterall, 2000; Catterall 

et al., 2005). Fast inactivation is crucial 

for regulating normal neuronal 

physiology and it occurs rapidly in 

voltage-gated sodium channels, usually 

within milliseconds of the channel 

opening. The short intracellular linker 

that connects domains III and IV is a 

highly conserved region of voltage-gated 

sodium channels and it is believed to act as the sodium channel inactivation gate (Catterall, 

2000). Studies using anti-peptide antibodies against this region were able to delay channel 

inactivation, whereas targeting other intracellular domains did not repeat this effect (Vassilev et 

al., 1988, 1989).  

 

Voltage-gated Sodium Channel Isoforms and Their Expression  

 Eleven sodium channel α subunit genes (SCN1A-SCN11A) have been described to date 

and these genes map to four paralogous chromosome segments in the human and mouse genome 

(Plummer and Meisler, 1999). The sodium channel α-subunit genes encode for 10 sodium 

channel isoforms, Nav1.1-Nav1.9 and Nax. Though often classified with voltage-gated sodium 

channels, Nax is in fact not a voltage sensing channel.  Instead, this channel has been shown to 

play an important role in regulating body fluid sodium level and salt intake behavior (Watanabe 

et al., 2000).  

The various voltage-gated sodium channel isoforms display differential expression 

throughout the body and localize to various subcellular regions within individual cells.  Recent 

studies have even suggested that voltage-gated sodium channel α-subunits assemble and gate as 

functional dimers (Clatot et al., 2017). Nav1.1, Nav1.2, Nav1.3, and Nav1.6 have the highest 

expression in the central nervous system. Nav1.1 is believed to play a crucial role in regulating 

GABAergic inhibitory interneuron physiology. Homozygous null Scn1a mice show premature 

Figure 1.1. The mammalian voltage-gated sodium channel 

complex. Image from Catterall, 2000. 
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death at P15. Heterozygous null mice develop spontaneous seizures and demonstrate a 

significant reduction in sodium channel current density in inhibitory interneurons. Similar 

reductions were not seen in excitatory neurons, suggesting Nav1.1 to be predominantly expressed 

in inhibitory interneurons (Yu et al., 2006).  

Contrary to Nav1.1, Nav1.2 is predominantly expressed in excitatory pyramidal neurons. 

More specifically, Nav1.2 is found in high density in the proximal AIS where it is believed to 

play an important role in the backpropagation of action potentials into the soma (Hu et al., 2009). 

During development, high levels of Nav1.2 can also be found at immature nodes of Ranvier. As 

the nodes mature however Nav1.2 is replaced by Nav1.6 (Boiko et al., 2001; Kaplan et al., 2001). 

Research seems to suggest that this isoform transformation is dictated by the increase in compact 

myelin. In Shiverer mice, which carry a mutation that leads to severe hypomyelination, Nav1.2 

persists along neuronal axons into adulthood (Boiko et al., 2001). 

  Nav1.3 is often considered a rodent neonatal channel as its expression is highest during 

this period (Vacher et al., 2008). Studies from adult humans however show widespread 

expression of Nav1.3, suggesting that the channel may play a more prominent role in mature 

CNS function in humans (Whitaker et al., 2001b).  

Outside of the CNS, voltage-gated sodium channels can be found throughout the 

mammalian body. Nav1.7, Nav1.8 and Nav1.9 are predominantly expressed in the PNS, Nav1.4 

shows highest expression the skeletal muscle tissue and Nav1.5 is considered to be a cardiac 

voltage-gated sodium channel (Plummer and Meisler, 1999).  

 

Voltage-gated Sodium Channel Isoform Nav1.6 

 

 The voltage-gated sodium channel isoform Nav1.6 is encoded by the SCN8A sodium 

channel α subunit gene and it shows wide expression throughout the CNS. Though present 

throughout the CNS, Nav1.6 has its highest expression in hippocampal pyramidal cells and the 

granule and purkinje cells of the cerebellum (Schaller and Caldwell, 2000; Vacher et al., 2008). 

The expression of Nav1.6 in the CNS is relatively delayed compared to other voltage-gated 

sodium channel isoforms.  No detectable levels of Nav1.6 mRNA are observed in E15 and E18 

mice. At P1, Nav1.6 mRNA becomes detectable and levels of the transcripts peak between P7-

P14 (Schaller and Caldwell, 2000). 
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 On the cellular level, Nav1.6 can be seen in various neuronal regions. Nav1.6 is present in 

the soma and dendrites of neurons (Caldwell et al., 2000; Krzemien et al., 2000), but the highest 

expression of the channel is in the distal AIS and mature nodes of Ranvier (Boiko et al., 2001; 

Kaplan et al., 2001; Hu et al., 2009). At the AIS and nodes of Ranvier, it is believed that Nav1.6 

plays a crucial role in the initiation and propagation of action potentials. Unique proexcitatory 

features of Nav1.6 make the isoform perfect for this role. Nav1.6 has a hyperpolarized V1/2 of 

activation (-35.9 ± 1.5 mV) compared to Nav1.2 (-24.4 ± 1.5 mV) (Rush et al., 2005). 

Additionally, in the Nav1.6 rich distal AIS, AP threshold is more hyperpolarized (-55.5 ± 0.8 

mV) compared to the soma (-42.7 ± 1.1 mV) where expression of the isoform is more sparse (Hu 

et al., 2009). 

 Nav1.6 plays a significant role in the generation of persistent and resurgent sodium 

currents, two subthreshold currents that contribute to repetitive and high frequency AP firing 

(Raman and Bean, 1997; Mantegazza et al., 1998; Stafstrom, 2007). tsA-201 cells transfected 

with Nav1.6 show a significantly larger INaP than cells expressing Nav1.2 (Chen et al., 2008).  

Additionally, in mice carrying a null mutation for Scn8a protein (Scn8a
tg

), both INaP (31% 

compared to WT) and INaR (8-18% compared to WT) are significantly reduced compared to WT 

mice (Raman et al., 1997).   

 The importance of Nav1.6 in maintaining neuronal physiology and animal viability is 

apparent from various studies using knockout and knockdown mutations.  Mice homozygous for 

a null mutation that results in loss of Scn8a function present with severe motor defects and death 

around 3 weeks of age (O’Brien and Meisler, 2013). Mice heterozygous for loss-of-function 

mutations are viable and display normal motor function but they demonstrate anxiety like 

behavior and EEG spike-wave discharges typical of absence epilepsy (McKinney et al., 2008; 

Papale et al., 2009). Underlying these behavioral phenotypes are significant disruptions in 

neuronal physiology that arise from the loss of Nav1.6 function. Voltage-clamp recordings from 

dissociated Scn8a
med

 CA1 neurons reveal a depolarizing shift in the properties of sodium channel 

activation in the absence of functional Nav1.6. Additionally, CA1 neurons from Scn8a
med 

mice 

display an increased AP threshold and a significant decrease in AP firing in response to somatic 

current injections (Royeck et al., 2008) (Figure 1.2). Similar hypoexcitable alterations are also 

seen in cerebellar Purkinje cells of Scn8a
med 

mice.  Purkinje neurons from these animals 
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demonstrate a significant decrease in spontaneous 

AP firing and AP firing in response to somatic 

current injection steps (Khaliq et al., 2003).   

 

Voltage-gated Sodium Channels In Epilepsy 

 

 With voltage-gated sodium channels playing 

such a crucial role in regulating neuronal 

physiology, it’s apparent to see how changes in 

channel expression or function can have devastating 

consequences. Alterations in sodium channel 

activity are key facilitators of hyperexcitability in a 

variety of epileptic disorders. The SCN1A gene, 

which encodes for the voltage-gated sodium channel 

isoform Nav1.1, is the most commonly mutated gene 

is human epilepsy (Meisler et al., 2010).  Loss-of-

function mutations in SCN1A result in generalized 

epilepsy with febrile seizures plus (GEFS+) and 

Dravet syndrome. Dravet syndrome is one of the 

most widely studied epileptic sodium 

channelopathies and in this pediatric disease patients suffer from ataxia, intellectual disability 

and severe, intractable epilepsy (Catterall et al., 2010). While Dravet syndrome is the most 

studied channelopathy, gain-of-function alterations to voltage-gated sodium channels are more 

commonly seen in epileptic diseases. Mutations to SCN2A that result in proexcitatory alterations 

to Nav1.2 can lead to the development of benign familial neonatal-infantile seizures (BFNIS) and 

Ohtahara syndrome (Scalmani et al., 2006; Meisler et al., 2010). Additionally, gain-of-function 

mutations to SCN3A can lead to pediatric cryptogenic partial epilepsy, though instances of these 

mutations are rare (Holland et al., 2008; Vanoye et al., 2014). While the literature on sodium 

channels in epilepsy is expansive, here we will focus primarily on two epileptic diseases: early 

infantile epileptic encephalopathy 13 (EIEE13), which results from gain-of-function mutations to 

Figure 1.2. CA1 pyramidal cells from Scn8a
med

 

mice show a decrease in spike gain compared to 

controls. Image taken from Royeck et al., 2008. 
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SCN8A, and temporal lobe epilepsy (TLE), one of the most common forms of adult acquired 

epilepsy.        

 

Early Infantile Epileptic Encephalopathy 13 (EIEE13) 

 

Background and Significance 

 Early infantile epileptic 

encephalopathy 13 (EIEE13), or SCN8A 

encephalopathy, is a severe neurological 

disorder that is caused predominantly by 

de novo gain-of-function mutations to the 

SCN8A gene. To date, >150 mutations of 

the SCN8A gene have been identified, with 

up to one-third being recurrent mutations 

that arise at mutational hotspot CpG 

dinucleotides (Wagnon et al., 2015a) 

(Figure 1.3). Seizure onset in SCN8A 

encephalopathy is typically between birth and 18 months of age with a median age of onset being 

4 months (Ohba et al., 2014; Larsen et al., 2015; Wagnon and Meisler, 2015).  In some cases, in 

utero seizures have even been reported with mothers describing a drumming like sensation 

(Singh et al., 2015; McNally et al., 2016).  In addition to seizures, SCN8A encephalopathy 

patients suffer from mild to severe intellectual disability and developmental delay that is often 

exacerbated by uncontrolled seizures (Larsen et al., 2015; Wagnon and Meisler, 2015). Motor 

impairments ranging from ataxia to quadriplegia are also common in SCN8A encephalopathy and 

50% of patients are nonambulatory (Ohba et al., 2014; Vaher et al., 2014; Blanchard et al., 2015; 

Larsen et al., 2015; Singh et al., 2015).  Significant alterations in vesicular neurotransmitter 

release have been observed in a limited number of patients, and it has been hypothesized that 

these changes may worsen pathogenic phenotypes (Hammer and Encinas, 2017). Sudden 

unexpected death in epilepsy (SUDEP) has been reported in 10% of cases (Veeramah et al., 

2012; Kong et al., 2015; Larsen et al., 2015; Wagnon and Meisler, 2015). 

Figure 1.3. Positions of SCN8A missense pathogenic 

mutations in the sodium channel Nav1.6 alpha subunit . 

Closed circles, mutations observed in a single patient. 

Open circles, recurrent SCN8A mutations. Image taken 

from Wagnon and Meisler, 2015. 
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 To date, <20 SCN8A encephalopathy mutations have been characterized 

electrophysiologically with a majority displaying gain-of function characteristics, including 

increased persistent current (INaP), and impaired channel inactivation (Wagnon and Meisler, 

2015; Wagnon et al., 2015a; Barker et al., 2016). The first described SCN8A encephalopathy 

mutation, p.Asn1768Asp (N1768D), was identified in a child who had refractory epilepsy at 6 

months of age, intellectual disability, ataxia and SUDEP at 15 years of age (Veeramah et al., 

2012). Electrophysiological characterization of the N1768D mutation in transfected cells 

revealed gain-of-function characteristics including increased INaP, impaired channel inactivation, 

and increased resurgent sodium current (INaR) (Veeramah et al., 2012; Patel et al., 2016). When 

transfected into cultured hippocampal neurons the N1768D mutation resulted in an increase in 

spontaneous firing and an increase in the number of APs in response to somatic current 

injections (Veeramah et al., 2012).  

 Though SCN8A encephalopathy predominantly results from de novo gain-of-function 

mutations, there are instances that contradict this norm.  Previous studies have shown that gain-

of-function mutations in patients with epilepsy can be inherited from both affected and 

unaffected parents (Butler et al., 2017). Additionally, electrophysiological characterization of 

mutations from patients with intellectual disability and no seizures have shown that de novo loss-

of-function mutations occur in SCN8A encephalopathy (Wagnon et al., 2017). These new studies 

demonstrating variations in inheritance and causality of SCN8A mutations will continue to 

reshape what we know about the disorder and they make the case of SCN8A encephalopathy as 

being a spectrum disorder. 

 

A Mouse Model of SCN8A Encephalopathy 

 In response to the limitations of studying SCN8A encephalopathy in cultured cell lines, a 

knock-in mouse carrying the N1768D mutation was generated using TALEN technology in 

combination with a targeting vector (Jones and Meisler, 2014). The production of a SCN8A 

encephalopathy mouse model allows for a better understanding of the disease by making in vitro 

brain slice electrophysiology possible as well as opening the door for an array of in vivo 

experimental assays. 

 The N1768D mutation is sufficient to induce seizures and SUDEP in mice.  Seizures in 

both heterozygous and homozygous mice are usually brief, tonic-clonic generalized events that 
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last less than 1 minute in duration. Short periods of immobility and rapid breathing lasting 15-45 

seconds typically follow seizure activity (Wagnon et al., 2015b).  In the pioneering study with 

these mice, three strains of mutants were generated: mice homozygous for the mutation (D/D), 

mice heterozygous for the mutation (D/+) and mice hemizygous for the mutation (D/-) (Figure 

1.4).  

D/D mice are relatively undistinguishable from WT littermates the first 2 weeks of life 

except for a fine motor tremor that begins shortly after birth. No apparent gross brain 

malformations can be seen in histological analysis and the levels of Nav1.6 expression does not 

differ from WT littermates. Around P18-22 motor function in D/D mice begin to decline, 

initiating with abnormalities in gait and progression to uncoordinated limb movements and the 

loss of the ability to right themselves. Typically within 24 hours of the start motor impairments, 

D/D mice experience a single, terminal tonic-clonic seizure. In D/D mice, the median age of 

death from this ictal event is 3 weeks of age (Wagnon et al., 2015b) (Figure 1.4).  

Heterozygous D/+ mice appear phenotypically normal much longer than D/D mice, with 

no behavioral abnormalities occurring in the first 2-3 months of age. Seizure onset in D/+ mice 

begins between 8-16 weeks of age and seizures progress to up to 3 per day. SUDEP typically 

occurs within a month of seizure onset and the median age of death in D/+ mice that have 

seizures is 4 months of age. Interestingly, seizure penetrance in D/+ mice is incomplete with 

50% of mice not showing any seizure phenotype within the first 6 months of age (Wagnon et al., 

2015b) (Figure 1.4).   

In vivo behavior assays were conducted on D/+ mice to better study the behavioral 

consequences of the N1768D mutation.  D/+ mice show impairment in the rotarod test compared 

to WT littermates but do not display any deficiencies in the wire-hang test.  These results suggest 

that rotarod deficiency is a result of a loss of coordination rather than a decrease in muscle 

weakness.  In addition to deficits in the rotarod test, D/+ mice also show impairment in social 

discrimination similar to the reduced social interaction and autistic features seen in the patient 

carrying the N1768D mutation (Veeramah et al., 2012). Further experiments also revealed that 

Figure 1.4. Seizure onset and progression in mice carrying the Scn8a
N1768D 

mutation. From Wagnon et al., 

2015. 
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fear conditioning and open field tests were not significantly different in D/+ mice compared to 

WT littermates (Wagnon et al., 2015b). 

 To better understand how the N1768D mutation alters neuronal and cellular function, 

electrophysiological characterizations have been conducted in both D/+ and D/D mice. Studies to 

date seem to suggest that brain region specific alterations in excitatory neuron physiology occur 

in D/+ mice as a result of the N1768D mutation.  In D/+ excitatory CA1 neurons, increases in 

INaP, spontaneous firing, and AP duration were seen in conjunction with decrease in maximum 

firing frequency.  No changes in inactivation V1/2, upstroke velocity, AP amplitude and AP 

threshold were seen. In the CA3 region of D/+ mice, only increases in INaP and spontaneous 

firing were observed in excitatory neurons.  Cortical layer 2/3 excitatory neurons from D/+ mice 

did not display any significant physiological changes (Lopez-Santiago et al., 2017).  

Interestingly, the most drastic physiological alterations in D/+ neurons to date have been 

observed in layer II mEC neurons.  These neurons show significant increases in INaP, INaR, 

inactivation V1/2, synaptically evoked firing, AP amplitude and AP duration.  Significant 

decreases in upstroke velocity and AP threshold were also seen and no changes in spontaneous 

firing were recorded.  D/D layer II mEC neurons have also been electrophysiologically 

characterized and alterations in these neurons are similar to those observed in D/+ mice, but 

often with more severe changes (Ottolini et al., 2017).   

 In addition to studying the physiological properties of mutant neurons, work has also 

been conducted to discover if a cardiac phenotype exists in D/+ mice. This work stemmed from 

previous studies examining the Scnb1 null mouse model of Dravet syndrome, in which these 

mice exhibit neurocardiac mechanisms of SUDEP (Lopez-Santiago et al., 2007; Lin et al., 2015). 

Similar to Scnb1 mice, it has been shown that D/+ mice have cardiac myocyte and 

parasympathetic neuron hyperexcitability. Specifically, D/+ myocytes showed a prolongation of 

the early stages of AP repolarization, lowered threshold for AP, and an increased incidence of 

delayed afterdepolarization (Frasier et al., 2016).  

 

Temporal Lobe Epilepsy 

 

Introduction 
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 Temporal lobe epilepsy (TLE) is one of the most common forms of adult epilepsy and it 

is characterized by spontaneous recurrent seizures that originate from the temporal lobe. TLE is 

often considered to be heterogeneous group of disorders in which the temporal lobe is the site of 

seizure initiation, but the etiologies, age of onset and response to treatments vary among patients 

(Panayiotopouos, 2005). Seizures onset in patients with TLE can widely vary, but a majority of 

patient’s seizures begin between 4 and 16 years of age (Wieser and ILAE Commission on 

Neurosurgery of Epilepsy, 2004). Like age of onset, the cause of TLE can vary with each patient.  

Major causative factors have been identified by the ILAE however and they include: febrile 

seizures, trauma, hypoxia, and intracranial infection. The majority of these events usually occur 

before 5 years of age but variation exists among patients (Wieser and ILAE Commission on 

Neurosurgery of Epilepsy, 2004). TLE can be subdivided into two categories based on where 

seizures typically originate: mesial temporal lobe epilepsy (mTLE), or lateral temporal lobe 

epilepsy (lTLE). mTLE accounts for two-thirds of all TLE cases with the hippocampus being the 

predominant area of seizure onset in these patients (Panayiotopouos, 2005).  

 Based on the new ILAE guidelines, TLE is considered to have focal onset seizures and 

TLE itself is considered a combined generalized and focal epilepsy type (Scheffer et al., 2017). 

In a classic review by Richard Walter, TLE seizures are described as having a common sequence 

of attack. First the event begins with the patient experiencing an aura, which can range from 

variety of sensations including a sense of fear to the occurrence of déjà vu. Next, an autonomic 

phenomenon occurs and may include pilo-erection, pallor, flushing or the sudden urge to void or 

defecate. Respiratory arrest is also common in TLE seizures and can occur for as long as 40 

seconds. Following the autonomic behavior an automatism, our automatic behavior, occurs. Lip 

smacking is the most commonly reported automatism, but other behaviors such as incoherent 

speech and behavioral arrest can occur. After the automatism, the seizure will either terminate, 

with the patient suffering only mild postictal confusion, or the seizure progresses out of the 

temporal lobe resulting in a generalized event (Walter, 1969).  

 The first line of treatment for patients suffering from TLE is a variety of antiepileptic 

drugs (AEDs). Common mechanisms of action for AEDs include inhibiting voltage-gated ion 

channels expressed on excitatory pyramidal neurons or activating GABAergic inhibitory 

interneurons. TLE is considered to be poorly controlled by pharmacological interventions and 

benefits of older drugs versus new ones may be minimal (Androsova et al., 2017). Surgery is 
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another alternative form of treatment for patients with TLE, especially ones who respond poorly 

to AEDs. In some cases, surgery may even lead to a better prognosis than medication alone. In a 

study by Sammuel Wiebe and colleagues, a group of 80 patients were split randomly into two 

groups. One group was prescribed AEDs for one year while the other was assigned surgery to 

remove tissue believed to be responsible for the origin of ictal activity.  After one year, 58% of 

patients who received surgery were free of seizures that impaired consciousness while only 8% 

of patients in the AED group achieved a similar outcome (Wiebe et al., 2001). The best approach 

to treating TLE may be the combination of surgery and AEDs. In one study examining patients 

with newly intractable TLE, surgery in conjunction with AEDs resulted in a lower probability of 

seizures at a two year follow up than patients who relied solely on AEDs (Engel et al., 2012). 

Despite the variety of treatment options for patients with TLE, up to 30% will not obtain seizure 

control with AEDs alone (Kwan and Brodie, 2000), making the need for new treatment options 

paramount. 

 

Circuits of Temporal Lobe Epilepsy 

 

 Temporal lobe epilepsy is a disease that disrupts the balance of excitation and inhibition 

in key neural circuits of the brain. These circuits primarily engage structures of the temporal 

lobe, most notably the hippocampal formation, and they are crucial for daily functions performed 

by the brain such as the formation of memories and navigation in space. The hippocampal 

formation is composed of several morphologically distinct regions: the dentate gyrus (DG), the 

Cornu Ammonis (CA) areas 1 through 3, and the subiculum. Other regions outside of the 

hippocampal formation that also contribute significantly to these crucial circuits are the thalamus 

and the parahippocampal region, which is composed of the presubiculum, the parasubiculum, the 

entorhinal cortex, the perirhinal cortex and the postrhinal cortex. The major circuits involved in 

TLE will be briefly reviewed below. 

 

The Trisynaptic Circuit 

 The trisynaptic circuit is one the oldest studied networks and it begins in the entorhinal 

cortex where dense projections known as the perforant pathway connect with the dentate gyrus. 

Most of these fibers originate from layer II of the entorhinal cortex and they “perforate” the 
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pyramidal layer of the subiculum and hippocampal fissure to connect with the dentate gyrus. At 

the dentate gyrus perforant path fibers synapse ipsilaterally on the outer two thirds of the 

molecular layer (Witter, 2007). Other projections from the EC to the hippocampal formation 

include EC layer II and III neurons that connect with the CA3 region (Witter, 2007). 

Additionally, projections stemming from EC layer III neurons synapse with the CA1 and 

subiculum (Witter et al., 1988) and this pathway is often referred to as the temporoammonic 

pathway. 

 In the dentate gyrus, the trisynaptic circuit continues with a unidirectional connection to 

the CA3 region via the mossy fibers. From the CA3, the circuit proceeds along the Schaffer 

collaterals through the Cornu Ammonis region to the CA1 (van Strien et al., 2009). The circuit 

concludes with the CA1 projecting the one of two places: the entorhinal cortex or the subiculum. 

Projections from the CA1 to the entorhinal cortex predominantly terminate in deeper layers of 

the EC with layer V receiving the most innervation.  Layer V neurons have been shown to have 

excitatory connections onto the projection cells in layer II and III which results in the formation 

of a recurrent neural network (Witter et al., 2000a). Instead of the EC, the CA1 can also project 

to the subiculum in a topographical manner. The proximal CA1 connects to the distal subiculum 

while the distal CA1 projects to the proximal subiculum. Like the CA1, the subiculum also sends 

projections to the deep layers of the EC, completing the trisynaptic circuit (van Strien et al., 

2009). 

 

Thalamolimbic Circuit 

 While hippocampal circuitry is usually the most commonly studied in TLE, the role of 

the thalamus is often understated. Multiple nuclei within the thalamus have dense projections to 

limbic structures involved in TLE and the thalamus may act as a seizure synchronizer. The 

thalamic midline nucleus reuniens is one region being examined in TLE. Studies have shown 

that the entorhinal cortex, CA1 and the subiculum all receive input from midline nucleus 

reuniens (Dolleman-Van Der Weel and Witter, 1996). Specifically, the nucleus reuniens synapse 

onto layer I and III of the entorhinal cortex, the stratum lacunosum-moleculare of the CA1 and 

the stratum moleculare of the subiculum. The nucleus reuniens and the entorhinal cortex share 

similar regions of connectivity in the CA1 and subiculum, which may allow the nucleus reuniens 

to modulate both the intrinsic connectivity of the EC and the transmission of the 
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parahippocampal-hippocampal system (Wouterlood et al., 1990; Dolleman-Van Der Weel and 

Witter, 1996).  

  The mediodorsal thalamus is another thalamic region that may play an important role in 

seizure synchronization and propagation.  The mediodorsal nucleus receives inputs from a 

variety of limbic structures, including the subiculum, the amygdala, piriform cortex and the 

rhinal cortices. The mediodorsal nucleus can in turn integrate information from this variety of 

inputs and connect them to both the cingulate cortex and orbitofrontal cortex, which the structure 

has reciprocal connectivity with (Cassidy and Gale, 1998; Bertram, 2009).   

 

The Subiculum  

 

 One of the structures that seem to plays a key role in the majority of neuronal circuits 

involved in TLE is the subiculum. The subiculum is a part of the hippocampal formation and it is 

a three layered structure that is comprised of a molecular, pyramidal and polymorphic layer. The 

molecular layer of the subiculum is an extension of the stratum lacunosum-moleculare and 

stratum radiatum of the CA1. The cell layer of the subiculum is composed primarily of large 

pyramidal neurons that can be distinguished from the CA1 by their lower density. Also in the 

pyramidal layer are inhibitory interneurons that can be distinguished from pyramidal cells by 

their smaller size (Stafstrom, 2005a).  

The subiculum acts as an anatomical transition region between hippocampal and 

parahippocampal regions and it is a hub for dense input and output projections. The subiculum 

receives inputs from the EC which predominantly originate from layer II/III and can terminate in 

all layers of the subiculum (O’Mara et al., 2001). Other significant inputs to the subiculum 

include the CA1 and the midline nucleus reuniens as previously discussed. The subiculum is 

often considered to be one of the main output regions of the temporal lobe as it innervates a wide 

variety of targets.  Through the trisynaptic circuit, the subiculum sends projections to the deep 

layers of the EC as well as projections back into the CA1 (Shao and Dudek, 2005). Other regions 

of the brain that receive input from the subiculum include: the mammillary nuclei, the midline 

thalamic nuclei, the lateral septal nucleus, ventral hypothalamus, the nucleus accumbens, the 

rhinal cortices and pre- and parasubiculum (O’Mara et al., 2001; Stafstrom, 2005a). 
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      The subiculum is composed 

primarily of excitatory pyramidal neurons 

and a variety of smaller inhibitory 

interneurons.  Pyramidal neurons can be 

further subdivided into bursting or non-

bursting neurons (Figure 1.5). In a study by 

Staff et al., the physiology of subiculum 

pyramidal neurons was studied in depth.  It 

was observed that bursting neurons, which 

Staff and colleagues further subdivided into 

weak and strong bursting categories, 

accounted for 68% of pyramidal neurons in 

the subiculum while the remaining 32% of the neural population were regular spiking neurons 

(Staff et al., 2000). Bursting neurons tend be located furthest away from the CA1 in the distal 

subiculum whereas regular spiking neurons are most commonly found near the CA1-subiculum 

border (Staff et al., 2000).  The ionic mechanism behind the bursting phenotype in subiculum 

neurons is most likely multifaceted.  Previous studies suggest that both calcium (Jung et al., 

2001; Joksimovic et al., 2017) and sodium (Mattia et al., 1997; Barker et al., 2017) voltage-gated 

channels contribute significantly to the bursting phenotype. The presence of a large population of 

bursting neurons in the subiculum is probably linked to the region’s role as a major output center 

of the temporal lobe. Bursting action potentials allow for a higher probability of synaptic release 

and backpropagation from these events can influence synaptic integration and pre- and 

postsynaptic coincidence detection in a manner that single action potentials cannot (Staff et al., 

2000). 

In the healthy brain, the subiculum seems to play an important role in spatial navigation 

and memory retrieval. Previous studies in freely moving rats have shown that subiculum neurons 

can transmit spatial signals via both bursting and regular spiking neurons (Sharp and Green, 

1994). Additionally, human MRI studies show that the subiculum is highly active during 

memory retrieval tasks (Gabrieli et al., 1997). 

 

The Subiculum in Temporal Lobe Epilepsy 

Figure 1.5. AP firing properties of subiculum 

pyramidal neurons to a 1-s somatic current 

injection. (RS) Regular spiking, (WB) Weak 

bursting, (SB) Strong bursting. Image taken from 

Staff et al., 2000. 
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 While the DG and CA regions of the hippocampus have been extensively examined in 

TLE, the subiculum has remained relatively understudied.  With a large population of the 

endogenously bursting neurons and the role of a major output region of the temporal lobe, the 

subiculum seems prone to epileptogenic induced changes that could contribute significantly to 

the initiation and propagation of spontaneous seizures. In human TLE patients, subiculum 

neurons are relatively spared compared to other regions of the hippocampus (Dawodu and Thom, 

2005; Alonso-Nanclares et al., 2011), and some studies suggest that subiculum neuronal density 

may even increase by 48% in sclerotic hippocampal tissue compared to non-sclerotic tissue 

(Alonso-Nanclares et al., 2011). This neuronal sparing may be limited to excitatory neurons 

however as another study by Andrioli et al., also observed an increase in neuronal density in 

human sclerotic hippocampi, but found significant reductions in inhibitory parvalbumun-

immunoreactive (PV-IR) interneurons (Andrioli et al., 2007). 

 In addition to being relatively spared in TLE, it is believed that subiculum neurons 

become hyperexcitable as a result of epileptogenesis. In post-status epilepticus (SE) rats, 

significant increases in the number of bursting neurons as well as an increase in post-burst 

afterdepolarization has been observed (Wellmer et al., 2002), although these changes may be 

region specific (Knopp et al., 2005). Other studies have shown subiculum bursting neurons from 

TLE rats fire higher action potentials in response to somatic current injection steps and respond 

more robustly to synaptic stimulation (Barker et al., 2017).  

 Driving this subiculum hyperexcitability is proexcitatory alterations in neuronal 

physiology in TLE. Subiculum pyramidal neurons isolated from patients with intractable TLE 

show a significant increase in persistent sodium current (INaP) (Vreugdenhil et al., 2004). Brain 

slice recordings from TLE animals corroborate these observations, as significant increases in 

both INaP and INaR are seen in subiculum pyramidal neurons from epileptic rats (Barker et al., 

2017).  

 Changes to physiology and neuronal hyperexcitability in the subiculum in TLE allow the 

structure to play a significant role in the initiation and propagation of spontaneous seizures. 

Recordings from resected brain tissue from human TLE patients suffering from intractable 

seizures revealed synchronous spontaneous inter-ictal like epileptiform bursts in the subiculum 

that were not seen in the hippocampus (Cohen et al., 2002; Wozny et al., 2005). In animal 
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models of TLE, previous work suggests that the subiculum may often be the sight of seizure 

initiation. In a study performed by Toyoda et al., looking at which brain region showed the 

earliest activation in spontaneous seizures, ictal activity was most often seen in the subiculum 

first, followed by the ventral hippocampus (Toyoda et al., 2013). To further support this 

observation, it has also been shown that some of the earliest and most prominent increases in 

preictal interneuron firing rates occur in the subiculum (Toyoda et al., 2015). The previously 

mentioned decrease in subiculum PV interneurons in TLE may also have significant implications 

in the initiation of spontaneous seizures. In a study in which PV interneurons from the subiculum 

of naïve mice were selectively and permanently ablated, 88% of the mice showed clusters of 

spike-wave discharges and 64% developed spontaneous recurrent seizures (Drexel et al., 2017).  

 

Voltage-gated Sodium Channels in Temporal Lobe Epilepsy 

 

 Voltage-gated sodium channels play a significant role in regulating neuronal physiology 

and proexcitatory changes to these channels in TLE can facilitate neuronal hyperexcitability.  In 

human TLE patients, significant alterations in voltage-gated sodium channel mRNAs are 

observed in the hippocampus (Whitaker et al., 2001a) and recordings from human TLE 

subiculum neurons reveal a significant increase in persistent sodium current (Vreugdenhil et al., 

2004). Similar proexcitatory alterations to sodium channels are recapitulated in animal models of 

TLE. Post SE rats demonstrate aberrant sodium channel mRNA expression (Aronica et al., 2001) 

and proexcitatory changes in sodium channel physiology have been observed in the DG, the 

CA1, the subiculum and the EC of TLE rats (Ketelaars et al., 2001; Ellerkmann et al., 2003; 

Hargus et al., 2011; Barker et al., 2017).  

 The role of the voltage-gated sodium channel isoform Nav1.6 in the development of 

neuronal hyperexcitability has been well studied since the channel is highly expressed at the AIS 

(Hu et al., 2009) and plays a significant role in regulating neuronal excitability (Royeck et al., 

2008). Additionally, we know gain-of-function mutations to the SCN8A gene are sufficient to 

induce spontaneous seizures in humans and mice (Veeramah et al., 2012; Wagnon et al., 2015b). 

Proexcitatory alterations to Nav1.6 have been shown to occur only days after SE and these 

changes can contribute significantly to neuronal hyperexcitability that drives epileptogenesis 

(Hargus et al., 2013). Increases in Nav1.6 expression are seen in the CA3 of kindled animals 
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(Blumenfeld et al., 2009) and in the CA regions and EC of TLE rats (Chen et al., 2009; Hargus et 

al., 2011). The role of Nav1.6 in neuronal hyperexcitability can be delineated using the toxin 4,9-

anhydro-tetrodotoxin (4,9-ah-TTX), which has higher affinity for Nav1.6 over other voltage-

gated sodium channel isoforms (Rosker et al., 2007). Previous studies have shown that inhibiting 

Nav1.6 with 4,9-ah-TTX can significantly reduce neuronal hyperexcitability and decrease 

enhanced persistent and resurgent sodium currents seen in TLE (Hargus et al., 2013; Barker et 

al., 2017). 

 Nav1.6’s role in driving neuronal hyperexcitability has made the channel an attractive 

target for studies looking to prevent or decrease the occurrence of seizures in animal models of 

TLE. Nav1.6 heterozygote med
tg

 mice, which have reduced Nav1.6 expression, display higher 

afterdischarge thresholds, a slower kindling acquisition rate, and a significant decrease in seizure 

severity score than WT mice (Blumenfeld et al., 2009). Other studies have shown that reducing 

levels of Nav1.6 is protective against chemically and genetically induced seizures (Martin et al., 

2007; Makinson et al., 2014) and can even extend the lifespan of mice carrying mutations in the 

SCN1A gene (Martin et al., 2007). Inhibiting Nav1.6 may also be a promising option for 

preventing the development of spontaneous seizures. In mice that had undergone KA induced 

SE, the administration of shRNA against Nav1.6 resulted in 90% of the animals being seizure 

free during an 8 week recording period. In sham controls however, all animals went on to 

develop spontaneous seizures (Wong et al., 2018). 

 

SCN8A Encephalopathy vs. Temporal Lobe Epilepsy 

 

In this section we aim to provide brief comparisons between the genetic SCN8A 

encephalopathy and the acquired temporal lobe epilepsy.  

 

Systems Affected 

 In SCN8A encephalopathy, mutations to the SCN8A gene, carried potentially by every 

cell in the body, give rise to a pathogenic phenotype. Nav1.6 is predominantly expressed in 

excitatory neurons of the CNS, with high expression levels seen in the hippocampus and 

cerebellum (Vacher et al., 2008). While SCN8A mutations have varying consequences on 

channel physiology, common mechanisms include proexcitatory shifts in channel inactivation 
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and increases in persistent sodium current (Veeramah et al., 2012; Wagnon et al., 2015a; Barker 

et al., 2016). These changes in sodium channel physiology can in turn produce neuronal 

hyperexcitability and altered AP morphology in neuronal populations throughout the brain 

(Lopez-Santiago et al., 2017; Ottolini et al., 2017).  

While Nav1.6 is believed to play a role predominantly in excitatory neurons, studies 

suggest that the mutations to the SCN8A gene may still be disruptive for other cell types as well. 

Heterozygous D/+ mice display hyperexcitable cardiac myocytes which may contribute to 

SUDEP (Frasier et al., 2016). Preliminary data from the Patel lab has also shown that PV 

interneurons from D/+ mice are hypoexcitable and display aberrant AP morphology (Ottolini et 

al., unpublished data). Additionally, recent studies showing the role of Nav1.6 in thalamic 

regulation (Makinson et al., 2017) suggest that mutations to the SCN8A gene may directly disrupt 

more neural circuits than previously hypothesized. No thorough characterization of cerebellar 

neurons carrying SCN8A mutations has been performed to date. 

Aberrant physiology, rather than altered gene expression, seems to be the key driver of 

SCN8A encephalopathy.  No increases in Nav1.6 staining was observed in the EC of D/+ and 

D/D mice compared to WT littermates (Ottolini et al., 2017). Additionally, no changes in 

transcripts encoding for voltage-gated sodium, potassium, and calcium channels are seen in D/+ 

mice (Sprissler et al., 2016). Information on the sites of seizure initiation and the mechanisms of 

seizure propagation in SCN8A encephalopathy is simply lacking but future studies are being 

devised that will hopefully provide more insight. 

While temporal lobe epilepsy has a relatively more focused region of interest than 

SCN8A encephalopathy, the structures of the limbic system, the mechanisms that produce 

hyperexcitability are much more complex. TLE produces changes in physiology and expression 

in a variety of ligand and voltage-gated ion channels, not just Nav1.6. The assortment of changes 

induced by epileptogenesis can make treatment difficult as it becomes challenging to narrow in 

on specific therapeutic targets. Cell death and axonal sprouting are another dynamic of 

hyperexcitability not seen in SCN8A encephalopathy. In TLE, substantial neuronal death occurs 

to the inhibitory interneurons of DG hilus and the pyramidal neurons of the CA1, CA3 and EC 

layer III neurons (Sloviter and Damiano, 1981; Hargus et al., 2013). Following neuronal death, 

axonal sprouting occurs in the DG and CA1 and it is believed to produce excitatory feedback 

connections in key neural circuits (Nadler et al., 1980; Cavazos et al., 2004).  
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 TLE seizures engage multiple neural networks, with the most prominent circuits being 

previously described. The location and mechanism of seizure initiation in TLE is still unclear.  

Some studies claim distinct regions of the brain tend to be the most common singular region of 

seizure onset (Toyoda et al., 2013), while others demonstrate TLE seizures as having a diffuse 

onset with spontaneous activity arising simultaneously in multiple sites and synchronization 

occurs in thalamus (Bertram, 1997, 2014).   

 

Pharmacology  

 Understanding drug efficacy and how drug pharmacology may be altered in disease is 

crucial for successfully treating patients with epilepsy. In SCN8A encephalopathy, there have 

been no published guidelines for the treatment of the disorder. Treatment tends to focus on 

seizure control through drug polytherapy as uncontrolled seizures put patients at higher risk for 

permanent injury and SUDEP (Hammer et al., 2016). Refractory epilepsy is unfortunately 

common in many SCN8A patients but extended seizure free periods are attainable for some 

(Larsen et al., 2015). Studies suggest that sodium channel blockers may be the best option for 

patients suffering with SCN8A encephalopathy (Boerma et al., 2015; Larsen et al., 2015; 

Wagnon et al., 2015a). Disruption in sodium channel inactivation is a common pathogenic 

mechanism across multiple SCN8A mutations, and drugs that have higher affinity for the 

inactivated state may be advantageous in treating patients. Phenytoin is one such drug that is 

believed to have higher affinity for the inactivated state (Kuo and Bean, 1994). Studies have 

shown that phenytoin is effective in attenuating proexcitatory alterations in mutant channel 

physiology (Barker et al., 2016) and it has been demonstrated that the drug can provide improved 

seizure control for SCN8A encephalopathy patients (Boerma et al., 2015). While efficacy with a 

variety of drugs has been demonstrated in SCN8A encephalopathy patients, levetiracetam has 

been reported by multiple families to be ineffective and it may even increase seizure frequency 

(Hammer et al., 2016). Currently, no studies have been published demonstrating altered drug 

pharmacology in mutant Nav1.6 channels.  

 Resistance to antiepileptic drugs in TLE is relatively common and up to 30% of patients 

cannot achieve seizure control with AEDs alone (Kwan and Brodie, 2000). Recent studies have 

suggested that the sodium channel blockers carbamazepine and valproate may be the most 

promising AED options for patients suffering from TLE but this result may not be reflective of 
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the entire patient population (Androsova et al., 2017). One of the reasons AEDs may be 

relatively ineffective in TLE patients is altered pharmacology that arises from epileptogenesis. In 

a kindling model of TLE, the hypoexcitatory effects of carbamazepine are reduced acutely in 

kindled animals compared to controls.  Additionally, there is a significant increase in the EC50 

when treating cells from kindled animals compared to controls (Vreugdenhil and Wadman, 

1999). In experiments utilizing brain tissue from carbamazepine resistant TLE patients, the use-

dependent block typically produced by carbamazepine was significantly diminished (Remy et al., 

2003a). Additionally, it has been observed that the effects of carbamazepine on the recovery 

from inactivation are attenuated in TLE animals (Schaub et al., 2007).  

Diminished efficacy is not just seen with carbamazepine as other studies have shown that 

the ability of phenytoin and lamotrigine to produce tonic block is significantly diminished in 

epileptic cells compared to controls (Remy et al., 2003b). Interestingly in studies using kindling 

animal models and cells from epileptic patients, the effects of valproate remain relatively 

unchanged (Vreugdenhil et al., 1998; Vreugdenhil and Wadman, 1999).       

 

Overview of Dissertation Data 

 

 The following chapters will show data demonstrating how proexcitatory alterations to the 

voltage-gated sodium channel Nav1.6 can lead to neuronal hyperexcitability in two separate 

epilepsy syndromes: SCN8A encephalopathy and TLE. In Chapter III, we electrophysiologically 

characterize both gain-of-function and loss-function mutations to the SCN8A gene. This work is 

a significant contribution to the field as we were the first to characterize recurrent SCN8A 

encephalopathy mutations that account for 20% of all mutations known to date. We hope our 

work in Chapter III leads to a better understanding of these recurrent mutations that enables more 

effective treatments for patients. Also in Chapter III, we are the first group to describe two loss-

of-function SCN8A mutations in patients with intellectual disability but no epilepsy.  This work 

is significant because it demonstrates that varying mutations to the SCN8A gene can produce a 

phenotypic spectrum in patients. At the conclusion of Chapter III, we explore the efficacy of the 

sodium channel blocker phenytoin on a novel gain-of-function SCN8A mutation. A significant 

portion of SCN8A patients suffer from intractable epilepsy and it remains unclear which AEDs 

are most efficacious in these patients.  Our work is a noteworthy contribution to the field as it 
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demonstrates that phenytoin diminishes the proexcitatory alterations seen in a gain-of-function 

mutation. More importantly, this work makes a stronger case for sodium channel blockers, like 

phenytoin, as a first option for treating patients with SCN8A encephalopathy.      

 In Chapter IV, we electrophysiologically characterize mEC layer II neurons from a 

mouse model of SCN8A encephalopathy.  This work provides novel data to the field as we are 

the one of the first groups to study neuronal physiology in brain slices from animals carrying a 

SCN8A mutation. This work is significant because it expands our knowledge of SCN8A 

encephalopathy beyond cultured cell in vitro experiments.  Additionally, this data opens the door 

for future, more advanced in vitro and in vivo experiments using this model that will vastly 

improve our knowledge of the disease.  

 In Chapter V, we study how proexcitatory alterations to sodium channel physiology 

contribute to subiculum hyperexcitability in TLE.  Additionally, we show that blocking Nav1.6 

significantly reduces subiculum neuron hyperexcitability. This work is a significant contribution 

to the field as it is one the first to directly implicate Nav1.6 in facilitating neuronal 

hyperexcitability in the subiculum.  The subiculum remains a vastly understudied region of the 

hippocampus in TLE and work demonstrating mechanisms of hyperexcitability in the subiculum 

is highly novel.  

 Overall, the data presented in these chapters describes why studying alterations to Nav1.6 

is applicable in multiple epileptic disorders.  We believe this work is significant to the epilepsy 

field not only because it advances our knowledge of the mechanisms of disease, but it makes a 

strong argument for Nav1.6 as a promising target for future antiepileptic drugs.  In TLE 30% of 

patients do not respond to currently available AEDs, a number that has not changed significantly 

in decades. In SCN8A encephalopathy, data describing the efficacy of AEDs in patients is sparse, 

but it is believed that long term complete seizure control is uncommon.  For this reason, research 

that leads to the eventual development of more efficacious AEDs is crucial to the epilepsy field 

and that is what we hope we have provided in the data presented in this dissertation. 
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II. General Methods 

 

Cell Culture  

DRG-neuron–derived ND7/23 cells (Sigma Aldrich, St. Louis, MO, USA) were grown in 

a humidified atmosphere of 5% CO2 and 95% air at 37°C in Dulbecco’s Modified Eagle’s 

Medium (DMEM, 1X) supplemented with 10% fetal bovine serum (FBS), non-essential amino 

acids (NEAA) and sodium pyruvate. Cells were plated onto Petri dishes 48 h prior to transfection 

and transfected for 5 h in non-supplemented DMEM using Lipofectamine 3000 according to the 

manufacturer’s instruction (Life Technologies, Carlsbad, CA, USA) with 5 μg of Nav1.6 α 

subunit cDNA and 0.5 μg of the fluorescent m-Venus bioreporter. Electrophysiological 

recordings of fluorescent cells were made 48 h after transfection. 

 

Voltage Clamp Electrophysiology 

Recordings were carried out in the presence of 500 nM tetrodotoxin (TTX) to block 

endogenous sodium currents in the neuron-derived ND7/23 cells. Currents were recorded using 

the whole-cell configuration of the patch clamp recording technique. Currents were amplified 

and low-pass filtered (2 kHz) and sampled at 33 kHz. The intracellular recording solution 

contained (in mM): 140 CsF, 2 MgCl2, 1 EGTA, 10 HEPES, 4 Na2ATP, 0.3 NaGTP (pH 

adjusted to 7.2 with CsOH, osmolarity adjusted to 300 mosM with sucrose). Cultured ND7/23 

cells were bathed in solution containing (in mM): 130 NaCl, 3 KCl, 1 CaCl2, 5 MgCl2, 0.1 

CdCl2, 10 HEPES, 30 TEA (pH adjusted to 7.4 with NaOH, osmolarity adjusted to 310 mosM 

with sucrose). Experiments were performed at room temperature (20–22°C). After establishing 

the whole cell configuration, a minimum series resistance compensation of 75% was applied. 

Capacitive and leak currents were subtracted using the P/N-4 protocol for all experiments, except 

steady-state inactivation protocols. The current-voltage relationship was determined using a 100 

ms voltage pulse from −80 to +70 mV in steps of 5 mV from a holding potential of −120 mV at 2 

sec intervals. Conductance as a function of voltage was derived from the current-voltage 

relationship using the equation g = INa/(V − ENa), where V is the test potential and ENa is the 

reversal potential. The voltage dependence of activation data were fitted by a Boltzmann 

function: 

y = 1/(1  +  exp [(V − V1/2/k)] 
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where y is the normalized conductance (g/gmax) or the normalized current for activation and 

inactivation respectively, V1/2 is voltage of half-maximal activation or inactivation, and k is the 

slope factor. Decays of macroscopic currents were fitted to a single exponential function and 

time constants were determined using the equation: 

 

y = A1 [1  −  exp (−t/τ1)]−single 

 

where A1 is the coefficient for the exponential, t is time (ms), and τ1 is the time constant. For 

steady-state inactivation, neurons were held at −120 mV and test potentials from −115 mV to 

−10 mV for 500 ms at 5 mV increments were applied. The second pulse to −10 mV for 40 ms 

was used to assess channel availability. Correction for passive and leak currents was achieved by 

subtracting the last sweep with the greatest depolarizing potential (−10 mV) since this sweep 

displays no sodium channel current. Currents during the second pulse were normalized for each 

cell with the largest current as 1.0 and fit to the Boltzmann function. Deactivation was estimated 

from current decay, using a 0.5 ms short depolarizing pulse to −10 mV followed by a 50 ms 

repolarizing pulse to potentials ranging from −40 to −120 mV at 5 mV increments. Deactivation 

kinetics was determined by fitting decaying currents with a single exponential function. For 

recovery from inactivation, cells were held at −120 mV and depolarized to a test potential of 0 

mV for 1 sec to inactivate Na channels. Recovery was determined at times between 1 msec and 

60 sec at a test potential of -90 mV. A 40 msec pulse to -10 mV was subsequently applied to 

assess the extent of channel recovery. For each cell, current amplitudes during this test pulse 

were normalized so that the largest current during the conditioning potential was 1.0. Data were 

fit to a double exponential function:  

 

y= A1 (1- exp [-t/T1]) + A2 (1- exp [-t/T2]) 

 

where A1 and A2 are the coefficients for the fast and slow exponentials, t is the time (in msec), 

and Ƭ1 and Ƭ2 are the fast and slow time constants, respectively. 

  

Coimmunoprecipitation and Western Blotting  
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HEK 293 cells were transfected with 3 μg of cDNA encoding the C-terminal domain of 

Nav1.6 and 3 μg of the test construct. Cell extracts were prepared and immunoprecipitated as 

described previously (O’Brien et al., 2012). Cells were lysed in 1 mL of buffer containing 20 

mmol/L Tris-HCl, pH 7.5, 137 mmol/L NaCl, and 1% NP-40 with protease inhibitors (Roche 

complete mini, EDTA-free, Indianapolis, IN, USA). Lysates were incubated with 20 μL anti-HA 

antibody-coated agarose beads (sc-7392AC, Santa Cruz Biotechnology, Santa Cruz, CA, USA) 

overnight at 4°C. Immune complexes on the beads were washed four times and eluted by boiling 

in 2X electrophoresis sample buffer at 95°C for 5 min. Western blotting was carried out as 

described previously (Wagnon et al., 2015b). Blots were immunostained with rabbit polyclonal 

anti-HA (H6908, Sigma Aldrich), rabbit polyclonal anti-GFP (G1544, Sigma Aldrich), rabbit 

polyclonal anti-myc (C3956, Sigma Aldrich), or rabbit polyclonal anti-Gb2 (sc-380, Santa Cruz 

Biotechnology). 

 

Brain Slice Preparation and AP Recordings  

Horizontal brain slices (300 m) were prepared from both rats and mice in a similar 

manner. Rodents were anesthesized with isoflurane, decapitated, and brains rapidly removed and 

placed in chilled (4°C) artificial CSF (ACSF) containing the following (in mM): 125 NaCl, 2.5 

KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 0.5 L-ascorbic acid, 10 glucose, 25 NaHCO3, and 2 

pyruvate oxygenated with 95% O2 and 5% CO2. Slices were prepared using a Vibratome 1000 

Plus (Vibratome), transferred to a chamber containing oxygenated ACSF, incubated at 37°C for 

35 min, and then stored at room temperature. For recordings, slices were held in a small chamber 

superfused with heated (32°C) oxygenated ACSF. mEC layer II or subiculum pyramidal neurons 

were visually identified by infrared video microscopy (Hamamatsu) using a Zeiss Axioscope 

microscope. Whole-cell voltage and current-clamp recordings were performed using an 

Axopatch 700B amplifier (Molecular Devices, pCLAMP 10 software) and a Digidata 1322A 

(Molecular Devices). Electrodes were fabricated from borosilicate glass using a Brown-Flaming 

puller (Model P97; Sutter Instruments) and had resistances of 3.5– 4.0 mΩ when filled with an 

intracellular recording solution containing the following (in mM): 120 K-gluconate, 10 NaCl, 2 

MgCl2, 0.5 K2EGTA, 10 HEPES, 4 Na2ATP, 0.3 NaGTP, pH adjusted to 7.2 with KOH. 

Currents were amplified, low-pass filtered (2 kHz) and sampled at 33 kHz. APs were evoked 

with a series of current injection steps from -20 pA to 470 pA in 10 pA steps for 300 ms at 5 s 
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interpulse intervals. In some experiments, a brief, 4 ms depolarizing current pulse was used to 

evoke APs. To standardize our tests, the resting membrane potential (RMP) was recorded and 

then maintained at -65 mV by injection of DC current. Cell input resistance (Ri) was calculated 

by dividing the steady-state voltage response evoked by varying current injections (ΔV/ΔI) from 

-20 pA until the current pulse just before that which evoked an AP. Data points were then fit 

with a linear line to determine Ri values. Threshold was determined as the voltage at which the 

slope of the AP exceeded ≥20 V/s. AP amplitudes were measured from threshold to the AP peak. 

AP duration (APD) was measured from threshold to the point at which the AP returned to the 

same potential. APD50 and APD90 were determined from this duration. Upstroke velocity was 

determined from phase plots using the maximum of the first derivative (dV/dt). In some 

experiments, APs were evoked using a bipolar platinum iridium stimulating electrode (WPI) 

placed 1 mm distant from the region that was being recorded. A 400 μs stimulus of varying 

current amplitude (1 to 3.2 mA) was applied every 15 s via a digital stimulator (Digitimer). To 

evoke APs consistently, the stimulus amplitude was increased until there were no failures in 

spike initiation (1T). Duration of the evoked somatic response evoked by either electrical 

stimulation or via short depolarizing current pulses was determined as the interval between the 

start of the deviation from the RMP to the point at which the response returned to the RMP. 

 

Brain Slice Na Channel Electrophysiology 

All Na channel current recordings, except for persistent Na current (INaP) and resurgent 

Na current (INaR), were recorded using the outside-out recording configuration of the patch-

clamp recording technique. Currents were amplified, low-pass filtered (2 kHz), and sampled at 

33 kHz. Glass pipettes had resistance of 1.8 –2.5 mΩ when filled with the following electrode 

solution (in mM): 140 CsF, 2 MgCl2, 1 EGTA, 10 HEPES, 4 Na2ATP, and 0.3 NaGTP, pH 

adjusted to 7.3 with CsOH, osmolarity adjusted to 310 M with sucrose. Outside-out patches were 

superfused with solution containing the following (in mM): 150 NaCl, 2.5 KCl, 2 CaCl2, 1 

MgCl2, 1.25 NaH2PO4, 0.5 L-ascorbic acid, 2 pyruvate, 10 glucose, 25 NaHCO3, pH adjusted by 

bubbling 95% O2 and 5% CO2, osmolarity adjusted to 320 mM with sucrose. All experiments 

were performed at 32°C. Capacitive and leak currents were subtracted using the P/N-4 protocol. 

The current–voltage (I–V) relationship was determined using a 100 ms voltage pulse from -80 to 

+40 mV in steps of 5 mV from a holding potential of -120 mV at 2 s intervals. Conductance as a 



39 
 

function of voltage was derived from the I–V relationship and fitted by a Boltzmann function as 

described previously in this section.  

For steady-state inactivation, neurons were held at -120 mV and test potentials from -115 

mV to -10 mV for 500 ms at 5 mV increments were applied. The second pulse to -10 mV for 40 

ms was used to assess channel availability. Currents during the second pulse were normalized for 

each cell with the largest current as 1.0 and fit to the Boltzmann function.  

INaP was determined in brain slice preparations using voltage ramps from -100 mV to -10 

mV at a rate of 65 mV/s. INaP was recorded in bath solution containing the following (in mM): 30 

NaCl, 120 TEA-Cl, 10 NaHCO3, 1.6 CaCl2, 2 MgCl2, 0.2 CdCl2, and 5 4-AP, 15 glucose, pH 7.4 

when oxygenated with 95% O2 and 5% CO2; temperature 32°C, and a pipette solution containing 

the following (in mM): 140 CsF, 2 MgCl2, 1 EGTA, 10 HEPES, 4 Na2ATP, and 0.3 NaGTP, pH 

adjusted to 7.3 with CsOH, osmolarity adjusted to 310 mM with sucrose. Ramp voltage 

recordings displayed an inward current that was referred to as INaP. To determine the peak INaP 

current, voltage ramp protocols were repeated in the presence of TTX (1 μM). Traces obtained in 

the presence of TTX were subtracted from those obtained in its absence. TTX was reconstituted 

in ACSF.  

INaR was also recorded in brain slice preparations using a bath solution containing the 

following (in mM): 100 NaCl, 26 NaHCO3, 19.5 TEA-Cl, 3 KCl, 2 MgCl2, 2 CaCl2, 2 BaCl2, 0.1 

CdCl2, 4 4-AP, and 10 glucose, pH 7.4 when oxygenated with 95% O2 and 5% CO2; temperature 

32°C, using the same pipette solution as that for recording INaP. Neurons were held at -100 mV 

and depolarized to +20 mV for 20 ms, followed by either a single repolarizing step to -30 mV for 

100 ms to determine the peak INaR or a series of repolarizing steps from -100 mV to -10 mV to 

determine the voltage dependence of INaR. Protocols were again repeated in the presence of TTX 

(1 μM) to determine INaR current amplitudes and gating.  

 

Data Analysis  

Electrophysiology data analysis was performed using Clampfit software version 10 

(Molecular Devices) and MATLAB (The MathWorks). All values represent means ± SEM. 

Statistical significance was determined by using one of the following statistical tests: a Student’s 

t-test, a Student's t-test with Welch's correction, a standard one-way or two-way ANOVA 
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followed by Tukey’s or Dunn’s post hoc test for parametric data or the Rank Sum test for non-

parametric data (GraphPad Prism 6). 
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III. Pathogenic Mechanisms of de novo SCN8A Mutations in a Rare Genetic 

Channelopathy  

 

IIIa. Pathogenic Mechanisms of Recurrent Gain-of-Function Mutations of SCN8A in 

Epileptic Encephalopathy. 

 

Rationale 

 

In Chapter IIIa, we electrophysiologically 

characterize 4 novel gain-of-function mutations 

that occur at the CpG dinucleotide mutation 

hotspots arginine 1617 and arginine 1872.  

Mutations at these two residues are recurrent, and 

account for a significant number of all EIEE13 

mutations discovered.  The work in Chapter IIIa is 

a significant contribution to the field because to 

date <20 SCN8A mutations have been 

physiologically characterized. The better we 

understand the mechanisms in which these 

mutations cause neuronal hyperexcitability and 

seizures the more likely we are to implement or 

develop more efficacious treatments for patients.    

 

Introduction  

 

The two amino acid residues, Arg1617 

and Arg1872, are the sites of mutation in 20% of 

EIEE13 patients. Arg1617 is located in the voltage-responsive S4 transmembrane segment of 

domain IV (Figure IIIa.1A). The substitution p.Arg1617Gln has occurred in five unrelated 

individuals (Rauch et al., 2012; Ohba et al., 2014; Dyment et al., 2015; Kong et al., 2015; Larsen 

et al., 2015). Arg1872 is located in the cytoplasmic C-terminal domain (Figure IIIa.1A). Two 

Figure IIIa.1. Recurrent mutations of arginine 

residues 1617 and 1872 in SCN8A. (A) Four‐

domain structures of the voltage‐gated sodium 

channel α subunit. The positions of the recurrently 

mutated residues Arg1617 (the outermost charged 

residue in the S4 transmembrane segment of 

domain IV) and Arg1872 (near the middle of the 

cytoplasmic C‐terminal domain) are shown. (B) 

CpG mutation hot spots in the codons for Arg1617 

and Arg1872. 



42 
 

missense mutations of Arg1872 were described in seven patients (Carvill et al., 2013; Ohba et 

al., 2014; Larsen et al., 2015; Takahashi et al., 2015) and we describe a third substitution in two 

patients, making this the most frequently mutated residue. The CpG dinucleotides in the codons 

for Arg1617 and Arg1872 are mutational hotspots (Figure IIIa.1B). Recurrence in unrelated 

patients and absence from unaffected individuals (http:// exac.broadinstitute.org) provides strong 

evidence that these mutations are pathogenic. Our data demonstrate that these mutations result in 

impaired channel inactivation that underlies neuronal hyperexcitability and seizures. 

 

Methods  

 

Clinical Exome Sequencing  

The c.5615G>T mutation (p.Arg1872Leu) in Case 1 was identified by whole exome 

sequencing at the Genomic Medicine Institute at the Cleveland Clinic (Cleveland, OH, USA). 

The c.5615G>T mutation (p.Arg1872Leu) in Case 2 was identified by whole exome sequencing 

at the Johns Hopkins Medical Institute (Baltimore, MD, USA). The c.5615G>A mutation 

(p.Arg1872Gln) in Case 3 was identified in the clinical exome sequencing laboratory at Radboud 

University (Nijmegen, the Netherlands). 

 

Standard Protocol Approvals, Registrations, and Patient Consents  

An institutional review board (IRB) approval was obtained and the parent or legal 

guardian of each patient gave informed consent. 

 

Site-Directed Mutagenesis of the Nav1.6 cDNA and C-terminal Constructs  

The amino acid substitutions p.Arg1617Gln, p.Arg1872Leu, and p.Arg1872Trp were 

introduced into the tetrodotoxin (TTX)-resistant derivative of the full length Nav1.6 cDNA clone 

(Herzog et al., 2003) as described previously (Veeramah et al., 2012). Site-directed mutagenesis 

was carried out with the QuikChange II XL kit (Agilent Technologies, Santa Clara, CA, USA). 

The entire 6-kb open reading frame was sequenced to confirm the absence of other mutations. 

The pHA-Nav1.6-CT cDNA construct containing the 213 amino acid C-terminal domain of 

Nav1.6 with an N-terminal HA epitope tag (Laezza et al., 2009) was kindly provided by Dr. 
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David Ornitz, Washington University. The substitution p.Arg1872Trp was introduced as above 

and the open reading frame was completely sequenced. 

 

Plasmids Encoding Sodium Channel– Interacting Proteins  

The sodium channel β subunit cDNA construct pNavβ1- EYFP was kindly provided by 

Dr. Jeanne Nerbonne (Marionneau et al., 2012). The fibroblast growth factor 14 cDNA construct 

pFGF14- 1b-myc tag was a gift from Dr. David Ornitz (Laezza et al., 2009). Plasmids 

pGβ2IRES-YFP and pGγ3IRES-cyan encoding the G-protein subunits Gβ2 and Gγ3 were kindly 

provided by Dr. Massimo Mantegazza (Mantegazza et al., 2005).  

 

Cell Culture  

 Please reference Chapter II: General Methods 

 

Electrophysiology  

Please reference Chapter II: General Methods 

 

Coimmunoprecipitation and Western Blotting  

Please reference Chapter II: General Methods 

 

 

Results  

 

Clinical features of three patients with mutations of arginine 1872  

The clinical features of three new cases are summarized in Table IIIa.1. All three patients 

were born after full-term pregnancies. Clinical exome sequencing identified the heterozygous 

mutation c.5615G>T resulting in the novel amino acid substitution p.Arg1872Leu in patients 1 

and 2. Patient 3 carried the SCN8A mutation c.5615G>A resulting in the amino acid substitution 

p.Arg1872Gln. None of the mutations were present in either parent, demonstrating de novo 

origin. The features of these patients are consistent with the recently described clinical spectrum 

of SCN8A encephalopathy (Larsen et al., 2015) Two patients exhibited very early onset at 2 and 
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Table IIIa.1. Clinical features of three new patients with amino acid substitution of arginine 

residue 1872. 

6 weeks of age. Sodium channel blockers were partially effective (Table IIIa.1). Detailed clinical 

histories are provided as an Appendix. 

 

Functional effects of mutations in arginine residue 1872  

Arginine residue 1872 is located near the center of the cytoplasmic C-terminal domain of 

Nav1.6 (Figure IIIa.1A). This site was implicated in direct interaction with the inactivation gate 

of the channel, mediated by interaction between positively and negatively charged residues (Lee 

and Goldin, 2008; Nguyen and Goldin, 2010). Loss of the positive charge of arginine residue 

1872 is therefore predicted to impair channel inactivation.  

Patient mutations substituting leucine, glutamine, or tryptophan for arginine 1872 were 

introduced into the full-length Nav1.6 cDNA, which was transfected into the neuron-derived cell 

line ND7/23. Representative currents from ND7/23 cells transfected with wild-type (WT) and 

mutant Nav1.6 channels are shown in Figure IIIa.2A. Peak current density was elevated for 

p.Arg1872Trp, but was not significantly changed for p.Arg1872Leu or p.Arg1872Gln (Figure 

IIIa.2B, Table IIIa.2). To determine the kinetics of open state inactivation, macroscopic current 

decay was fit to single exponential functions and the fast time constant (τfast) was plotted as a 

function of voltage. Transition from open state to the inactivated state was significantly delayed 

by all three mutations (Figure IIIa.2C), consistent with prediction. The slowing of fast 
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inactivation is evident when the 

peaks of the current traces are 

aligned so that inactivation 

kinetics can be compared 

directly (Figure IIIa.2D).  

At 100 msec after 

stimulus, p.Arg1872Leu 

exhibited elevated persistent 

current normalized to the peak of 

the macroscopic current 

(Ipersistent/Ipeak) (Figure IIIa.2E, 

Table IIIa.2). Ramp currents 

evoked using a slow ramp 

stimulus did not differ from WT 

for any of the mutants (data not 

shown).  

Analysis of steady-state 

kinetics demonstrates that 

p.Arg1872Leu and p.Arg1872Gln 

cause a small but significant 

hyperpolarizing shift in the 

voltage dependence of activation 

(P < 0.05) (Figure IIIa.2F, Table 

IIIa.2). In addition, p.Arg1872Gln 

caused a depolarizing shift in 

steady-state inactivation (Figure 

IIIa.2G, Table IIIa.2). The values 

for the slope (k) were unchanged. 

 

Functional effects of the recurrent 

mutation p.Arg1617Gln  

Figure IIIa.2. Biophysical effects of missense mutations at 

residue Arg1872 in Nav1.6. (A) Representative traces of families 

of Na currents from ND7/23 cells transfected with the indicated 

Nav1.6 cDNAs. (B) Averaged current–voltage (I‐V) relation for 

cells expressing WT and mutant Nav1.6. Peak currents were 

normalized to cell capacitance. (C) Average fast time constant 

obtained from single exponential fits to macroscopic current 

decays as a function of voltage (mV). (D) Representative traces of 

normalized currents evoked by a −20 mV stimulus from a holding 

potential of −120 mV illustrate delays in macroscopic current 

decay. (E) Representative normalized current traces recorded 

during a 100‐msec depolarizing pulse from −120 mV to 0 mV 

illustrating the presence of elevated persistent sodium current for 

p.Arg1872Leu. (F) Voltage dependence of channel activation. (G) 

Voltage dependence of steady‐state inactivation. Smooth lines 

correspond to the least squares fit when average data were fit to a 

single Boltzmann equation. Data are mean ± SEM. Statistical 

significance: *P < 0.05. Black, wild type; red, p.Arg1872Leu; 

orange, p.Arg1872Gln; green, p.Arg1872Trp. 
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Arginine residue 1617 

is the outermost positively 

charged residue in the voltage-

responsive transmembrane 

segment DIV-S4 and is 

implicated in coupling of 

channel activation with 

subsequent inactivation.  

Representative 

currents from ND7/23 cells 

transfected with the 

p.Arg1617Gln mutant of 

Nav1.6 are shown in Figure 

IIIa.3A. Peak current densities 

for p.Arg1617Gln were not 

different from WT (Figure 

IIIa.3B). A profound change in the 

kinetics of transition from open state 

to the inactivated state was 

observed. At voltages above -20 

mV, the WT channel exhibits faster 

decay time constants with increasing 

depolarizing voltage steps, but this 

response is missing for 

p.Arg1617Gln (Figure IIIa.3C). 

Sample traces reveal the striking 

difference in current decay between 

WT and mutant channel (Figure 

IIIa.3D). The apparent uncoupling 

of activation to fast inactivation 

likely accounts for the large increase 

Figure IIIa.3. Biophysical effects of the missense mutation 

p.Arg1617Gln in Nav1.6. (A) Representative traces of families of 

Na currents from ND7/23 cells transfected with the indicated 

Nav1.6 cDNA. (B) Averaged current–voltage (I‐V) relation for 

cells expressing WT and p.Arg1617Gln. Peak currents were 

normalized to cell capacitance. (C) Average fast time constant 

obtained from single exponential fits to macroscopic current 

decays as a function of voltage (mV). (D) Representative traces of 

normalized currents evoked by a depolarizing step to −20 mV from 

a holding potential of −120 mV illustrate significant delay in 

macroscopic current decay in p.Arg1617Gln (blue) compared to 

WT (black). (E) Representative normalized current traces recorded 

during a 100‐msec depolarizing pulse from −120 mV to 0 mV 

illustrating the presence of elevated persistent sodium current. (F) 

Voltage dependence of channel activation. (G) Voltage 

dependence of steady‐state inactivation. (H). Representative 

inactivation traces recorded after a 1‐sec prepulse of −100 mV 

(larger amplitude) and −45 mV (smaller amplitude). Smooth lines 

in (F) and (G) correspond to the least squares fit when average data 

were fit to a single Boltzmann equation. Data are mean ± SEM. 

Statistical significance: *P < 0.05. Black, wild type; blue, 

p.Arg1617Gln. 
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in persistent current from 1% of peak transient current for the WT channels to 6% of peak 

transient current for the p.Arg1617Gln channels (Figure IIIa.3E). The elevation of persistent 

current is evident in the ratio of persistent current to peak current for p.Arg1617Gln (Table 

IIIa.2).  

The inactivation parameters for p.Arg1617Gln were significantly shifted in the 

depolarizing direction and the value of the slope was increased, demonstrating disruption in the 

normal process of channel inactivation (Figure IIIa.3G, Table IIIa.2). The difference in the extent 

of inactivation at -45 mV is shown in Figure IIIa.3H. There was also a small hyperpolarizing 

shift in the voltage dependence of activation (Figure IIIa.3F, Table IIIa.2). 

 

Protein interactions with the C-terminal domain of Nav1.6  

In addition to its role in channel inactivation, the C-terminal domain of Nav1.6 interacts 

with several proteins that regulate channel trafficking or activity (Spampanato et al., 2004; 

Mantegazza et al., 2005; Laezza et al., 2009). To determine whether mutations at Arg1872 

disrupt these interactions, we tested the effect of the p.Arg1872Trp mutation with substitution of 

the large uncharged tryptophan residue. HEK cells were cotransfected with cDNAs encoding the 

HA-tagged WT or mutant C-terminal fragment of Nav1.6 and cDNAs encoding the G-protein 

subunits Gβ2 and Gγ3. Lysates were incubated with anti-HA-coated beads and bound proteins 

were eluted and examined by western blotting. The yield of Gβ2 was comparable with mutant 

and WT C-terminus (Figure IIIa.4A). Similarly, the mutation did not impair binding of the 

sodium channel β1 subunit (Figure IIIa.4B) and the fibroblast growth factor isoform FGF14b 

(Figure IIIa.4C). 

 

Table IIIa.2. Biophysical properties of SCN8A mutations. 
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Discussion  

 

Unlike protein termination mutations, the 

pathogenic impact of missense mutations is difficult to 

predict without functional tests. Due in part to the 

multiple intramolecular interactions within the sodium 

channel α subunit, (Motoike et al., 2004; Payandeh et al., 

2011) substitution of a single amino acid often has 

multiple effects on sodium channel function.  

 

Mutations at Arg1872 and Arg1617 impair channel 

inactivation by different intramolecular mechanisms  

The three allelic mutations that eliminate the 

positively charged residue Arg1872 from the C-terminus 

of Nav1.6 all result in a significant delay in transition 

from the open state to the inactivated state. This 

observation is consistent with previous studies 

demonstrating a direct role of the C-terminal domain in 

fast inactivation (Mantegazza et al., 2001; Nguyen and 

Goldin, 2010). Interaction of the C-terminus of sodium 

channel Nav1.5 with its inactivation gate was shown to 

stabilize the inactivated state (Cormier et al., 2002; 

Motoike et al., 2004). Exchange of C-terminal domains 

between sodium channels Nav1.2, Nav1.5, and Nav1.6 results in partial transfer of inactivation 

properties (Mantegazza et al., 2001; Lee and Goldin, 2008). The interaction between the C-

terminus and the inactivation gate appears to involve electrostatic interactions, since inactivation 

of Nav1.2 was slowed by reversing the charge of Glu1880 (corresponding to Glu1870 in Nav1.6) 

by replacement with lysine (Nguyen and Goldin, 2010). These data support the view that loss of 

the positively charged residue arginine 1872 destabilizes interaction with the inactivation gate 

and delays entry into the inactivated state. This is predicted to increase the fraction of channels 

that can reopen during sustained depolarization, resulting in increased channel activity and 

Figure IIIa.4. Substitution of tryptophan 

for Arg1872 of Nav1.6 does not impair co-

immunoprecipitation of interacting 

proteins. (A) Gβ2   (B) GFP-tagged sodium 

channel subunit β1. (C) myc-tagged 

FGF14b. 
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epileptogenic persistent current. The different effects on current density and channel kinetics of 

these allelic substitutions can be related to the chemical structure of the substituted residue. 

Substitution of the corresponding arginine residue of Nav1.2 by leucine or glutamine also results 

in epileptic encephalopathy (Carvill et al., 2013; Baasch et al., 2014).  

Replacement of arginine residue 1617 by glutamine appears to interfere with the 

initiation of fast inactivation from the open state. Arginine 1617 is the outermost charged residue 

in the S4 voltage sensor segment of DIV, which is thought to initiate channel inactivation 

through a conformational change (Chanda et al., 2004). In the crystal structure of the single 

domain bacterial channel NaChBac, the outermost arginine of S4 interacts with the negatively 

charged glutamate residue in segment S1 in the open state, and the negatively charged aspartate 

in segment S2 in the closed state (Yarov-Yarovoy et al., 2012). Loss of the positively charged 

arginine by p.Arg1617Gln would disrupt these electrostatic interactions, consistent with the 

observed defect in coupling of activation and inactivation (Figure IIIa.2C). We also observed a 

small depolarizing shift in the voltage dependence of inactivation due to p.Arg1617Gln. The 

alterations in V1/2 and the slope of the steady-state inactivation curve are consistent with impaired 

allosteric interactions between the DIV-S1 sensor segment that initiates activation and the DIV-

S4 sensor segment that initiates inactivation. 

 

Comparison with previously described pathogenic mutations of SCN8A  

Through different effects on intramolecular interactions, the recurrent mutations of 

Arg1617 and Arg1872 lead to disruption of channel inactivation in 15 independent patients. 

Along with the original mutation, p.Asn1768Asp, this work indicates that impaired inactivation 

of Nav1.6 is the predominant pathogenic mechanism in EIEE13. A contrasting mechanism, 

premature channel activation, was observed for two mutations located in transmembrane 

segments of domain II, pThr767Ile and p.Asn984Lys (Estacion et al., 2014; Blanchard et al., 

2015). The other two functionally characterized SCN8A mutations caused reduction in peak 

current density (p.Gly1451Ser) (Blanchard et al., 2015) and decreased protein stability 

(p.Arg223Gly) (de Kovel et al., 2014); the role of these effects in neuronal hyperexcitability is 

unclear. 

 

Functional alterations of SCN8A and clinical severity  
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There is considerable heterogeneity in the clinical features of patients with mutation of 

Arg1872, even among patients with identical mutations. With respect to age of onset, intellectual 

disability, and motor function, the least severe course of disease was seen in patients with 

p.Arg1872Gln. More severe impairment, extending to inability to initiate purposeful movement 

and one case of SUDEP, was seen in the patients with p.Arg1872Leu and p.Arg1872Trp. 

p.Arg1872Gln led to bradycardia in patient 3, consistent with our recent observation of cardiac 

arrhythmia in a mouse model of EIEE13 (Frasier et al., 2016). The expression of Nav1.6 in 

cardiomyocytes (Noujaim et al., 2012) may contribute to risk of SUDEP in EIEE13 patients.  

The five previously described patients with the p.Arg1617Gln mutation also displayed 

considerable clinical heterogeneity, with seizure onset between 3 and 12 months of age, and 

variation in drug responses (Wagnon and Meisler, 2015). One patient became nonambulatory 

and one had SUDEP.  

The features of patients with mutations of Arg1617 and Arg1872 exhibit considerable 

overlap, consistent with their shared effect on channel inactivation. Seizure onset within the first 

month is more common in patients with mutations of Arg1872, but there is no difference in the 

proportion of patients whose seizures are refractory to drug treatment, or in the frequency of 

nonambulatory status. The variation within each group appears as great as the difference between 

groups. Variation between patients with identical mutations may be accounted for by differences 

in genetic background, including genetic variation in other channel genes (Klassen et al., 2011), 

as well as stochastic variation during the development of the nervous system. The course of drug 

treatment itself may influence clinical outcome (Wagnon and Meisler, 2015). 

 

Development of targeted therapy for EIEE13  

Sodium channel blockers have some efficacy in this patient population, presumably by 

countering the effects of gain-of-function mutations causing channel hyperactivity (Tables 

IIIa.1). This beneficial response contrasts to the response of patients with Dravet syndrome 

(EIEE6), in which the effects of loss-of-function mutations of SCN1A are exacerbated by 

administration of sodium channel blockers. Unfortunately, response to antiepileptic drugs in 

EIEE13 is often transient. The development of Nav1.6-specific channel blockers has been 

hampered by the structural similarity among members of the voltage-gated sodium channel gene 

family. A mouse epilepsy model with impaired inactivation of Scn2a was effectively treated with 
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the cardiac drugs ranolazine and GS967, which are somewhat selective inhibitors of persistent 

sodium current (Anderson et al., 2014). Activation of potassium channels to compensate for 

sodium channel hyperactivity is another potential approach. Recurrent missense mutations at 

SCN8A residues Arg1617 and Arg1872 result in elevated activity of Nav1.6 as a result of 

impaired channel inactivation. This work confirms the important role of gain-of-function 

mutations in EIEE13 and demonstrates that impaired channel inactivation is a prominent 

pathogenic mechanism. 

 

Appendix: Clinical Descriptions  

Patient 1 experienced onset of generalized tonic–clonic seizures at 2 weeks of age that 

were refractory to treatment. A vagus nerve stimulator placed at 4 years of age reduced seizure 

frequency. Phenytoin reduced seizures, while carbamazepine, oxcarbazepine, lamotrigine, and 

topirimate were not effective. The patient was able to stand and walk with support at 12–15 

months, but regressed and became nonambulatory, with generalized hypotonia at 5 years, 

contractures and spasticity at 13 years, and generalized hypertonia and spastic quadriplegia at 16 

years. MRI revealed moderate cerebellar and mild cerebral atrophy. At 17 years, the patient is 

nonverbal with severe intellectual disability.  

Patient 2 experienced three prolonged seizures between 6 and 8 weeks of age. No 

abnormalities were detected by MRI or prolonged EEG. She responded well to levetiracetam and 

topiramate for 2 months before the return of generalized tonic–clonic seizures with stiffening of 

the extremities, twitching, and eye fluttering. Seizures were often accompanied by apnea and 

oxygen desaturation that resolved after the seizure. The patient was transitioned from 

levetiracetam and topirimate to oxcarbazepine and lamotrigine with good response until seizure 

frequency increased at 11 months of age. With the addition of valproate and clonazepam, 

seizures were well controlled from 12 months to the current age of 18 months. Developmental 

delay was mild until 11 months, when increased seizure frequency resulted in acute 

developmental regression including loss of head and trunk control, loss of eye contact, and 

placement of a feeding tube. Control of seizures at 12 months of age resulted in improvement 

including regained eye contact and head control and the ability to sit with support.  

Patient 3 experienced seizures beginning at 4 months of age, usually during sleep or on 

waking, accompanied by tonic posturing of the head and severe bradycardia, followed by flexing 
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of the arms and extension of the legs. Levetiracetam and zonisamide controlled seizures for 1 

month before daily seizures reoccurred. Elevating zonisamide reduced seizures but caused severe 

(nonepileptic) encephalopathy, reversible upon lowering zonisamide. Addition of phenytoin 

reduced seizures to ≤1 per week. Gradual reduction of phenytoin resulted in increased seizure 

frequency. After an episode of status epilepticus at 19 months, seizure frequency stabilized at 5–

10 per day, with development of asymmetric and absence seizures. Complete seizure control was 

obtained at 20 months with phenytoin and levetiracetam, and continued through the current age 

of 24 months. EEG was normal initially, but 6 weeks after seizure onset a hypofunctional area 

was detected in the left temporal lobe, from which abundant spike-and-wave configurations and 

polyspikes emerged. EEGs at 6 and 9 months showed severe diffuse encephalopathy and 

multifocal epileptic discharges without hypsarrhythmia. MRI at 12 months showed a slightly 

underdeveloped cortex. Development was normal prior to seizure onset. Speech arrested at 10 

months of age. While seizures were partially controlled between 11 and 17 months of age, he 

began sitting and walking with support. After status epilepticus at 19 months there was 

regression, but by 24 months he recovered unassisted walking and improved social interaction 

without improvement in development of speech. 
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IIIb. Loss-of-Function Mutations of SCN8A Result in Intellectual Disability and Movement 

Disorders Without Seizures. 

 

Rationale 

 

In Chapter IIIb, we examine two mutations on the opposite end of the SCN8A 

encephalopathy spectrum. G964R and E1218K are loss-of-function SCN8A mutations from 

patients with intellectual disability and no seizures. Before this study, no previous loss-of-

function SCN8A mutations from patients with intellectual disability and no seizures had been 

electrophysiologically characterized. The work in Chapter IIIb is significant because it 

demonstrates the range of the phenotypic spectrum that can be produced by mutations to the 

SCN8A gene. Additionally, this work argues that mutations to the SCN8A gene should be 

screened for in cases of idiopathic intellectual disability.     

 

Introduction 

 

Whole-exome sequencing has revealed a major role for de novo mutations in the etiology 

of sporadic intellectual disability (Vissers et al., 2015). Between one-third and one-half of 

sporadic cases may be accounted for by de novo mutations in genes required for neuronal 

development and synaptic transmission. The neuronal sodium channel SCN8A (Nav1.6) is 

concentrated at the axon initial segment and at nodes of Ranvier of myelinated axons (O’Brien 

and Meisler, 2013). Exome analysis for SCN8A mutations has thus far focused on children with 

seizure disorders (Meisler et al., 2016). More than 150 missense mutations of SCN8A have been 

identified, and gain-of-function hyperactivity is the most common pathogenic mechanism for 

seizures.  

By contrast, we previously described a loss-of-function, protein truncation allele of 

SCN8A that cosegregated with cognitive impairment in a family without seizures (Trudeau et al., 

2006). To follow up on that observation, we have now examined the functional effects of 2 

SCN8A missense mutations identified by exome sequencing in children with intellectual 

disability who also did not have seizures. Both mutations caused complete loss of channel 
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activity, confirming the role of loss-of-function mutations of SCN8A as a cause of isolated 

cognitive impairment. 

 

Methods 

 

Molecular Diagnostics  

Exome sequencing for patient 1 was performed by GeneDX (Gaithersburg, MD). In 

addition to the SCN8A variant, a frameshift mutation in GJB2 (c.167delT, p.L56RfsX26) was 

inherited from an unaffected parent. Exome sequencing for patient 2 was performed at the 

laboratory for DNA Diagnostics in the University Medical Center Utrecht. In addition to the 

SCN8A variant, the PDHA1 variant (c.520G.A, p.Ala174Thr) was present in the child and an 

unaffected grandfather. Analysis of copy number variation and Fragile X expansion for patient 2 

were negative. Procedures were approved by the institutional ethics standard committees. 

 

Standard Protocol Approvals, Registrations, and Patient Consents.  

Written consent for research was obtained from the guardians of both patients whose 

variants were studied. 

 

Site-Directed Mutagenesis of Nav1.6 Complementary DNA.  

Mutations were introduced into the tetrodotoxin-resistant mouse complementary DNA 

(cDNA) Nav1.6R by site-directed mutagenesis with QuikChange II XL (Agilent Technologies, 

Santa Clara, CA) as described (Wagnon et al., 2015a). Two independent mutagenesis 

experiments generated cDNA clones A and B for each mutation. The 6-kb open reading frame 

was resequenced, and clones lacking other mutations were analyzed. 

 

Electrophysiology 

Please reference Chapter II: General Methods 

 

Western Blot 

Please reference Chapter II: General Methods 
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Results 

 

Identification of novel missense variants of SCN8A 

Patient 1 is a 7-year-old girl who 

experienced global developmental delay and 

hypotonia in early childhood. She walked and 

spoke her first words at 18 months.  

She is receiving special education 

services at school and is repeating the first 

grade due to below average academic 

attainment. Psychoeducational testing 

revealed receptive-expressive language 

disorder and borderline intellectual 

functioning with a diagnosis of social 

communication disorder. She did not meet 

criteria for autism spectrum disorder.  

Attention-deficit hyperactivity 

disorder was diagnosed at 6 years and has 

responded to methylphenidate. Exome 

sequencing revealed the SCN8A variant 

c.2890G.C (p.Gly964Arg; G964R) which 

arose de novo and was not present in either 

parent. Gly 964 is located in transmembrane 

segment 6 of domain II (D2S6) and is highly 

conserved through invertebrate and vertebrate 

evolution (Figure IIIb.1, A and C).  

Patient 2 is a 10-year-old boy who 

was born after a pregnancy complicated by 

polyhydramnios. Development was delayed 

from birth. Early ataxic gait resolved with age. Behavioral problems included temper tantrums. 

Metabolism and brain MRI were normal. There were no dysmorphic features. Exome sequencing 

Figure IIIb.1. Location and evolutionary conservation 

of SCN8A mutations in individuals with intellectual 

disability (A) Four-domain structure of the voltage-

gated sodium channel α subunit. p.Gly964Arg 

(G964R) is located in transmembrane segment 6 of 

domain II. p.Glu1218Lys (E1218K) is located in 

transmembrane segment 1 of domain III. (B) 

Evolutionary conservation of residue G964 in multiple 

species. (C) Conservation of residue E1218 in multiple 

species. a = anole; c = chicken; dpara = drosophila 

“paralytic”; f = fugu; h = human; jscn = jellyfish 

sodium channel; m = mouse; z = zebrafish. Amino 

acids are indicated by the single-letter code; dots 

represent identity to the human amino acid. 
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and analysis of 770 genes identified the SCN8A variant c. 3652G.A (p.Glu1218Lys; E1218K) 

located at the distal terminus of transmembrane segment 1 in domain III (D3S1). This residue is 

highly conserved through evolution (Figure IIIb.1, A and B). The variant was not present in the 

maternal genome; the father was not available for testing.  

Additional clinical features are detailed in Table IIIb.1. Both mutations were predicted to 

be deleterious by in silico prediction programs. Neither mutation was previously observed in 

patients or in the Exome Aggregation Consortium Database. 

 

 

 

 

Table IIIb.1. Clinical features of patients with intellectual disability and SCN8A 

mutations 
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Electrophysiologic characterization of SCN8A mutations G964R and E1218K  

ND7/23 cells were transfected with 

wild-type or mutant cDNAs, and sodium 

currents were recorded (Figure IIIb.2, A 

and B). The macroscopic Na current in 

nontransfected cells was -10.0 ± 1.8 pA/pF 

(n = 8). Cells transfected with wild-type 

Nav1.6 exhibited a robust macroscopic Na 

current of -102 ± 12 pA/pF (mean ± SEM) 

(n = 30). The current in cells transfected 

with mutant cDNA did not differ from 

nontransfected cells: G964R, -5.2 ± 0.5 

pA/pF (n = 30) and E1218K, -9.8 ± 1.5 

pA/pF (n = 27). To confirm the loss of 

activity, site-directed mutagenesis was 

repeated and a second independent clone 

with each mutation was analyzed, with the 

same result. Both missense variants thus 

result in a complete loss of channel activity. 

 

Expression of mutant protein 

To evaluate the mechanism for loss of channel activity, we examined protein abundance 

in transfected HEK cells. Wild-type Nav1.6 and G946R cDNAs generated a protein with the 

predicted molecular weight of 250 kDa, which was not present in nontransfected cells (Figure 

IIIb.2C). However, repeated transfections of the E1218K mutant cDNA detected only a low level 

of protein (Figure IIIb.2, C and D), indicating that this mutation reduces protein stability. 

 

Discussion 

 

The patients described exhibited developmental delay and cognitive impairment but no 

history of seizures. Each carried a pathogenic missense variant of SCN8A that altered a highly 

Figure IIIb.2. Mutations E1218K and G964R result 

in loss of Nav1.6 function. 
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conserved amino acid residue in a transmembrane segment of the channel, resulting in loss-of-

function. SCN8A is one of the most conserved genes in the mammalian genome, with an 

unusually low rate of coding variation (Petrovski et al., 2013). The low frequency of frameshift 

and nonsense mutations among 60,000 individual exomes was used to calculate the probability 

of 1.0 that SCN8A is intolerant to haploinsufficiency (Lek et al., 2016). The population data 

support our conclusion that haploinsufficiency of SCN8A is responsible for cognitive impairment 

in these patients. 

Impaired cognition in the patients is also consistent with the evidence that heterozygous 

loss-of-function mutations in mouse Nav1.6 also result in cognitive and behavioral deficits 

without spontaneous seizures. Impaired learning in water maze and eyeblink conditioning tests 

(Woodruff-Pak et al., 2006; McKinney et al., 2008) and elevated anxiety in the open-field test 

(Levin et al., 2006) have been described.  

At the cellular level, complete inactivation of mouse Scn8a reduces repetitive firing, 

resurgent current and persistent current in cerebellar Purkinje cells, prefrontal cortical pyramidal 

cells, and hippocampal CA1 cells (O’Brien and Meisler, 2013). These changes decrease the 

frequency of action potentials. Reduced neuronal activity is a likely consequence of the loss-of-

function mutations of SCN2A and receptors involved in excitatory neurotransmission that have 

also been associated with intellectual disability. Chronic reduction of neuronal activity may alter 

the dynamics of synaptic plasticity during maturation and lead to aberrant cerebral circuitry and 

intellectual disability.  

In contrast to the loss-of-function variants described here, we previously identified 8 

gain-of-function variants resulting in channel hyperactivity resulting in epileptic encephalopathy 

(Meisler et al., 2016). We also found loss-of-function missense variants in 2 patients with 

seizures (de Kovel et al., 2014; Blanchard et al., 2015), indicating that genetic background 

influences clinical outcome. Both gain-of-function and loss-of-function variants of the related 

sodium channel SCN2A have also been associated with seizures (Wolff et al., 2017). A recent 

analysis of de novo mutations in more than 7,000 individuals with developmental disorders 

identified 5 missense variants of SCN8A in patients with seizures and 2 missense variants of 

SCN8A in patients with cognitive impairment but no seizures. We would suggest that the former 

variants are likely to cause channel hyperactivity and the latter to cause loss of function. Protein 

truncation variants of SCN8A are underrepresented in all populations studied to date, including 
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controls, patients with intellectual disability, and patients with seizures. It seems likely that these 

protein truncations are associated with distinct disorders not yet subjected to large-scale exome 

sequencing, such as neuromuscular and movement disorders.  

The de novo mutation of SCN8A in patient 1 is consistent with the growing recognition of 

the role of de novo mutations in sporadic intellectual disability. In 3 earlier studies examining 

142 individuals with intellectual disability, 1 de novo missense mutation of SCN8A was detected 

(Rauch et al., 2012; Gilissen et al., 2014; Hamdan et al., 2014). Better estimates of the 

quantitative contribution of SCN8A mutations to sporadic and inherited forms of isolated 

cognitive impairment will emerge from additional large-scale screening of patient populations. 
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IIIc. Evaluating the Efficacy of Phenytoin in an in vitro Model of SCN8A Encephalopathy. 

 

Rationale 

 

 In Chapter IIIc we examine the efficacy of the sodium channel blocker phenytoin on a 

novel gain-of-function SCN8A mutation. In addition to electrophysiologically characterizing a 

new SCN8A mutation, this work is a significant contribution to the field because it is one the first 

basic science studies examining the mechanism and efficacy of a clinically available AED on a 

EIEE13 mutation. Though no statistics are currently available on the efficacy of AEDs in 

EIEE13 patients, it is believed that long term seizure control is difficult to achieve in a 

significant portion of patients.  Additionally, there are limited studies examining which clinically 

available AEDs should be used first and which should be avoided.  Here, we demonstrate that the 

sodium channel blocker phenytoin is effective in diminishing proexcitatory alterations induced 

by the I1327V mutations. This data is significant because it argues that sodium channel blockers, 

specifically phenytoin, may be the most effective clinically available treatment for patients with 

EIEE13.  

 

Introduction 

 

Since seizures in many EIEE13 patients are associated with a gain-of-function in Na 

channel activity, a rational approach to therapy would be to use anticonvulsants with Na channel 

blocking characteristics. However, the seizures in EIEE13 patients are difficult to control even 

with Na channel blockers and many patients remain refractory. A recent study of four children 

with EIEE13 demonstrated good seizure control with high doses of phenytoin (Boerma et al., 

2015). One of these patient mutations included in the study has been examined functionally and 

shown to result in a hyperpolarizing shift in voltage-dependence of activation (Blanchard et al., 

2015). In the current study, we determined the biophysical properties of another SCN8A 

mutation, p.Ile1327Val, located within the highly conserved region of transmembrane segment 5 

adjacent to the cytosolic interface of the S4–S5 linker of domain II (Vaher et al., 2014). Our data 

show that I1327V is a gain-of-function mutation that is predicted to lead to increased neuronal 

activity and the generation of seizures. We demonstrate that phenytoin (100 μM) results in 
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greater tonic block and use dependent block of I1327V channels compared with WT channels. 

The preferential effect of phenytoin on the mutant channel may increase the effectiveness of 

phenytoin in treating refractory seizures associated with EIEE13. 

 

Methods 

 

Site-Directed Mutagenesis of the Nav1.6 cDNA  

The amino acid substitution I1327V was introduced into the tetrodotoxin (TTX)-resistant 

derivative of the full-length rNav1.6 cDNA clone (NM_014191.3, NP_055006.1) (Herzog et al., 

2003), as previously described (Veeramah et al., 2012; Blanchard et al., 2015; Wagnon et al., 

2015a). Site-directed mutagenesis was carried out with the QuikChange II XL kit (Agilent 

Technologies). The entire 6-kb open reading frame was sequenced to confirm the absence of 

other mutations. 

 

Cell Culture  

Please reference Chapter II: General Methods 

 

Electrophysiology  

Please reference Chapter II: General Methods.  

 

Data Analysis  

Please reference Chapter II: General Methods.  

 

Results 

 

Electrophysiological characterization of I1327V  

Isoleucine residue 1327 is located in the highly conserved region of transmembrane 

segment 5 of domain III (D3S5) adjacent to the cytosolic S4–S5 linker of Nav1.6 (Figure 

IIIc.1A). Representative currents from ND7/23 cells transfected with wildtype (WT) and I1327V 

Nav1.6 are shown in Figure IIIc.1B. Peak current density for I1327V was not elevated compared 

to WT (Figure IIIc.1C). Analysis of steady-state kinetics demonstrates a small but significant 
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hyperpolarizing shift in the 

half maximal voltage 

dependence of activation for 

I1327V (V1/2) of −2.5 mV 

(P< 0.05: Figure IIIc.1D, E). 

Slope factor (k) was also 

significantly decreased 

(P<0.005: Figure IIIc.1F, 

Table IIIc.1). To determine 

the kinetics of open state 

inactivation, macroscopic 

current decay was fit to 

single exponential functions 

and the fast time constant (τ) 

was plotted as a function of 

voltage. Transition from open 

state to the inactivated state 

was significantly delayed in 

I1327V channels at 

depolarizing voltages ranging 

between +15 mV to +35 mV 

(Figure IIIc.1G), consistent 

with the prediction of 

disrupted inactivation. The 

slowing of fast inactivation is 

evident when the peaks of the 

current traces at +35 mV are 

aligned so that inactivation 

kinetics can be compared 

directly (Figure IIIc.1H). When examined at a time point of 100 ms after the voltage stimulus, 

decay of macroscopic current was complete for both I1327V and WT, indicating the absence of 

Figure IIIc.1. I1327V modulates steady state activation. (A) Four-

domain structure of the voltage-gated Na channel α subunit shows that 

I1327V is located at the cytosolic interface of the S4–S5 linker and 

transmembrane segment 5 of domain III. (B) Representative traces of 

families of Na currents recorded from ND7/23 cells transfected with the 

indicated Nav1.6 cDNAs. (C) Averaged current-voltage (I-V) 

relationship for cells expressing WT and I1327V. Peak currents were 

normalized to cell capacitance. (D) Voltage dependence of channel 

activation. Smooth lines correspond to the least squares fit when 

average data were fit to a single Boltzmann equation. (E) Scatter plot of 

voltage at half-maximal activation (V1/2) for cells expressing WT and 

I1327V. (F) Scatter plot of the slope factor of activation (k). (G) 

Average fast time constants obtained from single exponential fits to 

macroscopic current decays as a function of voltage. (H) Representative 

traces of normalized currents evoked by a +35 mV stimulus from a 

holding potential of −120 mV illustrate delays in macroscopic current 

decay between WT (black) and I1327V (red). Data are means ± S.E.M. 

Statistical significance: * P <0.05; ** P<0.005. Black circles, WT; red 

triangles, I1327V. 
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increased persistent current in the mutant channel (data not shown). 

 

 

 We next determined the effects of I1327V on the kinetics of channel deactivation. 

Compared to WT channels, I1327V significantly increased the time constant (τ) of deactivation 

over the range of voltages between −55 mV and −40 mV (Figure IIIc.2A), indicating a slower 

transition from the open state back to the closed state. Disruption in normal inactivation 

processes have been described for several SCN8A mutations (Wagnon et al., 2015a). In I1327V 

channels a significant depolarizing shift in the V1/2 of steady-state inactivation was recorded (5.7 

mV; P< 0.005: Figure IIIc.2B, C) with no change in slope values (Figure IIIc.2D). Window 

Figure IIIc.2. I1327V disrupts channel inactivation properties. (A) Average fast time 

constant obtained from single exponential fits to deactivation of WT and I1327V 

channels. (B) Voltage dependence of steady-state inactivation. Smooth lines correspond 

to the least squares fit when average data were fit to a single Boltzmann equation. (C) 

Scatter plot of voltage at half-maximal inactivation (V1/2) for cells expressing WT and 

I1327V (D) Scatter plot of the slope factor (k) of inactivation. (E) The window current 

is obtained by overlapping the normalized activation and inactivation curves from WT 

and I1327V cells. (F) Enhanced view of overlapping activation and inactivation curves 

shows an increase in I1327V window current (red shaded area) compared to WT (gray 

shaded area). G) Recovery from inactivation at a post train level of −90 mV. Data are 

means ± S.E.M. Statistical significance: * P <0.05; ** P<0.005. Black circles, WT; red 

triangles, I1327V. 
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currents can be determined by taking the area under the overlapping normalized activation and 

inactivation curves (Figure IIIc.2E). We determined the window current for I1327V and WT 

channels and found an increase in the window current for the mutant channel (Figure IIIc.2F). 

Lastly, we examined recovery from inactivation using a recovery voltage of −90 mV and found 

no significant difference between WT and I1327V transfected cells (Figure IIIc.2G; Table 

IIIc.1). 

 

Inhibition of I1327V by phenytoin 

The anti-epileptic drug (AED) phenytoin (Dilantin®) is clinically used to treat epileptic 

seizures. The mechanism is thought to involve the inhibition of Na channels (Kuo and Bean, 

1994). Phenytoin binds preferentially to the inactivated form of Nav1.6 and the drug can block 

high frequency firing of action potentials, trapping channels in the inactivated state (Kuo and 

Bean, 1994). Since I1327V displayed disrupted inactivation parameters we sought to determine 

if phenytoin would inhibit currents evoked from a holding potential of −60 mV, a potential when 

many of the channels can cycle between the closed, open and inactivated states. At a 

concentration of 100 μM, tonic block by phenytoin was significantly greater for I1327V currents 

(53 ± 2.0%; n=10) than WT currents (43 ± 2.0%; n = 8: P< 0.05; Figure IIIc.3A and B). In 

addition to voltage dependent block, AEDs also exhibit use-dependent block as an important 

mechanism of action, permitting enhanced block of high frequency neuronal firing associated 

with epileptic seizures (Rogawski and Loscher, 2004). In a similar manner to tonic block, 

phenytoin (100 μM) produced a greater use dependent block of I1327V channels compared to 

WT (Figure IIIc.3C). In the absence of phenytoin, there was very little block of control (6.0 ± 

1.0%; n = 23) and I1327V (7.0 ± 1.0%; n = 29) channel currents during the use dependent 

protocol. In the presence of phenytoin, WT channels were blocked by 11 ± 2.0% (n = 12) at 

Table IIIc.1. Biophysical properties of I1327V and WT channels. Values represent means 

± S.E.M, n = number of cells, V1/2, voltage of half-maximal activation or inactivation; k, 

slope factor. Significance was determined by unpaired Student’s T-Test. 

 

*P<0.05, 

**P<0.005 
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pulse 60. In contrast, phenytoin caused greater use-dependent block of I1327V channels, 

blocking the current by 21 ± 4.0 % (n = 9) (P< 0.05). 

Phenytoin (100 μM) 

also caused a hyperpolarizing 

shift in the voltage dependence 

of activation for both WT 

channel (V1/2 by −7.6 mV; P< 

0.05; Figure IIIc.3D–E) and 

I1327V channels (V1/2 by −16.9 

mV; P< 0.05: Figure IIIc.3F–

G). Phenytoin had no effect on 

the slope (k) in WT or I327V 

channels (Table IIIc.2). 

Inactivation parameters were 

significantly shifted in a 

hyperpolarized direction by 

phenytoin  (100 μM) for both 

WT (V1/2 by −15.4 mV; 

P<0.05; Figure IIIc.4A–C) and 

I1327V (V1/2 by −13.0 mV; P< 

0.005: Figure IIIc.4D–F). Slope 

factors (k) remained unchanged 

for both WT and I1327V (Table 

IIIc.2). Phenytoin did not 

significantly alter either the fast 

or slow time constants of 

recovery from inactivation at 

−90 mV in either I1327V or WT transfected cells (Table IIIc.2). Phenytoin did, however, 

significantly decrease the amplitude of the Na current recorded after a recovery interval of 60 s 

in WT (47.3% ± 3.4 Figure IIIc.4G) and I1327V (33.6% ± 11.3 Figure IIIc.4H). 

 

Figure IIIc.3. Phenytoin (PHT) inhibits Na channel currents evoked from 

WT and I1327V and modulates steady-state activation parameters. (A) 

Scatter plot showing normalized macroscopic current amplitude remaining 

following tonic block by phenytoin (100 μM). Currents were elicited by a 

depolarizing step to 0 mV for 12 ms from a holding potential of −60 mV. (B) 

Representative traces show greater tonic inhibition of I1327V currents over 

WT currents by phenytoin (100 μM) (C) Use-dependent block by phenytoin 

(100 μM). Cells were held at −120 mV and a voltage step to +20 mV was 

applied for 20 ms at a frequency of 10 Hz. (D) Shift in the voltage 

dependence of WT channel activation following treatment with phenytoin 

(100 μM). Smooth lines correspond to the least squares fit when average data 

were fit to a single Boltzmann equation. (E) Scatter plot of voltage at half-

maximal activation (V1/2) (F) Shift in the voltage dependence of I1327V 

channel activation following treatment with phenytoin (100 μM). Smooth 

lines correspond to the least squares fit when average data were fit to a single 

Boltzmann equation. (G) Scatter plot of voltage at half-maximal activation 

(V1/2). Data are means ± S.E.M. Statistical significance: *P <0.05. Black 

filled circles, WT; blue open circles, WT + phenytoin, red filled triangles, 

I1327V; orange open triangles, I1327V + phenytoin. 



66 
 

 

 

 

 

Figure IIIc.4. Phenytoin (PHT) modulates steady state inactivation properties in cells expressing WT and 

I1327V channels. (A) Shift in the voltage dependence of WT channel inactivation following treatment with 

phenytoin (100 μM). Smooth lines correspond to the least squares fit when average data were fit to a single 

Boltzmann equation. (B) Scatter plot of voltage at half-maximal inactivation (V1/2). (C) Representative WT 

traces elicited following a pre-pulse to −75 mV demonstrating the shift in inactivation following application of 

phenytoin (100 μM). Traces were normalized to the pre-phenytoin peak current. (D) Shift in the voltage 

dependence of I1327V channel inactivation following treatment with phenytoin (100 μM). Smooth lines 

correspond to the least squares fit when average data were fit to a single Boltzmann equation. (E) Scatter plot 

of voltage at half-maximal inactivation (V1/2). (F) Representative I1327V traces following a pre-pulse to −75 

mV demonstrating the shift in inactivation following the application of phenytoin (100 μM). Recovery from 

inactivation before and after the application of phenytoin (100 μM) in WT (G) and I1327V (H) cells. Data are 

means ± S.E.M. Statistical significance *P <0.05; **P<0.005. Black filled circles, WT; blue open circles, WT + 

phenytoin; red filled triangles, I1327V; orange open triangles, I1327V + phenytoin. 
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Discussion 

 

The de novo mutation I1327V was identified in two unrelated patients with early onset 

encephalopathy (Vaher et al., 2014; Singh et al., 2015). Residue Ile1327 is located within the 

highly conserved region of transmembrane segment D3S5 adjacent to the cytosolic interface with 

the S4–S5 linker. Mutation studies indicate that residues located along the S4–S5 linker of 

domain III are critical to fast inactivation since they provide an interaction site for the fast 

inactivation gate (Smith and Goldin, 1997). Since isoleucine and valine are relatively similar in 

structure and both are non-polar, hydrophobic amino acids, the mechanisms behind disrupted 

inactivation are not obvious. We hypothesize that substituting the bulky isoleucine side chain 

with methyl and ethyl groups, for the smaller valine side chain, composed only of methyl groups, 

may disrupt the hydrogen bonds that form between the inactivation gate and the S4–S5 linker of 

domain III, disrupting the normal activation process. 

Consistent with the gain-of-function mechanism, I1327V resulted in a hyperpolarizing 

shift in activation parameters, enabling mutant channels to open at voltages more negative than 

WT channels. This shift, coupled with a depolarizing shift in the voltage dependence of 

inactivation, would extend the voltage range where channels would be available for activation 

and have a finite probability of opening. This range of voltages is commonly referred to as the 

window current and an enhancement in this current would reduce action potential thresholds, 

facilitating action potential firing and potentially initiating seizure generation and spread. 

Increases in window currents have been associated with increased persistent sodium current 

activity and epileptogenesis in animal models (Ketelaars et al., 2001; Ellerkmann et al., 2003). A 

delay in the decay of the macroscopic current at depolarized voltages further supports the view 

that a valine for isoleucine substitution at position 1327 results in a major disruption of the 

normal inactivation process in the mutant channel, specifically delaying entry into the inactivated 

state. A slowing in channel deactivation would increase the availability of Na channels by 

delaying the transition of open channels back into the closed state during short depolarizations, 

further increasing the probability that channels remain in the open state configuration for longer 

periods of time. 

There is considerable heterogeneity among the 10 SCN8A mutations that have now been 

characterized through electrophysiology studies. One common pathogenic mechanism is a 
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disruption in the inactivation process. In some cases, including the current mutation I1327V, this 

is due to a depolarizing shift in the inactivation curve that delays channel inactivation (Estacion 

et al., 2014), while other mutations have an increase in persistent Na channel current after 

prolonged depolarization (Veeramah et al., 2012).
 
Many of these mutations are located at sites 

involved in channel inactivation, including domain III, IV and the C-terminus (Wagnon and 

Meisler, 2015). In contrast, two mutations located within transmembrane segments of domain II 

have normal inactivation parameters, but establish a gain-of-function phenotype via 

hyperpolarizing activation curves, thereby increasing channel availability at more negative 

membrane potentials and consequently increasing window currents (Estacion et al., 2014; 

Blanchard et al., 2015).
 

AEDs that inhibit Na channels as a mechanism of action have been used in treating 

seizures in EIEE13 patients. However, it is unclear which AEDs should be considered first 

choice for these patients. Furthermore, mechanistic studies demonstrating the response of mutant 

channel currents to AEDs are lacking. In a recent study of four patients with seizures that were 

refractory to many AEDs, good seizure control was obtained with high dose phenytoin (Boerma 

et al., 2015). Withdrawal of phenytoin resulted in seizure reoccurrence in all four patients. This 

work suggests that phenytoin may be more effective for SCN8A encephalopathy than other 

clinically available AEDs. The mode of action of phenytoin includes inhibition of Na channels, 

but it also affects calcium channels (Twombly et al., 1988; Kuo and Bean, 1994). Phenytoin has 

little effect on Na channels in their resting or closed state, but at more depolarized potentials, 

such as those observed during high frequency firing, the block by phenytoin is pronounced (Kuo 

and Bean, 1994; Lenkowski et al., 2007). This greater affinity for the inactivated state of the 

channel over the closed state of the channel is an important characteristic of many AEDs 

(Macdonald and Kelly, 1994). When tested on the mutation I1327V, tonic block and use 

dependent block by phenytoin was more pronounced for the mutant channel than WT channels. 

A likely explanation is that phenytoin binds slowly to open and inactivated channels (Kuo and 

Bean, 1994). The mutant channel displayed impaired deactivation kinetics and slowed transition 

from the open state to the inactivated state at depolarized voltages, allowing channels to remain 

longer in non-closed conformation. Increased proportion of channels in open and inactivated 

states would increase the time available for phenytoin to bind tightly and trap the mutant 

channels in a non-conducting conformation, preventing them from contributing to action 
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potential initiation. This feature is referred to as the modulated receptor hypothesis (Hille, 

1977). Phenytoin also reversed the depolarizing shifts in inactivation recorded with I1327V and 

caused further hyperpolarizing shifts in activation curves. In view of these findings, patients with 

the I1327V mutation may achieve good seizure control with phenytoin in a similar manner to the 

patients reported in the study by Boerma et al (Boerma et al., 2015).
 

The mutation described here has been observed in two patients to date. The first patient 

was a male child who experienced seizures immediately after birth and continued to experience 

refractory epilepsy until his death at the age of 1 year and 5 months (Vaher et al., 2014). It is 

unclear whether this patient was treated with phenytoin. The second patient was a male child 

who appeared to experience seizures in utero, perceived as “drumming” sensations during the 

later stages of pregnancy (Singh et al., 2015). Although several AEDs were unsuccessful at 

providing seizure control in this patient, a high dose of phenytoin (18–20 mg/L) did provide 

temporary seizure control. Both patients had severe, early-onset movement disorders. Our study 

demonstrates that these patients had a gain-of-function mutation of SCN8A which likely 

accounted for their epileptic encephalopathy. The effectiveness of phenytoin at inhibiting the 

mutant channel currents provides additional evidence that phenytoin may be a useful treatment 

for SCN8A encephalopathy. 

 

  

Table IIIc.2. Phenytoin (100 μM) modulates the biophysical properties of I1327V and WT 

channels. Values represent means ± S.E.M, n = number of cells, V1/2, voltage of half-

maximal activation or inactivation; k, slope factor. Significance was determined by paired 

Student’s T-Test. *P<0.05 to pre-phenytoin condition, **P<0.005 to pre-phenytoin condition. 
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IV. Aberrant Sodium Channel Currents and Hyperexcitability of Medial Entorhinal 

Cortex Neurons in a Mouse Model of SCN8A Encephalopathy. 

 

Rationale 

 

In Chapter IV, we electrophysiologically characterize the mEC layer II excitatory 

neurons from a novel SCN8A encephalopathy mouse model. In this study, layer II mEC neurons 

from both heterozygote (D/+) and homozygote (D/D) mice were studied to determine how a 

gain-of-function SCN8A mutation alters neuronal physiology.  This work is a major contribution 

to the field as it is one of the first studies to examine neuronal hyperexcitability in D/+ mice and 

the first study to do so in D/D mice.  Additionally, we are the first group to describe increases in 

resurgent sodium current (INaR) in brain slice neurons from both D/+ and D/D mice. With the 

help of this novel mouse model, the work in Chapter IV expands our knowledge of SCN8A 

encephalopathy beyond what is possible using cultured cell assays alone. Additionally, the 

experiments in Chapter IV lay the foundation for future in vitro and in vivo experiments that will 

further improve our understanding of SCN8A encephalopathy and the ways to treat the disease.     

 

Introduction  

 

In this study, we evaluated the effects of the Nav1.6 N1768D mutation in layer II stellate 

neurons of the medial entorhinal cortex (mEC) and extended the studies to include both 

heterozygous and homozygous mutant mice. mEC layer II stellate neurons provide excitatory 

input to the dentate gyrus and CA3 neurons and elevate circuit excitability in animal models of 

temporal lobe epilepsy (Kobayashi et al., 2003; Hargus et al., 2011).We observed increased rates 

of AP firing and proexcitatory changes in Na channel properties of mEC neurons, with larger 

effects in homozygous mice than in heterozygotes. Changes were observed in neurons from 

heterozygous mice 1 month before seizure onset. These studies provide insight into the 

mechanisms by which a gain-of-function mutation in Nav1.6 leads to increased neuronal 

excitability. Our studies provide support for the region specificity of alterations and suggest that 

the profound proexcitatory changes observed in mEC neurons increase network drive into the 

hippocampus, contributing to the development of spontaneous recurrent seizures. 
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Methods 

 

Animals 

Scn8a
N1768D

 knock-in mice were generated as described previously (Jones and Meisler, 

2014; Wagnon et al., 2015b). All animal experiments were conducted in accordance with the 

guidelines established by the National Institutes of Health’s Guide for the Care and Use of 

Laboratory Animals and were approved by the University of Virginia’s Institute of Animal Care 

and Use Committee. The line was maintained by backcrossing to C57BL/6J WT mice (The 

Jackson Laboratory). Experiments were performed on male and female homozygous D/D mice 

(Scn8a
N1768D/N1768D

), heterozygous D/+ mice (Scn8a
N1768D/+

), and WT +/+ littermates at 3 weeks 

of age. The genotyping assay (Wagnon et al., 2015b) was performed as follows. DNA was 

isolated from tail biopsies by digestion with 1 mg/ml proteinase K in buffer containing 50 mM 

KCl, 10 mM Tris-HCl, pH 8.0, and 0.1% Triton X-100. Genotyping used the introduced HincII 

site in the mutant allele (Jones and Meisler, 2014). A 327 bp genomic fragment of Scn8a 

containing the mutation was amplified by PCR with the primers Tar-F (5-TGACT GCAGC 

TTGGA CAAGG AGC-3) and Tar-R (5-TCGAT GGTGT TGGGC TTGGG TAC-3). PCR 

products were digested with HincII and analyzed on 2% agarose gels stained with ethidium 

bromide. The WT allele generates a single fragment of 327 bp and the mutant allele generates 

two fragments of 209 and 118 bp.  

 

Brain Slice Preparation and AP Recordings  

Please reference Chapter II: General Methods.  

 

Brain Slice Na Channel Electrophysiology 

Please reference Chapter II: General Methods.  

 

Immunohistochemistry 

WT, D/+, and D/D mice (minimum 3 mice for each genotype) were anesthesized with 

isoflurane, decapitated, and brains rapidly removed and placed in chilled (4°C) ACSF. 

Horizontal 500-μm-thick sections were prepared using a Vibratome and transferred to a chamber 
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containing oxygenated ACSF at 37°C and incubated for 35 min. Slices were then embedded in 

optimal cutting temperature compound in cryomolds, snap-frozen on dry-ice-chilled isopentane, 

and kept on dry ice. Cryostat sections (16 μm) were prepared and thawmounted onto Superfrost 

Plus slides (Fisher Scientific) and stored at 80°C for no longer than 3 days before further 

processing. Slices were fixed in an ice-cold acetone–ethanol mixture for 5 min, air-dried, washed 

with KPBS, and then placed for 60 min in KPBS blocking solution (5% fish skin gelatin, 5% 

normal goat serum, 0.25% Triton X-100, and 0.65% w/v BSA), followed by incubation in 

blocking solution containing the pair of primary antibodies for 48 h at 4°C (rabbit anti-Nav1.6, 

1:500, Alomone Laboratories), and monoclonal mouse anti-Ankyrin G (1:500, NeuroMab). The 

slides were then washed with KPBS, incubated in blocking solution containing a pair of 

secondary antibodies (Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 555-

conjugated goat anti-rabbit IgG, both at 1:500, both Invitrogen). Slides were washed in KPBS, 

incubated in nuclear blue (1 drop/ml; Invitrogen), washed, air-dried, and coverslipped in 

Polymount (Polysciences).  

Confocal images were captured of mEC layer II neurons using a Zeiss LSM 710 confocal 

microscope with a 63x oil-immersion objective and ZEN Zeiss LSM Imaging software. The 

settings of the laser intensities and image capture were initially optimized but then not changed 

during the scanning of the slides. Quantification and analysis was performed using ImageJ 

software. For analysis of Nav1.6 and Ankyrin G immunofluorescence intensity, a line scan 

representing the length of the AIS as determined by Ankyrin G labeling was drawn and the 

relative optical density (R.O.D) was determined along the duration of the AIS. To compare the 

localization of Nav1.6 in the AIS between genotypes, plots of R.O.D along the duration of the 

AIS for Nav1.6 and Ankyrin G were compared. Nav1.6 expression was compared between 

genotypes by normalizing Nav1.6 immunofluorescence against that of Ankyrin G for each AIS 

and the average Nav1.6/Ankyrin G ratio was calculated to determine channel density.  

 

Data Analysis  

Please reference Chapter II: General Methods.  

 

Results 
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Figure IV.1. Neuronal hyperexcitability of mEC layer II stellate neurons from 

Scn8a
N1768D

 mice. (A–C) Representative traces of spikes elicited by 300 ms current 

injection steps of increasing current from a holding potential of −65 mV. (D, E) 

Higher firing rates of D/+ (n = 20) and D/D (n = 21) neurons compared with WT 

(n = 20) at stimulation <300 pA. (F) Firing rate of D/+ neurons is greater than that 

of D/D neurons at stimulation >460 pA. Data are shown as means ± SEM. *p < 

0.05, two-way ANOVA with post hoc Tukey's test for multiple comparisons. 

Aberrant spike frequency in mEC layer II stellate neurons  

Membrane 

properties were 

recorded from visually 

identified mEC layer II 

stellate neurons 

(Figure IV.1). In 

comparison with WT 

littermates, AP firing 

frequencies were 

significantly elevated 

in D/D and D/+ 

neurons at current 

injection steps of 

110 pA and 120 pA 

(Figure IV.1D,E). 

For example, at 110 

pA, the AP firing 

rate was increased 

by 3-fold in D/+ neurons (7.6 ± 1.1 Hz, n = 20: P< 0.05) and by 4-fold in D/D neurons (9.6 ± 1.2 

Hz, n = 27: P< 0.05) compared with WT neurons (2.2 ± 1.2 Hz, n = 20). At the higher 

depolarizing current injection steps, we recorded spike frequency adaptation in D/+ and D/D 

neurons, but not in WT neurons. For example, at 470 pA, the AP firing frequency was 35.9 ± 3.3 

Hz (n = 20) in WT neurons and was reduced to 26.9 ± 3.2 Hz (n = 27: P< 0.05) in D/+ and 17.2 

± 1.9 Hz (n = 20: P< 0.05) in D/D neurons (Figure IV.1D–F). Firing frequencies between D/D 

and D/+ neurons were only significantly different at current injection steps of 460 and 470 pA 

(P< 0.05; Figure IV.1F).  

 

Altered neuronal membrane properties 

AP spikes elicited from D/+ and D/D neurons appeared distinct from WT neurons. To 

quantify the apparent differences in the elicited APs, we measured the membrane properties of 
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the first three APs evoked at 290 pA, a stimulation intensity that evoked a similar frequency of 

APs (~21 Hz) in all genotypes (Figure IV.2Ai–Ci). We measured the maximal negative 

repolarizing voltage between AP spikes (Figure IV.2E). In WT neurons, the maximal 

hyperpolarizing voltages between AP spikes trended toward more negative voltages after the 

initial AP spike. For D/+ and D/D neurons, a greater depolarized interspike voltage was recorded 

immediately after the first spike and remained significantly elevated for all subsequent spikes 

compared with WT (P<  0.05). In addition, D/D neurons showed a significantly depolarized 

interspike voltage compared with D/+ neurons (P< 0.05). These data suggest an increase in 

depolarizing current in mutant neurons that likely accounts for the increase in firing frequency 

seen with somatic current injection.  

RMP and Ri did not differ between genotypes (Table IV.1). The threshold potential for 

the first AP was not affected by genotype, but that for the second and third APs was significantly 

depolarized in D/D neurons compared with WT. Within both the D/+ and D/D genotypes, the AP 

threshold was significantly depolarized in the second and third APs compared with first AP. In 

contrast, thresholds in WT neurons did not change with successive APs.  

The amplitude of the first AP was elevated in D/+ and D/D neurons compared with WT 

(Figure IV.2D, Table IV.1), but was reduced in the second AP for the mutant neurons. The 

amplitude of the third AP remained significantly reduced in D/D neurons compared with WT 

neurons. Within each genotype, WT neurons showed no significant changes in AP amplitude 

between the successive APs (Table IV.1). D/+ and D/D neurons showed a significant reduction 

in AP amplitude when comparing the first AP with the second and third AP spikes. However, 

when comparing the second and third AP spikes from mutant neurons, AP amplitudes of the 

third AP were significantly (P< 0.05) increased, likely due to the increase in interspike intervals, 

allowing recovery of some inactivated Na channels. The duration of all three APs measured at 

50% (APD50) and 90% (APD90) was significantly increased in the mutant neurons compared 

with WT (P< 0.05: Figure IV.2D, Table IV.1). In addition, APD50 and APD90 were significantly 

(P< 0.05) increased in D/D neurons compared with D/+ neurons for the second and third elicited 

APs. Within the D/+ and D/D genotypes, the durations of the second and third AP spikes were 

more prolonged than the first AP (Figure IV.2Bii,Cii, Table IV.1). Again, no significant changes 

in AP duration for successive APs were detected in WT neurons.  
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Figure IV.2. Aberrant AP morphology in mutant mEC neurons. (Ai–Ci) AP morphology elicited by a 300 ms depolarizing 

current injection of 290 pA. (D) Superimposition of the first AP spike elicited by a depolarizing step to 290 pA from WT, 

D/+, and D/D neurons demonstrating the increase in AP duration in mutant neurons compared with WT. Note the delay in 

rising and falling phase of the AP in D/+ and D/D neurons. (Aii–Cii) Superimposed traces of the first three AP spikes elicited 

by injection of 290 pA. The duration of spikes 2 and 3 is extended in the mutant neurons. Solid trace is the first AP, darker 

traces are the second AP, and broken lines are the third AP. (Aiii–Ciii) Phase plots of dV/dt vs voltage for the first three AP 

spikes. *AP thresholds. Arrow indicates inflection of the rising phase of the phase plot indicative of AIS spike initiation; +, 

maximal conduction velocity as the spike invades the soma. The abrupt rise of dV/dt seen in WT neurons is less pronounced 

for the first spike in mutant neurons and further slowed for the second and third spikes. (Aiv–Civ) First derivative (dV/dt) 

derived for the first AP spike. The peak of the first derivative is reduced in mutant neurons, indicating a slower upstroke 

velocity of the AP. Latency between spike initiation at the AIS and invasion into the soma was lengthened in mutant 

neurons, suggesting slower spike conduction. Second derivatives of the APs (superimposed, green) are also shown. The 

peaks are clearly discernable for the mutant neurons and are separated by a more pronounced latency. (E) Plot of maximal 

hyperpolarizing voltages between AP spikes evoked by a 290 pA current injection (WT, n = 20; D/+, n = 20; D/D, n = 21). 

(Fi–Fiii, Left) Nav1.6 expression along the AIS of WT, D/+, and D/D neurons (AnkG, green; Nav1.6, red; Merge; yellow). 

Right, Graphs showing the localization and R.O.D of AnkG and Nav1.6 (WT, n = 124 from 4 animals; D/+, n = 83 from 3 

animals; D/D, n = 100 from 4 animals) staining along the length of the AIS for WT, D/+, and D/D neurons. Scale bars, 2 

μm. Data are shown as mean ± SEM. *p < 0.05, one-way ANOVA with post hoc Tukey's test for multiple comparisons 

compared with WT; # p < 0.05 one-way ANOVA with post hoc Tukey test for multiple comparisons when D/+ were 

compared with D/D neurons. 

A surprising finding was the slower upstroke velocities for the mutant APs compared 

with WT (Figure IV.2Bii,Cii). When comparing within genotypes, the second and third AP spike 

upstroke velocities were significantly reduced compared with the first AP. Downstroke velocities 

in mutant neurons were also dramatically slower compared with WT cells for all three elicited 
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APs (Figure IV.2Bii,Cii). For all genotypes, downstroke velocity was significantly decreased in 

the second and third APs compared with the first AP.  

Phase plots of the first three APs are shown in Figure IV.2, Aiii–Ciii. The inflections along 

the rising segment of the phase plots (arrows) result from the axonally initiated spike, which is 

followed by invasion into the soma and the activation of additional channels there (indicated 

with a plus sign). In WT neurons, the first inflection representing the AIS spike was less obvious 

and was continuous with the somatic inflection, suggesting an initiation site close to the soma 

and a smooth rapid invasion of the spike into the soma. In contrast, AIS inflections were more 

pronounced in D/+ and D/D neurons, suggesting disrupted backpropagation into the soma 

(Figure IV.2Aiii–Ciii). Analysis of the first and second derivatives of the first AP evoked by 

current injection into the soma further emphasizes the presence of two prominent, but smaller 

peaks representing the AIS and somatic spikes in D/+ and D/D neurons (Figure IV.2Biv–Civ). 

The latency between the two peaks (τdel) was measured from the second derivative and was 

significantly longer in both D/+ neurons (0.35 ± 0.02 ms, P< 0.05; n = 16) and D/D neurons 

(0.42 ± 0.03 ms, P< 0.05; n = 17) compared with WT neurons (0.05 ± 0.01 ms; n = 15). A delay 

in the axosomatic spike has been suggested previously to indicate a change in the spike initiation 

site to more distal sites from the soma (Royeck et al., 2008). To determine whether Nav1.6 

expression along the AIS was different in the mutant neurons compared with WT, 

immunofluorescence experiments were performed (Figure IV.2Fi–Fiii). Robust Nav1.6 staining 

was observed at the AIS and was colocalized with Ankyrin G staining, a marker for the AIS. No 

Table IV.1. Membrane properties of WT, D/+, and D/D mEC layer II stellate neurons. Values 

represent mean ± SEM. n = number of cells. 
a
p < 0.05 versus WT neurons. 

b
p < 0.05 D/+ versus 

D/D. 
c
p < 0.05 1st AP versus 2nd and 3rd APs within the same genotype. 

d
p < 0.05 2nd versus 3rd 

AP within the same genotype. 
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differences in staining pattern were detected between any of the genotypes along the AIS, 

suggesting a similar expression profile of Nav1.6 in all three genotypes.  

 

Synaptically evoked AP bursting in N1768D mutant mice  

Brief stimulation of the deep layers of 

the mEC evoked a single AP spike in mEC 

layer II stellate neurons of all three genotypes 

(1T; Figure IV.3A–C). However, increasing the 

stimulation intensity above AP threshold to 

twofold (2T) or threefold (3T) evoked multiple 

AP spikes in D/+ neurons (n = 21) and D/D 

neurons (n = 20), but not in WT neurons (n = 

20; Figure IV.3A–D). Significantly more spikes 

were evoked in D/D neurons than in D/+ 

neurons (P< 0.05).  

In addition to bursting, synaptically 

evoked responses produced longer 

depolarizations in D/+ and D/D neurons than in 

WT neurons. Analysis of evoked APs revealed an 

increase in the duration of the depolarizing event 

from 59.6 ± 5.9 ms (n = 20) in WT neurons to 

110.7 ± 6.1 ms (n = 21: P< 0.05) in D/+ neurons 

and further to 176.1 ± 11.5 ms (n = 20: P< 0.05) in 

D/D neurons. The evoked responses in D/D 

neurons had significantly longer durations than 

those in D/+ neurons. Analysis of the area under 

the evoked response curve (AUC) at T1 revealed a 

2-fold to 4-fold increase in D/+ neurons (n = 21: 

P< 0.05) and D/D neurons (n = 20: P< 0.05) compared with WT (n = 20) (Figure IV.3E). D/D 

neurons also had a significant increase in AUC at T1 stimulation compared with D/+ cells (P< 

Figure IV.3. Synaptic stimulation of mutant mEC neurons 

elicits burst firing and prolonged depolarization. (A–C) 

mEC deep layers were briefly stimulated at the AP 

threshold (1T), at twice the threshold value (2T), and at 

three times the threshold (3T). AP firing was measured in 

WT (n = 20), D/+ (n = 21), and D/D neurons (n = 22). 

Bursts of APs were elicited in the mutant neurons in 

response to 2T and 3T stimulation. (D) AP frequency in 

response to increasing stimulation intensity. (E) AUC for 

APs evoked at 1T stimulation is greater for D/D neurons 

than for D/+ or WT neurons. Data are shown as mean ± 

SEM. *p < 0.05, one-way ANOVA with post hoc Tukey's 

test for multiple comparisons. 
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0.05). Similar increases in mutant neurons were also seen at T2 and T3 stimulation (data not 

shown).  

 

INaP and INaR currents are elevated in mutant neurons  

INaP currents are thought to 

be major contributors to the 

generation of high-frequency AP 

firing. Elevated INaP has been 

recorded in neurons from human 

patients and animal models of 

epilepsy (Vreugdenhil et al., 2004; 

Stafstrom, 2007; Hargus et al., 

2011, 2013) and the N1768D 

channel generates elevated 

persistent current in transfected cells 

(Veeramah et al., 2012) and in 

hippocampal neurons (Lopez-

Santiago et al., 2017). To determine 

whether INaP currents were increased 

in mEC layer II stellate neurons from 

the N1768D mutant mice, voltage 

ramps were applied in brain slice 

preparations. Ramp voltage 

recordings displayed an inward 

current that was completely abolished 

by the application of 1 μM TTX 

(Figure IV.4A–C). The peak INaP 

current amplitude was determined by 

subtracting traces obtained in the 

presence of TTX from those obtained in its absence. INaP currents in WT littermates had 

Figure IV.4. INaP and INaR Na channel currents are increased in N1768D 

mutant mEC layer II stellate neurons. Using recording solutions 

designed to reduce other types of inward and outward currents, voltage 

ramps were applied at a rate of 65 mV/s (inset) to elicit INaP currents. 

All INaP currents were abolished in the presence of 1 μm TTX (gray 

traces). Amplitudes of INaP currents were obtained by taking the original 

trace and subtracting from it the trace recorded in the presence of TTX 

(1 μm). (A–C) INaP recordings from WT, D/+, and D/D mEC neurons. 

(D) Superimposition of TTX subtracted INaP amplitudes for the three 

genotypes. (E–G) INaR recordings from WT, D/+, and D/D mEC 

neurons. INaR currents were recorded using the indicated voltage 

protocol. Traces shown were obtained after subtracting traces recorded 

in the presence of TTX (1 μm). (H) Superimposition of INaR of the three 

genotypes. (I) Peak INaP currents in WT (n = 10), D/+ (n = 10), and D/D 

(n = 10) mEC neurons. (J) Peak INaR currents in WT (n = 8), D/+ (n = 

9), and D/D (n = 9) mEC neurons. (K) Voltage dependence of INaR 

activation revealed no significant shifts in V1/2 or k. Smooth lines 

correspond to the least-squares fit when average data were fit to a single 

Boltzmann equation. Data are shown as mean ± SEM. *p < 0.05, one-

way ANOVA with post hoc Tukey's test for multiple comparisons. 
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amplitudes of -247 ± 14 pA (n = 10). Amplitudes were significantly higher in both D/+ neurons 

(-834 ± 6 pA; n = 10: P< 0.05) and D/D neurons (-1037 ± 12 pA; n = 10: P< 0.05). INaP currents 

were larger in D/D than in D/+ neurons (P< 0.05) (Figure IV.4D,I). Conductance plots of INaP 

currents revealed no significant 

differences in activation 

parameters (data not shown).  

INaR currents are slow 

inactivating depolarizing 

currents that can contribute to 

increased AP frequency and 

burst firing (Raman and Bean, 

1997). Peak INaR currents were 

significantly elevated in D/+ 

neurons (-1522 ± 22 pA; n = 9: 

P< 0.05) and D/D neurons (-

1936 ± 34 pA; n = 9: P< 0.05) 

compared with WT (-847 ± 

27 pA; n = 10; Figure IV.4E–

H,J). In a similar manner to 

INaP currents, INaR current 

amplitudes were also larger in 

D/D than in D/+ neurons (P< 

0.05; Figure IV.4H,J), 

demonstrating the greater 

deleterious effect of two 

copies of the mutant channel and the absence of WT channel. The properties of INaR activation 

were not altered in any of the mice (Figure IV.4K). 

 

Effects of TTX (30 nM) on INaR and INaP currents  

Elevated INaR and INaP currents could account for increased firing frequencies, AP burst 

firing upon synaptic stimulation and greater depolarized inter spike voltages observed in D/+ and 

Figure IV.5. TTX (30 nm) decreases INaP and INaR currents. (A–C) INaP currents 

were elicited by applying a voltage ramp at a rate of 65 mV/s before (WT, black; 

D/+, blue; D/D, red) and after application of TTX (30 nm; purple traces for all 

genotypes). Traces shown are those obtained after subtracting traces recorded in 

the presence of TTX (1 μm). (D) Scatter plot of INaP peak amplitudes before and 

after the application of TTX (30 nm) (WT, n = 5; D/+, n = 5; D/D, n = 5). (E–G) 

INaR measured before (WT, black; D/+, blue; D/D, red) and after the application of 

TTX (30 nm; purple traces for all the genotypes). (H) Scatter plot of INaR current 

peak amplitude before and after the presence of TTX (30 nm) (WT, n = 6; D/+, n = 

6; D/D, n = 5). Data are shown as mean ± SEM. *p < 0.05, one-way ANOVA with 

post hoc Tukey's test for multiple comparisons. 
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D/D neurons. Low 

concentrations of TTX have 

been shown to reduce spike 

afterdepolarized potentials 

(ADPs) without affecting 

properties of the fast spike 

(Yue et al., 2005). To test 

the specific contributions of 

INaR and INaP to the aberrant 

AP morphology observed in 

mutant neurons, we first 

determined the effects of 30 

nM TTX on INaR and INaP 

currents (Figure IV.5) and 

then determined the effects of 

reducing INaR and INaP currents 

on AP spikes (Figure IV.6). 

TTX (30 nM) caused a small 

decrease in INaP peak current 

in WT neurons, but this did 

not reach significance (Figure 

IV.5A,D). In contrast, TTX 

(30 nM) caused a significant 

reduction in both D/+ (by 

47%) and D/D (by 35%) INaP 

peak currents (Figure IV.5B–

D). In the presence of TTX, 

INaP currents remained 

significantly (P< 0.05) 

increased in D/+ and D/D neurons compared with WT and between D/+ and D/D neurons (P< 

0.05). For INaR currents, TTX (30 nM) significantly reduced INaR peak currents in all three 

Figure IV.6. TTX (30 nm) increases upstroke velocity and decreases AP duration 

in D/+ and D/D neurons. (Ai–Ci) APs elicited by a 300 ms current injection pulse 

of 290 pA before (WT, black; D/+, blue; D/D, red) and after application of TTX 

(30 nm; purple traces for all genotypes). (Aii–Cii) Plot of maximal hyperpolarizing 

voltages between AP spikes evoked by a 290 pA current injection before and after 

the application of TTX (30 nm) (WT, n = 10; D/+, n = 11; D/D, n = 13). (Aiii–Ciii) 

Superimposed traces of the first two AP spikes elicited by injection of 290 pA 

(WT, black; D/+, blue; D/D, red) and after application of TTX (30 nm; purple 

traces for all genotypes). (Aiv–Civ) Superimposed phase plots of the first two 

elicited APs before (WT, black; D/+, blue; D/D, red) and after application of TTX 

(30 nm; purple traces for all genotypes). (Di–Fi) AP spikes elicited by a brief (4 

ms) injection of suprathreshold current injection before (WT, black; D/+, blue; 

D/D, red) and after application of TTX (30; purple traces for all genotypes). (Dii–

Fii) Superimposed traces of AP spikes shown in Di–Fi.( G) Scatter plot showing 

the AUC for AP spikes elicited by a brief (4 ms) current injection pulse before 

and after the application of TTX (30 nm) (WT, n = 5; D/+, n = 5; D/D, n = 5). 

Data are shown as mean ± SEM. *p < 0.05, one-way ANOVA with post hoc 

Tukey's test for multiple comparisons comparing with the pre-TTX condition. ♦p 

< 0.05, one-way ANOVA with post hoc Tukey's test for multiple comparisons 

comparing D/D + TTX with D/+ + TTX. #p < 0.05, one-way ANOVA with post 

hoc Tukey's test for multiple comparisons comparing WT + TTX. 
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genotypes (P< 0.05; Figure IV.5E–H). In the presence of TTX, INaR currents were not 

significantly different between WT and mutant neurons.  

 

Effects of TTX (30 nM) on AP spikes  

To determine the effects of reducing INaP and INaR currents on AP spike properties, we 

applied low concentrations of TTX (30 nM) and examined APs evoked at a current injection step 

of 290 pA, a level in which all three genotypes fire spikes at the same frequency. TTX (30 nM) 

had no effect on AP firing frequency in WT or D/+ neurons, but did significantly increase firing 

frequency of D/D neurons at current injection steps at 460 and 470 pA, reducing the extent of 

spike frequency adaptation (data not shown). TTX also had no effect on WT AP spike properties 

(Table IV.2). In contrast, TTX resulted in a more negative maximal repolarizing voltage 

potential between AP spikes of D/+ and D/D neurons, but many voltage potentials remained 

significantly more depolarized than WT (Figure IV.6Bii,Cii). Furthermore, TTX increased the 

upstroke and downstroke velocities of the first and second AP spikes elicited in D/+ and D/D 

mEC neurons, reducing AP duration (Figure IV.6Biii–Ciii, Table IV.2). AP amplitudes were also 

increased in the second AP spike for both D/+ and D/D neurons. Phase plots of the effects of 

TTX on all three genotypes are shown in Figure IV.6, Aiv–Civ, where a small, but significant 

rescue of AP morphology can be seen in D/+ and D/D neurons. Low-concentration TTX has 

been shown to reduce ADPs that drive spike bursting in CA1 neurons (Yue et al., 2005). We 

evoked AP spikes using a brief, 4 ms suprathreshold current injection pulse (Figure IV.6D–F). In 

WT neurons, the brief pulse elicited a single AP spike. In contrast, the brief pulse elicited burst 

firing in D/+ and D/D neurons. TTX (30 nM) had no effect on AP spikes in WT neurons, but 

eliminated burst firing in D/+ and D/D neurons, resulting in only a single AP being elicited in 

response to stimulation. Analysis of the AUC for spikes evoked showed significant decreases 

after application of TTX (30 nM; Figure IV.2G), further supporting a major role for Na channel 

currents in driving burst epileptiform activity in these neurons. 

 

Altered Na channel physiology  

Previous evaluation of N1768D in transfected cells overexpressing the mutant channel 

revealed altered Na channel gating properties (Veeramah et al., 2012). To determine whether 

these alterations are seen when the mutant channel is expressed at a physiological level in 
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neurons, Na channel currents were recorded using outside-out patches from visually identified 

mEC layer II stellate neurons in brain slice preparations (Figure IV.7). Representative 

macroscopic Na currents are shown in Figure IV.7A. Na channel current densities from outside-

out recordings were not significantly different between genotypes (Figure IV.7B). Analysis of I–

V curves revealed no significant shifts in the voltage at half maximal activation (V1/2) or the 

slope factor (k) (Figure IV.7C, Table IV.3). A frequent feature of Nav1.6 gain-of-function 

mutations is the presence of a persistent/noninactivating Na current after prolonged 

depolarizations (Veeramah et al., 2012; Wagnon and Meisler, 2015; Wagnon et al., 2015a; 

Figure IV.7. Altered Na channel currents in mutant mEC neurons. (A) Representative current traces recorded using 

the outside-out patch-clamp configuration for WT, D/+, and D/D mEC layer II stellate neurons. (B) Scatter plot of 

peak INa current from WT (n = 9), D/+ (n = 8), and D/D (n = 8) mEC neurons. (C) Voltage dependence of channel 

activation for WT (n = 9), D/+ (n = 7), and D/D (n = 6) mEC neurons. Lines correspond to the least-squares fit 

when average data were fit to a single Boltzmann equation. (D) Representative normalized current traces recorded 

during a 100 ms depolarizing pulse from a holding potential of −120 mV to −10 mV demonstrates elevated 

persistent Na current in mutant neurons. (E) Ratio of IPersistent/Ipeak current 100 ms after stimulation in WT (n = 9), 

D/+ (n = 7), and D/D (n = 6) mEC neurons. (F) Voltage dependence of channel inactivation for WT (n = 7), D/+ (n 

= 7), and D/D (n = 9) neurons. Lines correspond to the least-squares fit when average data were fit to a single 

Boltzmann equation. (G) Representative steady-state inactivation traces elicited after prepulses to −110 mV, −80 

mV, and −70 mV. Note the delay in channel inactivation for D/+ and D/D neurons compared with WT, indicating 

severe impairment of channel inactivation. (H) Window current obtained by overlapping normalized activation and 

inactivation curves. Window current is elevated in D/+ (blue shaded area) and D/D (red checkered area) compared 

with WT (black shaded area) neurons. The voltage range for the window current is also shifted in a depolarizing 

direction. Data are shown as mean ± SEM. *p < 0.05, one-way ANOVA with post hoc Tukey's test for multiple 

comparisons. 
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Meisler et al., 2016). Both D/+ and D/D neurons had significantly elevated 

persistent/noninactivating Na channel currents after a prolonged depolarization step from -100 

mV to -10 mV for 100 ms (Figure IV.7D,E, Table IV.3). In contrast to the normal activation 

gating parameters, a significant depolarizing shift in the V1/2 of steady-state inactivation was 

detected in D/+ (12.9 mV) and D/D (17.3 mV) neurons compared with WT (Figure IV.7F,G, 

Table IV.3). k was also significantly increased in D/+ and D/D neurons (Table IV.3). Window 

currents were determined from the area under the overlapping normalized activation and 

inactivation curves (Figure IV.7H). Window currents for D/+ and D/D neurons were increased 

by 7-fold and 12-fold, respectively, and were persistent over a greater voltage range than WT. 

 

Discussion 

 

In this study, we investigated the mechanisms by which the Nav1.6 gain-of-function 

mutation N1768D leads to neuronal hyperexcitability, the hallmark of spontaneous seizures. Our 

studies reveal several new findings. First, we show that mEC layer II stellate neurons in D/+ and 

D/D mice are hyperexcitable, firing a greater number of AP spikes upon current injection than 

WT littermates, which is not the case for hippocampal or neocortical neurons (Lopez-Santiago et 

al., 2017). For D/+ mice, the increase in excitability of mEC neurons precedes the onset of 

seizures by >1 month. 

Table IV.2. Effects of TTX (30 nm) on AP spikes. Values represent mean ± SEM. n = number of 

cells. 
a
p < 0.05 D/+ versus D/+ in presence of 30 nm TTX. 

b
p < 0.05 D/D versus D/D in presence of 

30 nm TTX. 
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Second, AP spike morphology was strikingly aberrant in D/+ and D/D mEC neurons, a 

finding that was not observed when the mutation was overexpressed in cultured hippocampal 

neurons (Veeramah et al., 2012) or in CA3 and cortex layer 2/3 neurons of D/+ mice (Lopez-

Santiago et al., 2017). The most obvious abnormality was the increased spike width and slower 

upstroke velocity in mutant neurons. Sodium entry occurs mainly during the upstroke of the AP, 

with much less entry during the repolarization phase (Carter and Bean, 2009). The incomplete 

Na channel inactivation during the falling phase of the AP in mutant neurons would have three 

effects: (1) continued Na entry into the cell, increasing as the membrane potential moved further 

from the equilibrium potential for Na and thus providing a sustained depolarizing current during 

spike trains; (2) opposition to repolarizing potassium currents, thus lengthening the refractory 

period; and (3) accumulation of inactivated Na channels with subsequent spikes as a result of a 

greater depolarized interspike voltages. We report here that AP duration was significantly 

increased in both D/+ and D/D mEC neurons compared with WT, a finding that was also seen in 

CA1 neurons, but not in CA3 or neocortex neurons (Lopez-Santiago et al., 2017). Application of 

low-concentration TTX (30 nM) significantly reduced the interspike repolarization voltages, 

increased upstroke velocity, and reduced AP duration in mutant neurons. A likely explanation for 

these observations is that block of Na channel currents, particularly INaP and INaR currents, 

reduces persistent depolarizing current, hyperpolarizes the interspike voltage potentials, and 

allows recovery of Na channels inactivated after the first spike. These channels would be 

available and contribute to increasing upstroke velocity of the second and third spikes. A 

reduction in the depolarizing Na current due to TTX inhibition would also provide less 

opposition to repolarizing potassium currents, further enhancing repolarization and reducing AP 

duration.  

Third, we show for the first time that neuronal resurgent (INaR) currents are increased as a 

result of the gain-of-function mutation in Nav1.6. INaR currents are slow-inactivating currents that 

contribute to enhanced firing frequency and the generation of burst firing. INaR currents generate 

Table IV.3. Na channel physiology in WT, D/+, and D/D mEC layer II stellate neurons. Values represent mean ± 

SEM. n = number of cells. 
a
p < 0.05 versus WT. 

b
p < 0.05 D/+ versus D/D neurons. 
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strong regenerative depolarizing currents that contribute to elevated spike frequency (Raman and 

Bean, 1997; Yue et al., 2005). Increased INaR currents are predicted to provide excessive 

depolarizing current that would significantly increase the firing frequency of mutant neurons and 

the excitatory drive into neuronal circuits (Yamada-Hanff and Bean, 2013). An increase in INaR 

currents was recently reported in cultured cells expressing two missense mutations of Nav1.6, 

including N1768D (Patel et al., 2016), further supporting the importance of this current in 

epilepsy.  

We evoked APs either by somatic depolarization or stimulation of presynaptic inputs. 

Somatic depolarization caused premature mature AP initiation and increased frequency of AP 

firing at lower current injection steps in mutant neurons. At greater depolarizations, a reduction 

in AP frequency was observed in the mutant neurons, likely due to an accumulation of 

noninactivating Na channels and the impaired recovery of completely inactivated channels as 

interspike membrane voltages remained depolarized. In support of this, low concentrations of 

TTX (30 nM) increased firing frequencies of D/D neurons at high stimulation intensities (460 

and 470 pA). A surprising finding was the similar firing frequency of D/+ and D/D neurons 

except at very high current injection levels, where adaptation was more pronounced in D/D 

neurons. This was unexpected because INaP and INaR currents recorded from the soma were larger 

in D/D than in D/+ neurons and the greater rightward shift in the inactivation curve produced 

larger window currents in D/D neurons. Together, these events significantly increase the 

availability of a depolarizing current for spike initiation at earlier depolarizing steps in D/D 

neurons. However, a consequence of sustained depolarizations at greater depolarizing steps is the 

increase in the proportion of completely inactivated Na channels that would limit Na channel 

availability for spike initiation at high firing frequencies. In contrast, synaptically evoked 

responses were significantly different, with D/D neurons evoking longer depolarizing events and 

greater bursts of AP spikes than D/+ neurons. WT neurons fired only single spikes even at high 

stimulation intensities. The presence of mutant Nav1.6 channels in dendrites (Caldwell et al., 

2000) may account for these differences. Activation of the inactivation deficient mutant channel 

along dendrites would amplify synaptic events, initiating regenerative spikes and increasing the 

probability of reaching spike threshold at the AIS.  

A striking feature of neurons expressing the Nav1.6 gain-of-function mutation is the 

profound increase in INaP and INaR, both of which are important in the regulation of firing 
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frequency and burst firing (Raman and Bean, 1997; Yue et al., 2005). Increases in INaP and INaR 

have been reported in neurons from human patients (Vreugdenhil et al., 2004) and animal models 

of acquired epilepsy (Hargus et al., 2011, 2013). Several studies of EIEE13 mutations in cultured 

cells reported increased noninactivating persistent Na current after prolonged depolarizations 

(Veeramah et al., 2012; Estacion et al., 2014; Wagnon et al., 2015a). Increased persistent 

currents were recently reported in hippocampal inhibitory and excitatory neurons of D/+ mice 

(Lopez-Santiago et al., 2017). We observed a clear, sustained increase in persistent current after 

prolonged depolarization of mutant neurons. An increase in INaP and INaR currents could cause 

proexcitatory changes in AP morphology, driving intrinsic bursting and sustaining neuronal 

hyperexcitability in mutant mice. Low concentrations of TTX inhibited both INaP and INaR and 

ameliorated abnormal AP morphology in D/+ and D/D neurons, as well as inhibiting AP burst 

firing elicited by brief stimulation pulses. These findings further support the importance of these 

currents in driving spike bursting (Yue et al., 2005).  

We focused on mEC layer II 

stellate neurons because of their role in 

the excitation of hippocampal neurons. 

They have also been implicated in the 

initiation and propagation of epileptic 

seizures in models of temporal lobe 

epilepsy (Kobayashi et al., 2003). We 

observed profound proexcitatory 

alterations in mEC neurons, including 

increased spike amplitudes, slower 

upstroke velocities, and depolarizing 

shifts in Na channel inactivation parameters, all of which were not reported in hippocampal or 

neocortical neurons (Lopez-Santiago et al., 2017), further supporting brain region- and circuit-

level specificity of the effects of this gain-of-function mutation. The properties of four classes of 

excitatory neurons from the D/+ mouse are compared in Table IV.4. Because mEC neurons relay 

excitatory inputs to the dentate gyrus and CA3 via the perforant and temporoammonic pathways 

(Witter et al., 1989), increased spiking frequency of mEC neurons would provide excessive 

Figure IV.4. Different effects of the SCN8A-N1768D mutation in 

three classes of excitatory neurons 
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excitatory input into the dentate gyrus and CA3 and further exacerbate an already hyperexcitable 

hippocampal circuit (Kobayashi et al., 2003).  

The axon initial segment is the site of AP initiation (Rasband, 2010). During early mouse 

development, the AIS is first occupied by Nav1.2, which is replaced by Nav1.6 between 2 and 3 

weeks of age (Boiko et al., 2001). This developmental profile may account for the onset of 

seizures in D/D mice at 3 weeks of age. Seizure onset in patients with SCN8A mutations ranges 

from 0 to 18 months and in utero seizures have been reported, suggesting that human Nav1.6 may 

populate the AIS before birth (Singh et al., 2015).  

A surprising finding was the observation of proexcitatory alterations in mEC neurons 

from D/+ mice more than a month before the onset of seizures. The delay may be explained by a 

requirement for activation of additional neurons and circuits that require additional time to 

mature into an epileptic state. Alternatively, seizure onset may require the higher levels of INaP, 

INaR, and window currents in mEC neurons that occur earlier in D/D mice to prime the epileptic 

circuit for seizure initiation. Further studies to explore epileptogenic circuits and key sites of 

seizure onset in this model of EIEE13 will be informative.  

The N1768D mutation was identified in a heterozygous individual with EIEE13 and was 

first characterized using ND7/23 cells and cultured hippocampal neurons (Veeramah et al., 

2012). We demonstrate that mutant neurons from the knock-in mouse model exhibit several of 

the abnormalities described in the transfected cells, including impaired channel inactivation, 

increased persistent current, and elevated firing rates. Our studies also provide new mechanistic 

information. The significant increases in two major Na channel currents critical in controlling 

neuronal excitability, INaP and INaR, add to the accumulating evidence of the importance of these 

currents in the pathology of the disease. We provide evidence of early proepileptiform behavior 

of mEC layer II stellate neurons in EIEE13. Because these proexcitatory changes precede the 

onset of spontaneous seizures in heterozygous mice, we propose that early neuronal 

hyperexcitability gradually increases the excitability of key cerebral circuits, culminating in the 

initiation of spontaneous seizures in this model of SCN8A encephalopathy. 
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V. Proexcitatory Alterations in Sodium Channel Activity Facilitate Subiculum Neuron 

Hyperexcitability in Temporal Lobe Epilepsy 

 

Rationale 

 

 In Chapter V, we examine how Nav1.6 contributes to neuronal hyperexcitability in 

acquired, rather than genetic, epilepsy. Specifically, we demonstrate how proexcitatory 

alterations to sodium channel physiology cause hyperexcitability in TLE subiculum neurons. 

This work is a significant contribution to the field as relatively sparse literature focusing on the 

subiculum in TLE exists.  Additionally, we believe we are one of few studies to show altered 

sodium channel physiology in the region in TLE and the first to implicate Nav1.6 as a main 

facilitator of subiculum neuronal hyperexcitability. The work in Chapter V also demonstrates 

that studying Nav1.6 is relevant across a variety of epileptic disorders and it argues that the 

development of a selective Nav1.6 blocker could potentially benefit an array of epilepsy patients.  

 

Introduction 

 

The importance of sodium channels in facilitating increases in subiculum neuron 

excitability in epilepsy has yet to be thoroughly determined. In the current study we investigated 

if sodium channel function was altered in subiculum neurons in TLE using the continuous 

hippocampal stimulation (CHS) rat model. Additionally, we wanted to see if persistent (INaP) and 

resurgent (INaR) sodium channel currents were increased in TLE. INaP currents are slow 

inactivating currents that arise in subthreshold voltage ranges and are capable of amplifying a 

neuron's response to synaptic input (Stafstrom, 2007). INaR currents occur from channel re-

opening during the repolarization phase of the AP and both INaR and INaP have been shown to 

facilitate bursting APs and high frequency AP firing (Raman and Bean, 1997; Yue et al., 2005; 

van Drongelen et al., 2006; Stafstrom, 2007; Lewis and Raman, 2014). Here we show that 

bursting subiculum TLE neurons are hyperexcitable and display increased persistent (INaP) and 

resurgent (INaR) sodium currents. Proexcitatory alterations in sodium channel activation and 

inactivation gating were also detected. Using a tetrodotoxin metabolite, 4,9-anhydro-TTX to 

inhibit mainly Nav1.6 channels (Rosker et al., 2007), we show that inhibition of INaP and INaR 
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currents leads to attenuation of subiculum neuronal hyperexcitability and burst firing associated 

with TLE. We propose that increases in INaP and INaR currents and pro-excitatory changes in 

sodium channel physiology, together with synaptic network changes, contribute to the 

hyperexcitability of subiculum neurons in TLE, which aid in seizure initiation and seizure spread 

throughout the temporal lobe. 

 

Methods 

 

Animals  

All animal experiments were conducted in accordance with the guidelines established by 

the National Institutes of Health guide for the Care and Use of Laboratory Animals and were 

approved by the University of Virginia's Institute of Animal Care and Use Committee. Adult 

male Sprague–Dawley rats (250–300 g) received a bipolar twisted pair of stainless steel 

electrodes to either hemisphere unilaterally in the posterior ventral hippocampus for stimulation 

and recording (coordinates from bregma AP ~ −5.3 mm, ML ~ 4.9 mm, DV ~ 5.0 mm, bite at 

~−3.5 mm) (Paxinos and Watson, 2006). Electrodes were attached to Amphenol connectors and 

secured to the skull with jeweler's screws and dental acrylic. One week following surgery, rats 

were stimulated through the hippocampal electrode to induce limbic status epilepticus using a 

protocol previously described (Lothman et al., 1989). In brief, animals were stimulated for 90 

min with 10-s trains of 50 Hz, 1 ms biphasic square waves with a maximum intensity of 400 μA 

peak to peak delivered every 11 s. Following the induction of and recovery from limbic status 

epilepticus, rats were placed in standard laboratory housing. Three months after the induction of 

status epilepticus, animals were evaluated for the presence and frequency of spontaneous 

temporal lobe seizures (Bertram and Cornett, 1994). During the monitoring phase, rats were 

placed in specially designed cages, which allowed full mobility of the animals, good 

visualization for video monitoring, and a stable recording environment. Animals had free access 

to food and water, as well as a standard 12 h light–dark cycle. Seizures were recorded and 

documented using a commercial computerized EEG program (Harmonie, Stellate Systems). All 

data were reviewed at an offline reading station connected to the vivarium computers via a local 

area network. The time of occurrence, behavioral severity (Racine 5 point scale) and duration for 

all seizures were noted. 



90 
 

 

Seizure Determination 

Electrographic seizures in the rats were characterized by the paroxysmal onset of high 

frequency (> 5 Hz) increased amplitude discharges that showed an evolutionary pattern of a 

gradual slowing of the discharge frequency and subsequent post-ictal suppression. Seizure 

duration was measured from the onset of the high frequency activity or initial spike to the 

cessation of the terminal regular electrographic clonic activity. 

 

Brain Slice Preparation and Action Potential Recordings  

Please reference Chapter II: General Methods.  

 

Sodium Channel Electrophysiology  

Please reference Chapter II: General Methods.  

 

Immunohistochemistry  

TLE and aged matched WT rats (4 rats for each group, 350–450 g) were euthanized with 

isoflurane, decapitated, and brains rapidly removed and placed in chilled (4 °C) ACSF. 

Horizontal 500 μm thick sections were prepared using a Vibratome, and transferred to a chamber 

containing oxygenated ACSF at 37 °C and incubated for 35 min. Slices were then embedded in 

OCT compound in cryomolds and snap-frozen on dry ice-chilled isopentane, and kept on dry ice. 

Cryostat sections (16 μm) were prepared and thaw-mounted onto Superfrost Plus slides (Fisher 

Scientific) and stored at −80 °C for no > 3 days prior to further processing. Slices were fixed in 

ice-cold acetone-ethanol mixture for 5 min, air-dried, washed with KPBS and then placed for 60 

min in KPBS blocking solution (5% fish skin gelatin, 5% normal goat serum, 0.25% Triton × 

100, and 0.65% w/v BSA), followed by incubation in blocking solution containing the pair of 

primary antibodies for 48 h at 4 °C (rabbit anti-Nav1.6, 1:500, Alomone labs and monoclonal 

mouse anti Ankyrin G, 1:500, NeuroMab). The slides were then washed with KPBS, incubated 

in blocking solution containing a pair of secondary antibodies (Alexa 488-conjugated goat anti-

mouse IgG and Alexa 555- conjugated goat anti-rabbit IgG, both at 1:1000, Invitrogen (Molec. 

Probes). Slides were washed in KPBS, incubated in Nuclear Blue (1 drop/ml, Invitrogen), 

washed, air-dried, and cover slipped in Polymount (Polysciences Inc.).  
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Confocal images were captured of subiculum neurons using a Zeiss LSM 710 confocal 

microscope (Zeiss, Oberkochen, Germany) with a 63× oil immersion objective and ZEN Zeiss 

LSM Imaging software. The settings of the laser intensities and image capture were initially 

optimized but then not changed during the scanning of the slides. Quantification and analysis 

was performed using Image J software. For analysis of Nav1.6 expression, a line scan 

representing the length of the AIS, as determined by Ankyrin G staining, was drawn, and the 

mean relative optical density (R.O.D) determined. The mean R.O.D for Ankyrin G was unaltered 

between WT and TLE preparations and allowed for standardization of the immunolabeling as a 

ratio of Nav1.6 to Ankyrin G staining for each AIS.  

 

Data Analysis  

Please reference Chapter II: General Methods.  

 

Results 

 

Subiculum bursting neurons are hyperexcitable in TLE 

Subiculum bursting neurons were found to be in high density in the distal pyramidal layer 

just adjacent to the presubiculum, and WT neurons were distinguished by their propensity to 

produce a burst of APs at the onset of depolarization, followed by more tonic spiking (Figure 

V.1A; WT) (Mattia et al., 1993; Stewart and Wong, 1993; Taube, 1993; Staff et al., 2000; 

Petersen et al., 2017). In contrast, subiculum neurons from TLE animals were hyperexcitable, 

firing more than a single burst of APs at lower current injection steps compared to WT (Figure 

V.1A; TLE). Over a series of depolarizing current injection steps (50 pA to 470 pA) TLE 

neurons fired a significantly greater number of APs than WT (P < 0.05, Figure V.1A–B). We 

measured the maximal negative repolarizing voltage between APs for those evoked by a current 

injection step of 270 pA (Figure V.1C). In TLE subiculum neurons the maximal negative voltage 

attained after the completion of repolarization was significantly depolarized compared with WT 

neurons (P < 0.01 for APs 1, 3 and 4 and P < 0.05 for APs 2 and 5; Figure V.1C). These data 

indicate the presence of an increased sustained depolarizing current in TLE neurons that would 

drive neurons to spiking thresholds, accounting for the earlier AP initiation in TLE neurons. 

Analysis of AP properties revealed a significantly hyperpolarized threshold, a significant 
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Figure V.1. Subiculum neurons are hyperexcitable in TLE. (A) 

Representative traces of APs elicited by 300 ms current injection 

steps of increasing amplitude from a holding potential of − 65 mV. 

(B) AP frequency versus injected current plot shows higher neuronal 

firing frequency in TLE (n = 12) neurons compared to control (n = 

16). (C) Plot of maximal hyperpolarizing voltages reached between 

APs evoked by a 270 pA depolarizing current injection step. (D) 

Brief stimulation of the CA1 pyramidal layer elicited synaptically 

evoked AP bursts in WT (n = 8) and TLE neurons (n = 8). Right; 

superimposed traces of WT, black and TLE, red synaptically evoked 

responses shows increased response duration and spiking in TLE 

subiculum neurons compared with WT. (E) Scatter plot showing AP 

spiking frequency in response to synaptic stimulation. (F) Scatter 

plot showing area under the curve (AUC) for synaptically evoked 

APs. Data represent mean ± S.E.M. Statistical significance: *P < 

0.05; **P < 0.01 Student's t-test with Welch's correction. 

increase in input resistance (Ri) and AP 

width in TLE neurons compared to WT. 

No significant differences were seen in 

resting membrane potential (RMP), AP 

amplitude or AP upstroke velocity (Table 

V.1).  

Brief stimulation of the pyramidal 

layer of CA1 consistently evoked AP 

bursts in both control and TLE subiculum 

neurons (Figure V.1D & E). In TLE 

neurons, the average number of APs 

evoked was 3.2 ± 0.1 (n = 8). In contrast, 

WT neurons were less excitable and 

evoked 2.1 ± 0.1 APs, (n = 8; P < 0.01). 

Synaptically evoked bursts in TLE neurons 

were also longer lasting than those 

recorded in WT neurons (Figure V.1D & 

F). To better quantify this increase in burst 

duration, we measured the area under the 

curve (AUC) for AP trains evoked by 

synaptic stimulation in both WT and TLE 

subiculum neurons. Compared to WT 

neurons, TLE neurons showed a 

significant increase in AUC (P < 0.01; 

Figure V.1F) further suggesting the 

presence of a greater depolarizing current 

in TLE neurons.  

 

Proexcitatory shifts in sodium channel 

activation and inactivation gating in 

subiculum TLE neurons 
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Figure V.2. TLE subiculum neurons exhibit proexcitatory 

alterations in sodium channel physiology. (A) Representative 

current traces recorded using the outside-out patch clamp 

configuration for WT and TLE subiculum neurons. (B) Voltage 

dependence of channel activation for WT (black, n = 19) and TLE 

(red, n = 14) subiculum neurons. Lines correspond to the least-

squares fit when average data were fit to a single Boltzmann 

equation. (C) Scatter plot of voltage at half-maximal activation 

(V1/2) for WT and TLE subiculum neurons. (D) Scatter plot of the 

slope factor (k) of activation in WT and TLE subiculum neurons. 

(E) Voltage dependence of channel inactivation for WT (black, n 

= 12) and TLE (red, n = 18) subiculum neurons. Lines correspond 

to the least-squares fit when average data were fit to a single 

Boltzmann equation. (F) Scatter plot of voltage at half-maximal 

inactivation (V1/2) for WT and TLE subiculum neurons. (G) 

Scatter plot of the slope factor (k) of inactivation. (H) Window 

current predicted by overlapping normalized activation and 

inactivation curves. Estimated window current is elevated in TLE 

subiculum neurons (red checkered area) compared to WT (black 

checkered area). Data represent mean ± S.E.M. Statistical 

significance: *P < 0.05 Student's t-test with Welch's correction. 

To explore if proexcitatory alterations 

in sodium channel physiology play a significant 

role in increased subiculum hyperexcitability in 

TLE, sodium channel currents were recorded 

using outside-out patches from visually 

identified subiculum pyramidal neurons in 

brain slice preparations. Representative 

macroscopic sodium currents from WT and 

TLE subiculum neurons are shown in Figure 

V.2A. Sodium channel current densities from 

outside-out recordings were not significantly 

different between genotypes (Data not shown). 

Analysis of current-voltage (I-V) curves 

revealed a significant 6.3 mV hyperpolarizing 

shift in the V1/2 of activation in TLE neurons (n 

= 14) compared to WT (n = 19, P < 0.05; 

Figure V.2B & C; Table V.2). Slope factor 

(k) was also increased in TLE subiculum 

neurons compared with WT (P < 0.05, Figure 

V.2D, Table V.2). In addition to alterations in 

activation parameters, inactivation 

parameters were also altered in TLE neurons 

with a 5.7 mV depolarizing shift in the V1/2 (n 

= 18) compared to WT neurons (n = 12, P < 

0.05; Figure V.2E & F, Table V.2). Slope 

factor (k) was not changed (Figure V.2G, 

Table V.2). Window currents were estimated 

from the area under the overlapping 

normalized activation and inactivation 

curves. Predicted window currents for TLE 

subiculum neurons were increased 2.6-fold 
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and were persistent over a greater voltage range than WT cells (Figure V.2H). 

 

 

 

Subiculum bursting TLE neurons have increased persistent (INaP) and resurgent (INaR) currents 

Persistent sodium currents (INaP) are thought to be a major contributor to the generation of 

AP bursts and have been recorded from a portion of isolated subiculum neurons from TLE 

patients (Vreugdenhil et al., 2004). INaP currents were recorded using slow voltage ramps using 

brain slice preparations. Ramp recordings displayed a robust inward current that was abolished 

by application of 1 μM TTX. The peak INaP was calculated by subtracting traces obtained in the 

presence of TTX from those obtained in the absence of the toxin. In TLE subiculum neurons, we 

observed a significant increase in INaP currents compared to WT cells (Figure V.3A–C). INaP 

currents from WT subiculum neurons had a peak amplitude of −160 ± 35 pA (n = 7). In contrast, 

peak INaP currents from TLE neurons were increased 7.5 fold to −1206 ± 104 pA (n = 6, P < 

0.01; Figure V.3A–C). No significant differences were seen in the voltage-dependence or time 

course of activation of INaP (data not shown).  

Resurgent sodium currents (INaR) are depolarizing currents that play a significant role in 

enhancing firing frequency or bursting activity (Raman and Bean, 1997). It is believed that INaR 

occurs from channel reopening during the repolarization phase of the AP that arises from the 

electrostatic repulsion of an open-channel blocker (Lewis and Raman, 2014; Patel et al., 2016). 

Peak INaR currents were elevated by 92% in TLE subiculum neurons (−1208 ± 122 pA, n = 6) 

compared with WT (−629 ± 62 pA, n = 9, P < 0.01; Figure V.3D-F). Similar to INaP, no 

significant differences were seen in the voltage-dependence or time course of activation of INaR 

(data not shown).  

The Nav1.6 isoform is considered to be one of the most significant contributors to both 

INaR and INaP (Raman and Bean, 1997; Hargus et al., 2013). The observed increase in both INaR 

and INaP in TLE subiculum bursting neurons could be accounted for by proexcitatory alterations 

Table V.1. Values represent mean ± S.E.M, n = number of cells. RMP; Resting membrane potential. 

Ri; input resistance. Student's t-test with Welch's correction. ** P < 0.01 compared to WT. 
†
P < 0.05 

compared to no 4,9-ah-TTX. 
††

P < 0.01 compared to no 4,9-ah-TTX. 
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in Nav1.6 physiology 

that could facilitate 

neuronal 

hyperexcitability. To 

test this hypothesis, we 

used the TTX 

metabolite 4,9 

anhydro-tetrodotoxin 

(4,9-ah-TTX), which 

has a greater affinity 

for Nav1.6 over other 

sodium channel 

isoforms, making the 

toxin a valuable tool 

for studying Nav1.6 in 

neuronal physiology 

(Rosker et al., 2007; 

Hargus et al., 2013). 

Previous studies have 

shown that at a 

concentration of 100 

nM, 4,9-ah-TTX 

inhibits approximately 

50% of Nav1.6 

channels stably 

expressed in HEK 293 

cells without any 

effect on Nav1.2 

channels (Hargus et 

al., 2013). We tested 

the effects of 100 nM 4,9-ah-TTX on both INaR and INaP currents. 4,9-ah-TTX (100 nM) 

Figure V.3. TLE subiculum neurons show increased persistent (INaP) and resurgent (INaR) 

sodium currents that are attenuated by 4,9-anhydro-tetrodotoxin. INaP currents were 

elicited by applying a voltage ramp at a rate of 65 mV/s (inset of A). Recordings were 

repeated in the presence of TTX (1 μM). Traces shown are those obtained after 

subtracting traces recorded in the presence of TTX. (A) INaP currents in WT subiculum 

neurons are reduced by 4,9-ah-TTX (100 nM: WT, black; WT + 4,9-ah-TTX, blue). (B) 

INaP currents in TLE subiculum neurons are increased compared with WT and 

significantly attenuated by 4,9-ah-TTX (100 nM: TLE, red; TLE + 4,9-ah-TTX, green). 

(C) Scatter plot of INaP peak amplitudes pre and post application of 4,9-ah-TTX in WT 

and TLE subiculum neurons (WT, black, n = 7; TLE, red, n = 6; WT + 4,9-ah-TTX, 

blue, n = 7; TLE + 4,9-ah-TTX, green, n = 6). INaR currents recorded from subiculum 

neurons using the voltage protocols shown. Traces shown were obtained after 

subtraction of recordings obtained in the presence of TTX (1 μM). (D) INaR currents in 

WT neurons were reduced by 4,9-ah-TTX (100 nM: WT, black; WT + 4,9-ah-TTX, 

blue). (E) INaR currents in TLE neurons were larger than those recorded in WT neurons 

and significantly attenuated by 4,9-ah-TTX (100 nM: TLE, red, TLE + 4,9-ah-TTX (100 

nM), green). (F) Scatter plot of INaR peak amplitudes before and after bath application of 

4,9-ah-TTX (100 nM) for WT (WT, black, n = 9; WT + 4,9-ah-TTX (100 nM), blue, n = 

9) and TLE neurons (TLE, red, n = 6; TLE + 4,9-ah-TTX (100 nM), green, n = 6). Data 

represent mean ± S.E.M. Statistical significance: *P < 0.05; **P < 0.01 Student's t-test 

with Welch's correction. 
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significantly reduced INaP in TLE subiculum neurons by 64.5% (from −1206 ± 104 pA, n = 6 to 

−428 ± 74 pA, n = 6, P < 0.01; Figure V.3B & C). In WT subiculum neurons, 4,9-ah-TTX (100 

nM) caused a small decrease in INaP, by 37.5% (from 160 ± 35 pA, n = 7 to −100 ± 25 pA, n = 7, 

Figure V.3A & C). 4,9-ah-TTX had no effect on INaP activation parameters (data not shown).  

In a similar manner to effects observed with INaP currents, 4,9-ah-TTX (100 nM) also 

reduced INaR currents in TLE subiculum neurons by 48.5% (from −1208 ± 122 pA, n = 6 to −622 

± 103 pA, n = 6, P < 0.01; Figure V.3E & F). INaR currents were also reduced in WT neurons by 

4,9-ah-TTX (100 nM; from −629 ± 62.6 pA, n = 9 to −344.5 ± 34.4 pA, n = 9, P < 0.05; Figure 

V.3D & F). Once again, 4,9- ah-TTX had no effects on INaR activation parameters (data not 

shown). 

 

 

 

Inhibition of Nav1.6 suppresses neuronal excitability 

Both INaR and INaP currents are important for controlling neuronal excitability and 

reductions in INaR and INaP currents by 4,9-ah-TTX should modulate neuronal excitability. To test 

this hypothesis we determined the effects of 4,9-ah-TTX (100 nM) on APs evoked by both 

somatic current injection and by synaptic stimulation. 4,9-ah-TTX (100 nM) significantly 

reduced AP frequency in both WT and TLE subiculum bursting neurons (Figure V.4A,C & E). 

At a current injection step of 470 pA, 4,9-ah-TTX (100 nM) decreased AP frequency in TLE 

neurons by 49.1% (from 44.4 ± 1.0 Hz, n = 12 to 22.6 ± 1.0 Hz, n = 6, P < 0.05; Figure V.4C & 

E). In WT subiculum neurons 4,9-ah-TTX (100 nM) decreased AP frequency by 37.4% (from 

36.6 ± 1.3 Hz, n = 16 to 22.9 ± 1.2 Hz, n = 8, P < 0.05; Figure V.4A & E).  

Table V.2. Sodium channel physiology in WT and TLE subiculum neurons. Values represent mean ± 

S.E.M, n = number of cells. V1/2, voltage of half-maximal activation or inactivation; k, slope factor. *P 

< 0.05 vs WT, Student's t-test with Welch's correction. 
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Morphology of 

the first AP elicited by a 

depolarizing current 

injection step was 

characterized by phase 

plots of dV/dt vs voltage 

in WT and TLE neurons 

before and after the 

administration of 4,9-ah-

TTX (100 nM; Figure 

V.4B & D; Table V.1). 

In WT neurons, AP 

thresholds were 

depolarized in the 

presence of 4,9-ah-TTX. 

In TLE subiculum 

neurons, 4,9-ah-TTX 

(100 nM) also 

depolarized AP 

thresholds and reduced 

upstroke velocity. 

Measurement of the 

maximal negative 

repolarizing voltage 

between APs at a current 

injection of 270 pA 

revealed a decreasing 

trend in both WT and 

TLE neurons, most likely the effect of inhibiting INaP and INaR currents. In WT, 4,9-ah-TTX (100 

nM) significantly hyperpolarized inter AP voltages for the 2nd AP (P < 0.05; Figure V.4F). For 

Figure V.4. Inhibition of Nav1.6 currents by 4,9-ah-TTX decreases neuronal 

excitability in subiculum bursting neurons. (A) Representative traces of APs elicited 

by 300 ms current injection steps of increasing current amplitude in WT neurons (A) 

(WT, black, WT + 4,9-ah-TTX (100 nM), blue). (B) Representative phase plot 

analysis of the first elicited AP in WT neurons before and after the application of 4,9-

ah-TTX (WT, black; WT + 4,9-ah-TTX (100 nM), blue). (C) Representative traces of 

APs elicited by 300 ms current injection steps of increasing current amplitude in TLE 

neurons (TLE, red; TLE + 4,9-ah-TTX (100 nM), green). (D) Representative phase 

plot analysis of the first elicited AP in TLE neurons before and after the application of 

4,9-ah-TTX (TLE, red; TLE + 4,9 ah-TTX (100 nM), green). (E) Effects of 4,9-ah-

TTX (100 nM) on AP frequency for WT and TLE subiculum neurons (WT, black, n = 

16; WT + 4,9-ah-TTX, blue, n = 7; TLE, red, n = 12; TLE + 4,9-ah-TTX, green, n = 

6). Effects of 4,9-ah-TTX (100 nM) on maximal hyperpolarizing voltages between the 

first 3 APs evoked by a 270 pA current injection in WT (F) and TLE subiculum 

neurons (G). Data represent mean ± S.E.M. Statistical significance: *P < 0.05 

Student's t-test with Welch's correction. 
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Figure V.5. Inhibition of Nav1.6 currents by 4,9-ah-TTX 

attenuates synaptically evoked burst firing in TLE 

subiculum neurons. (A) Application of 4,9-ah-TTX (100 

nM) reduces synaptically evoked AP bursts in WT and (C) 

TLE subiculum neurons. Superimposed traces for WT (B) 

and TLE (D) subiculum neurons illustrate effects of 4,9 ah-

TTX (100 nM) on evoked responses. (E) Scatter plot 

showing AP frequency in response to synaptic stimulation 

before and after application of 4,9-ah-TTX (100 nM: WT, 

black, n = 8; WT + 4,9-ah-TTX, blue, n = 8; TLE, red, n = 

8; TLE + 4,9-ah-TTX; green, n = 8). (F) Scatter plot 

showing area under the curve (AUC) for synaptically 

evoked APs. Data represent mean ± S.E.M. Statistical 

significance: **P < 0.01 Student's t-test with Welch's 

correction. 

TLE neurons, 4,9-ah-TTX (100 nM) 

significantly hyperpolarized inter AP 

voltages for the 1st AP (P < 0.05; Figure 

V.4G).  

We determined the role of Nav1.6 

on synaptically evoked APs (Figure V.5). 

Application of 4,9-ah-TTX (100 nM) 

significantly reduced synaptically evoked 

firing in TLE subiculum neurons from 3.2 

± 0.1 to 1.3 ± 0.2 APs in the presence of 

the toxin (n = 8, P < 0.01; Figure V.5C & 

E). In WT subiculum neurons, synaptically 

evoked APs were also reduced by 4,9-ah-

TTX (100 nM), reducing firing from 2.1 ± 

0.1 to 1.5 ± 0.3 APs after application of the 

toxin (n = 7; Figure V.5A & E). However, the 

reduction in spiking did not reach 

significance (P < 0.06). In addition to 

decreasing AP number, 4,9-ah-TTX (100 nM) 

significantly reduced the area under the curve 

(AUC) for TLE subiculum neurons, but not 

for WT cells (Figure V.5F). 

 

Nav1.6 staining levels are not increased in 

TLE subiculum neurons 

Increased staining for Nav1.6 has been observed in TLE mEC neurons, suggesting an 

increase in Nav1.6 expression levels (Hargus et al., 2013). To determine if Nav1.6 staining was 

increased in subiculum neurons, immunofluorescence experiments were performed. Robust 

Nav1.6 staining was observed at the AIS and was co-localized with Ankyrin G (Ank G) staining, 

a marker for the AIS (Figure V.6). Surprisingly, we saw no differences in the staining pattern for 

Nav1.6 between WT and TLE subiculum neurons along the AIS. 
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Discussion 

 

In this study, we 

investigated the importance of 

sodium channels in facilitating 

subiculum neuron 

hyperexcitability in TLE, the 

hallmark of seizures. The 

principal findings of this study are 

that subiculum neurons from TLE 

rats are: 1) hyperexcitable, firing 

bursts of APs, 2) exhibit 

proexcitatory shifts in sodium 

channel activation and 

inactivation gating parameters, 

leading to an increase in the 

estimated sodium channel window 

current, 3) have increased 

resurgent (INaR) and persistent (INaP) 

sodium currents, two currents known to 

facilitate AP bursts, 4) pharmacological 

reduction of  Nav1.6 reduces both INaR 

and INaP sodium channel currents and 

attenuates neuronal firing frequency and 

AP bursts after synaptic stimulation. 

These findings provide new knowledge regarding the importance of sodium channels, 

particularly Nav1.6, as a mechanism, in part, for the increases in neuronal excitability observed in 

epileptic subiculum bursting neurons.  

The dramatic increases in INaR and INaP currents were a striking feature of epileptic 

subiculum neurons. INaP currents are non-inactivating currents that play a significant role in 

Figure V.6. Nav1.6 AIS staining is not increased in TLE subiculum 

neurons compared to WT. Nav1.6 staining along the AIS of WT (Ai) 

and TLE (Bi) subiculum neurons (Ank G, green; Nav1.6, red; Merge; 

yellow). Graphs showing the localization and relative optical density 

(R.O.D) of Ank G and Nav1.6 staining along the length of the AIS 

for WT (Aii) and TLE (Bii) subiculum neurons (WT, n = 191 AIS 

from 4 animals; TLE, n = 140 AIS from 4 animals). Scale bars 

represent 2 μm. Data represent mean ± S.E.M. 
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generating burst and high frequency AP firing. (Yue et al., 2005; van Drongelen et al., 2006; 

Stafstrom, 2007). Non-inactivating currents recorded after the rapid transient sodium current and 

labeled as INaP currents, have been recorded from subiculum neurons in patients with intractable 

TLE (Vreugdenhil et al., 2004). Increases in INaP currents would significantly impact AP 

frequencies, providing a persistent depolarizing current on which APs would be initiated. In 

addition, greater INaP currents would contribute to lower firing thresholds and increased AP 

widths reported in TLE neurons, all of which were modulated by 4,9-ah-TTX. Although input 

resistances was also increased in TLE neurons, contributing to increased excitability, it is 

unlikely that increases in INaP currents played a major role since the addition of 4,9-ah-TTX 

caused a small, but non-significant reduction in Ri (Crill, 1996), suggesting involvement of 

additional ion channels.  

Resurgent sodium currents (INaR) are depolarizing currents thought to play a significant 

role in enhancing firing frequency or bursting activity (Raman and Bean, 1997). It is believed 

that INaR occurs from channel re-opening during the repolarization phase of the AP that arises 

from the electrostatic repulsion of an open-channel blocker (Lewis and Raman, 2014; Patel et al., 

2016). Our studies revealed large increases in INaR currents in TLE neurons, which in 

combination with increased INaP currents, would facilitate AP bursting in epilepsy. Increases in 

these two current types may provide a common mechanism by which a sustained and continuous 

depolarization could be achieved, leading to AP initiation. Reducing INaP and INaR currents with 

4,9-ah-TTX suppressed neuronal excitability and hyperpolarized the inter AP repolarizing 

voltage potentials. Since 4,9-ah-TTX at a concentration of 100 nM inhibits approximately 50% 

of Nav1.6 channels (Hargus et al., 2013), these findings suggest a role for Nav1.6, and 

particularly INaP and INaR currents in generating AP bursts (Rush et al., 2005). INaR and INaP 

currents were also increased in medial entorhinal cortex neurons of TLE rats and likely 

accounted for the increased AP frequency and neuronal hyperexcitability observed in that study 

(Hargus et al., 2013). Furthermore, increases in INaR currents are also an important feature for 

missense gain-of-function mutations of Nav1.6, known to be responsible for epileptic 

encephalopathy in patients (Patel et al., 2016), speculating a causative role for this unique current 

in epilepsy.  

The Nav1.6 isoform is believed to be the main contributor of INaR and INaP (Rush et al., 

2005) and CA1 pyramidal neurons from Scn8a
med

 mice show significant reductions in INaR and 
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INaP currents (Royeck et al., 2008). In agreement with those studies, inhibiting both INaP and INaR 

currents with 4,9-ah-TTX suppressed neuronal firing frequency and AP bursting in subiculum 

neurons. 4,9-ah-TTX is a TTX metabolite and has been reported to exhibit a < 200 fold greater 

selectivity against Nav1.6 over other TTX-sensitive isoforms when tested on sodium channels 

expressed in Xenopus oocytes (Rosker et al., 2007). However, in mammalian expression systems 

4,9-ah-TTX is less selective for Nav1.6 (Hargus et al., 2013). Using a concentration of 4,9-ah-

TTX that is likely to inhibit approximately 50% of Nav1.6 channels (100 nM) we found that 4,9-

ah-TTX suppressed neuronal excitability to a greater degree in TLE subiculum neurons than WT 

neurons. The reductions in firing rates in TLE neurons were accompanied by significant 

depolarization of the resting membrane potential and AP threshold, an increase in AP width, and 

a decrease in AP upstroke velocity.  

Our studies revealed proexcitatory alterations in TLE subiculum neuron sodium channel 

physiology. Hyperpolarizing shifts in activation gating were coupled with depolarizing shifts in 

inactivation gating extending the voltage range where channels would be available for activation 

and have a finite probability of opening. The current established over this range is commonly 

referred to as the window current and an enhancement in this range, or “window,” would 

increase the probability of channel opening, resulting in a reduction in AP thresholds, facilitating 

AP firing and potentially initiating seizure generation and spread. Increases in window currents 

have been associated with increased persistent sodium current activity and epileptogenesis in 

animal models of TLE (Ketelaars et al., 2001; Ellerkmann et al., 2003). In agreement, the voltage 

range of INaP currents reported in this study is consistent with the voltage range for the estimated 

window current.  

A surprising finding was a lack of difference in Nav1.6 staining intensity along the AIS 

between WT and TLE subiculum neurons. Previous studies in mEC neurons detected increases 

in Nav1.6 staining, initiating as early as 7 days post-status epilepticus and continuing after 3 

months, a time point where animals are in the chronic stage of epilepsy (Hargus et al., 2011, 

2013). These differences between studies suggest heterogeneity between neurons in TLE. It is 

possible that post translational modifications of Nav1.6 in subiculum TLE neurons accounts for 

the increases in INaR and INaP currents and also alterations in activation and inactivation gating 

parameters. Downregulated phosphorylation coupled with increased methylation resulted in a 3-

fold increase in Nav1.2 channel current in a kainic acid model of TLE (Baek et al., 2014). 
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Sodium channels are modulated by auxiliary subunits β subunits that not only modulate surface 

expression, but also channel gating (Patino and Isom, 2010). The β4 subunit specifically plays a 

significant role in the generation of INaR current (Grieco et al., 2005). Modifications in β4 subunit 

expression or activity could occur in TLE, affecting INaR current physiology.  

The subiculum receives inputs from CA1 pyramidal neurons as well as neurons from the 

entorhinal cortex layers II/III (Witter et al., 2000a, 2000b; Stafstrom, 2005b). Conversely, the 

subiculum projects to a wide array of cortical and subcortical structures including recurrent 

projections back into the trisynaptic circuit via synapses with the entorhinal cortex (Swanson and 

Cowan, 1977; Witter and Groenewegen, 1990; O’Mara et al., 2001; Shao and Dudek, 2005; 

Tang et al., 2016). With its role as the output of the hippocampus and the presence of a large 

population of endogenously bursting neurons, the subiculum is perfectly predisposed to play a 

significant role in initiating and propagating epileptiform activity in TLE hippocampal circuitry 

(Staff et al., 2000; Harris and Stewart, 2001). In a study examining seizure initiation in a rat 

pilocarpine model of TLE, the subiculum was commonly the site of seizure initiation, and the 

site where ictal activity dissipated (Toyoda et al., 2013). Epileptiform activity originating in the 

subiculum can propagate to the CA1, driving hyperexcitability in hippocampal circuitry (Harris 

and Stewart, 2001). In human TLE patients, spontaneous rhythmic APs and epileptiform field 

potentials often originated in the subiculum before propagating into the hippocampus proper. 

This epileptiform activity persisted even when the subiculum was isolated, further supporting an 

intrinsic capability of the structure (Cohen et al., 2002). 

In human patients and animal models of TLE, subiculum neurons are spared and become 

hyperexcitable leading to increased excitability within key hippocampal circuitry. As the output 

of the hippocampus, a hyperexcitable subiculum has the potential to both initiate and propagate 

epileptiform activity out of the temporal lobe leading to generalized ictal activity. Our findings 

support a role for sodium channels in facilitating subiculum neuronal hyperexcitability in TLE. 

We show that proexcitatory shifts in sodium channel activation and inactivation parameters, as 

well as increases in INaR and INaP currents are prevalent in epileptic subiculum neurons. We 

suggest an important role for Nav1.6 in facilitating these proexcitatory alterations. Future 

intervention strategies that selectively target the Nav1.6 isoform may be advantageous over 

current anticonvulsant therapies for seizure suppression. 
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VI. Conclusions and Future Directions 

 

 The voltage-gated sodium channel isoform Nav1.6 is a key regulator of normal neuronal 

functioning in the CNS.  With is prime location at the distal AIS (Hu et al., 2009), Nav1.6 plays a 

crucial role in the initiation and propagation of APs.  Previous studies have highlighted the 

importance of Nav1.6 in normal neuronal behavior. Mice homozygous for a complete loss of 

Scn8a function develop motor defects by P14 and do not survive beyond P21 (Burgess et al., 

1995; Kohrman et al., 1995; O’Brien and Meisler, 2013). Additionally, Scn8a
med 

mice, which 

lack Nav1.6 subunits, show reduced neuronal excitability and a significant elevation in spike 

threshold (Royeck et al., 2008). While loss of Nav1.6 function is physiologically disrupting, 

proexcitatory alterations to Nav1.6 can be equally devastating to CNS circuitry and the neurons 

that compose it. In this dissertation, we examine how proexcitatory, gain-of-function alterations 

in Nav1.6 facilitate neuronal hyperexcitability in genetic and acquired epilepsy. 

 In Chapter III, in vitro cultured cell assays are utilized to electrophysiologically 

characterize both gain-of-function and loss-of-function mutations from patients with SCN8A 

encephalopathy.  In IIIa, recurrent gain-of-function mutations at CpG dinucleotide mutation 

hotspots arginine 1872 and 1617 are studied, as these mutations account for up 20% of all known 

to date.  Experiments in IIIa revealed that, while each mutation has slight differences, common 

pathogenic mechanisms can be found in the varying mutations.  These similarities include 

proexcitatory shifts in the properties of inactivation and a significant increase in the persistent 

sodium current.  

In Chapter IIIb, two loss-of-function SCN8A mutations from patients with intellectual 

disability and no seizures were characterized.  Both mutations, G964R and E1218K, 

demonstrated a complete loss of channel function with no detectable inward sodium current.  

While the E1218K seems to disrupt protein stability, the mechanisms by which the G964R 

mutation eliminates channel function remains unknown.   

Patients with EIEE13 often suffer from intractable epilepsy and patients that do achieve 

seizure control are often on an AED polytherapy.  Research describing the efficacy of clinically 

available AEDs is sparse and as a result it is often unclear which drugs should be used first and 

which should be avoided.  In Chapter IIIc, we first describe a novel gain-of-function SCN8A 

mutation, I1327V, which displays proexcitatory shifts in the properties of both activation and 
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inactivation. To expand on this characterization we also wanted to start to test the efficacy of 

clinically available AEDs on ameliorating the pathogenic physiology seen in the I1327V 

mutation. Recent studies have demonstrated that high doses of phenytoin significantly improved 

seizure control in 4 patients with gain-of-function SCN8A mutations (Boerma et al., 2015). To 

expand on this study, we tested phenytoin in vitro on the I1327V mutation with the hopes of 

better understanding how this drug alters mutant Nav1.6 physiology.  We discovered that 

phenytoin has preferential tonic and use-dependent block of I1327V channels over WT, and that 

phenytoin can reverse proexcitatory shifts in the properties of inactivation. We believe our work 

makes a strong argument for sodium channel blockers, specifically phenytoin, as the first 

treatment option for patients with gain-of-function SCN8A mutations. 

Moving forward, there are experiments that would greatly expand on the data presented 

in Chapter III.  First, the continuing electrophysiological characterization of gain-of-function 

SCN8A mutations is crucial for developing a better understanding of the disease. The phenotypic 

profile of an EIEE13 patient is hardly uniform, as each patient presents with a unique 

combination of symptoms that vary in severity.  For example, a patient carrying the V1592L 

mutations displays a relatively more mild phenotype with complete seizure control, whereas a 

patient with the R1617Q mutation displayed severe intellectual disability and intractable seizures 

until the occurrence of SUDEP at age 3 (Larsen et al., 2015). The more we study the physiology 

of EIEE13 mutations, the better we’ll understand the phenotypic spectrum seen in these patients.  

This will in turn allow clinicians to provide more efficacious, precise medicine that will improve 

seizure control and hopefully decrease the incidence of SUDEP. In addition to further mutant 

characterization, experiments testing the efficacy of clinical and experimental AEDs in in vitro 

culture cell assays will be imperative moving forward. Understanding how clinical AEDs alter 

mutant sodium channel physiology is the first step in figuring out which drugs are most 

efficacious in EIEE13 patients.  Additionally, testing experimental AEDs in in vitro assays will 

lay the foundation for the development of new, more promising therapeutic treatments for 

patients as well as provide crucial data for future clinical trials.  

In Chapter IV, we study hyperexcitability and aberrant sodium channel physiology in the 

mEC of a mouse model of SCN8A encephalopathy. To generate this novel mouse model, 

TALEN technology was used to knock-in the N1768D mutation. Mice heterozygous (D/+) and 

homozygous (D/D) for the mutant allele both recapitulate phenotypes seen in human patients 
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including seizures and SUDEP. In D/+ mice seizures begin in ~50% of mice at 8-16 weeks of 

age with the median age of death in seizing animals occurring around 14 weeks of age. In D/D 

mice a single, terminal seizure happens at around 3 weeks of age with motor impairments 

occurring leading up the event (Wagnon et al., 2015b).  At 3 weeks of age, we discovered that 

mEC layer II neurons from both D/+ and D/D mice display abnormal AP morphology and are 

hyperexcitable in response to somatic current injection steps and synaptic stimulations.  Driving 

this hyperexcitably in D/+ and D/D mEC neurons is proexcitatory alterations in sodium channel 

physiology. Specifically, we report a significant, dose-dependent increase in both persistent and 

resurgent sodium currents in D/+ and D/D mice in mEC layer II neurons. Additionally, we see 

proexcitatory shifts in sodium channel physiology, including a significant depolarizing shift in 

the properties of channel inactivation. 

Future experiments stemming from Chapter IV could occupy an entire dissertation alone. 

To start, further electrophysiological analysis of other brain regions and cell types are needed to 

fully grasp how the N1768D mutation produces pathological neural networks. Specifically, 

further studies could focus on how interneurons are altered in both D/+ and D/D mice or 

respiratory regions of brain stem could be studied as these areas have been hypothesized to play 

a significant role in the occurrence of SUDEP. Another question that needs to be answered in the 

future is why do both D/+ and D/D mice display neuronal hyperexcitability and altered sodium 

channel physiology at 3 weeks, when D/+ mice typically don’t start seizing until 8-16 weeks of 

age.  The dose-dependent increase in both persistent and resurgent sodium currents seen in D/+ 

and D/D mice may provide a possible answer. An increase in these currents past a certain 

threshold could potentially prime neuronal circuits to be permissive to the occurrence of 

spontaneous recurrent seizures. Interestingly, preliminary experiments studying persistent and 

resurgent sodium currents from 8 week old D/+ mice show that current amplitude is not 

significantly different from 3 week old D/D animals (Ottolini et al., unpublished data). Lastly, 

future pharmacological experiments utilizing the D/+ mice could vastly improve our knowledge 

of the efficacy of AEDs in EIEE13. In vivo experiments using D/+ mice could give us answers as 

to which AEDs, clinical or experimental, are most efficacious in decreasing seizure frequency 

and preventing SUDEP.  In vitro brain slice experiments will shed light on which drugs can 

effectively attenuate neuronal hyperexcitability and decrease persistent and resurgent sodium 

currents. 
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In Chapter V we move away from the genetically acquired EIEE13, and examine the role 

of Nav1.6 in the acquired TLE.  TLE is one of the most common forms of adult epilepsy and can 

be induced from a variety of etiologies. The DG and CA regions of the hippocampus have long 

been the primary areas of focus of research studying alterations in neuronal physiology and 

circuitry in the epileptic brain. In many ways this focus is warranted, as these regions are highly 

affected in TLE in terms of neuronal death and synaptic reorganization.  While the DG and CA 

regions receive the majority of the research attention, other regions of the temporal lobe are often 

overlooked.  The subiculum is one of these often understudied regions. As an output area of the 

temporal lobe, the subiculum is poised to play the crucial role of gatekeeper for synaptic 

transmission out of the hippocampus.  Additionally, the subiculum is comprised of a large 

population of endogenously bursting neurons that is believed to help increase the reliability of 

synaptic conduction and AP backpropagation (Staff et al., 2000).  These two features of the 

region make the subiculum vulnerable to epileptogenic induced hyperexcitability that will allow 

ictal activity to propagate out of the temporal lobe and into cortical and subcortical structures.   

In Chapter V we show that subiculum TLE neurons become hyperexcitable, showing a 

more robust bursting phenotype and an increase in response to somatic current injection steps 

and synaptic stimulation.  Additionally, subiculum neuron membrane properties are altered in a 

manner that is conducive to hyperexcitability. We hypothesized that alterations to sodium 

channel physiology play a crucial role in driving subiculum neuron hyperexcitability and that 

Nav1.6 in particular was a significant contributor to increased neuronal activity.  In agreement 

with this hypothesis, TLE subiculum neurons show increased persistent and resurgent sodium 

channel currents. This alteration would enable a more prominent bursting phenotype in 

conjunction with an increase in AP firing frequency.  We also observed pathogenic, 

proexcitatory shifts in sodium channel physiology in subiculum bursting neurons.  Specifically, 

we reported significant proexcitatory shifts in both the properties of activation and inactivation 

from TLE subiculum neurons. To test if Nav1.6 is responsible for facilitating subiculum 

hyperexcitability, we applied 4,9-ah-TTX to subiculum TLE neurons. Our results showed that 

inhibiting Nav1.6 in TLE subiculum neurons causes a significant decrease in neuronal 

excitability as well as attenuates the current amplitude of both persistent and resurgent sodium 

channel currents. We believe that this work is a significant contribution to the field because we 

believe we are one of few groups to thoroughly characterize subiculum neuron hyperexcitability 
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in TLE.  Additionally, we are first to implicate Nav1.6 directly in facilitating this increased 

neuronal excitability caused by TLE. 

Future experiments for Chapter V should aim to better understand alterations to the 

subiculum in TLE as well as further delineate the significance of Nav1.6 in driving network 

hyperexcitability in the disease. Additional in vitro experiments could be used to study 

alterations to other voltage-gated ion channels in the subiculum in TLE. Recent work has 

demonstrated the important role of T-type calcium channels, specifically Cav3.1, in the 

endogenous bursting phenotype of subiculum neurons (Joksimovic et al., 2017). Additionally, 

work in the neighboring CA1 shows that T-type calcium channels play a role in driving 

epileptogenesis and increasing the number of burst firing cells in TLE (Yaari et al., 2007). We 

hypothesize that similar proexcitatory alterations to T-type calcium channels occur in the 

subiculum. Furthermore, we believe that increased sodium channel and T-type calcium channel 

activity work in conjunction to drive neuronal and network hyperexcitability, similar to the 

“ping-pong mechanism of bursting” previously described by Yoel Yaari and colleagues (Yaari et 

al., 2007)     

 An increasing amount of evidence shows that proexcitatory alterations to Nav1.6 

throughout the hippocampus are a key facilitator of neuronal hyperexcitability in TLE. In light of 

these studies, future experiments stemming from Chapter V should also aim to target Nav1.6 in 

vivo through pharmacological intervention. Significant strides have recently been made to 

develop Nav1.6 selective blockers, with experimental compounds now being tested in basic 

science laboratories. Moving forward, in vivo experiments testing the efficacy of these 

compounds in reducing spontaneous recurrent seizures should be paramount. These experiments 

would not only provide crucial preliminary data for the development of future clinical AEDs, but 

it will also expand our knowledge on the importance of Nav1.6 in the initiation and propagation 

of spontaneous seizures in TLE. 

 Over 50 million people worldwide suffer from epilepsy and up to 30% of these patients 

do not respond to clinically available AEDs (WHO, 2018; Kwan and Brodie, 2000). The need for 

improved therapeutic interventions is crucial to ensure more patients experience a better disease 

prognosis as well as a superior quality of life. The foundation of new therapies stem from a better 

understanding of the disease that you are trying to treat.  The body of work contained in this 

dissertation has improved our knowledge of the role of the voltage-gated sodium channel Nav1.6 
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in multiple epilepsy disorders. By continuing to highlight the significance of this channel in 

driving pathogenic alterations to the CNS, we hope to further inspire the notion of Nav1.6 as a 

promising potential target for future therapeutic development.              
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