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ABSTRACT 
 

Epilepsy is one of the most common childhood neurologic conditions affecting roughly 

1% of children younger than the age of 15 years. Epileptic events that occur early in a child’s life 

can range in severity from ‘benign’ cases, where a child ultimately outgrows their seizures, to 

more severe cases with children suffering from drug-resistant seizures. In fact, there are over 50 

forms of early infantile epileptic encephalopathies (EIEE) caused by different genes, several of 

which are within voltage-gated sodium channels (VGSCs). The focus of this dissertation was to 

create a deeper understanding of the clinical and biological risk factors of developmental 

outcome in children affected by mutations within VGSCs. 

Closer examination of the similarities among VGSCs can reveal channel-specific 

sensitivities to mutations as well as common sensitivities that lead to childhood epilepsy. By 

analyzing patient and healthy variant distribution of three central nervous system VGSCs 

(NaV1.1, NaV1.2, and NaV1.6) I found that all three channels have a heightened sensitivity to 

variation from the voltage-sensing domain to the pore-forming domain. Channel-specific 

sensitivities were also found within the inactivation gate, responsible for fast inactivation of the 

channel, as well as the linker containing the selectivity filter, which is responsible for sodium ion 

permeation. These sensitivities are hypothesized to reflect the exact neuronal location of the 

channel and highlight key regions of interest for future studies. 

Once the pattern of variant distribution for SCN8A variants was established, I explored 

the phenotypic spectrum of patients. Like other childhood epilepsy disorders, the age at seizure 

onset, current seizure freedom, and febrile seizures were all found to be positively correlated 

with development in the SCN8A-cohort. Interestingly a clear distinction between children with a 
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single SCN8A variant and those with an additional reported variant was found, suggesting a 

possible modifying effect. The establishment of these characteristics is the first of its kind for 

SCN8A-specific epilepsy and will be the basis of future longitudinal research.  

Finally, in order to better study SCN8A-related epilepsy, we utilized a previously 

established mouse model and by backcrossing the mouse onto 3 different genetic backgrounds, a 

mouse colony was created that resulted in the first ever adult SCN8AN1768D D/D mouse as well as 

a SCN8AN1768D D/+ line that has an average 6-month survival of >90%. These models present a 

before unavailable commodity which would allow for drug-testing on a SCN8AN1768D D/D mouse 

after it had been weaned; as well as become a model for studying genetic interactions or 

modifiers to SCN8A, which could result in new therapeutic avenues.  
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INTRODUCTION 

Neuron Overview 

The body requires the transmission of electrical signals to process and transmit 

information throughout the body. Neurons have unique structural features that allow them to 

send and receive these signals and coordinate complex processes. The four common regions all 

neurons have are the soma, dendrites, axon, and axon terminals. Within the soma sits the nucleus 

which is the main site of neuronal protein and membrane synthesis. Dendrites come out of the 

soma and receive electrical signals from axon terminals of other neurons and transmit them 

towards the soma. In the central nervous system (CNS) the dendrites are very long and make up 

complex branches; this allows the neurons within the CNS to form synapses with lots of neurons, 

creating a highly connected network. Unlike dendrites, neurons only have a single axon which is 

connected to the soma at a junction termed the axon hillock. Axons are specialized to transmit a 

specific electrical signal called an action potential away from the soma to the axon terminals. 

Axon terminals are branches of the axon that form synapses with other cells and within the CNS 

one axon can synapse with many neurons.1  

 Action potentials are key to proper transmission of signals from the dendrites to the axon 

terminals. The action potential is made up of a series of voltage changes across the cell 

membrane. In a resting state the electric potential of the membrane is roughly -60mV with the 

inside of the membrane being negatively charged as compared with outside. The action potential 

begins with a rapid depolarization caused by an increase of sodium ion flow into the cell.2 This 

depolarization must pass the firing threshold that is controlled by voltage gated sodium, 

potassium, and calcium channels (Figure 1). Once passed the action potential depolarizes to 

+50mV due to the sodium influx by voltage gated sodium channels (NaV1.1, 1.2, and 1.6).2 
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Once this peak voltage is reached, the membrane then quickly repolarizes which is brought about 

by the opening of voltage gated potassium channels that release potassium ions to the outside of 

the membrane in order to lower the membrane potential.1,2 This results in a hyperpolarization of 

the membrane that brings the voltage below the resting state and during this, the cell is briefly 

unable to enter another action potential (Figure 1). The cell membrane then comes back to 

resting state and is able to ‘fire’ again. Action potentials move extremely quick and can move 

100 meters per second.1 Human axons can be multiple meters long and an action potential can 

travel the length of it within a few milliseconds.1  

The ability of the neuron to proper receive and pass along these action potentials is 

critical for proper function. Inability to do so can result in physical manifestations in an 

individual like seizures and epilepsy. One major component to proper action potential function is 

the voltage gated sodium channels responsible for the rapid depolarization of the cell membrane. 

The following review will focus solely on voltage gated sodium channels and the information 

that has been gathered so far on these channels. 

Location of channels  

The CNS expresses many of the sodium selective (NaV) isoforms, including NaV1.1, 1.2, 

and 1.6.9,10 NaV1.1 has been found to be located on dendrites, the soma of excitatory neurons, 

and the axon initiating segment (AIS) of fast-spiking parvalbumin-positive inhibitory neurons 

(Figure 2).9-12 Parvalbumin is a biomarker for forebrain GABAergic inhibitory neurons. Many 

studies have reported contradictory findings on whether NaV1.1 is expressed in hippocampal 

excitatory neurons.10 In any case, based on its location, NaV1.1 is believed to play a major role in 

controlling network excitability through the activation of inhibitory circuits.9 NaV1.2 is also 

located in dendrites, the soma, proximal AIS, as well as in axons of unmyelinated neurons 
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(Figure 2).9,12 NaV is predominantly expressed in the neocortex and hippocampus in excitatory 

neurons, but has also been reported in somatostatin-positive inhibitory interneurons.10 NaV1.6 is 

highly expressed in the CNS, and is located in the distal AIS in both excitatory and inhibitory 

neurons (Figure 2).9,11 NaV1.6 has also been expressed in clusters in dendrites and in the soma.12 

During development NaV1.2 is replaced by NaV1.6 at the nodes of Ranvier, which is responsible 

for controlling the initiation and propagation of action potentials.9 Additionally, since NaV1.2 is 

separated from NaV1.6 at the AIS, it is believed that NaV1.2 controls back propagation of signal 

while NaV1.6 controls the forward initiation of the action potential.12,13 Both NaV1.1 and 1.6 are 

present in the peripheral nervous system (PNS). NaV1.6 is again located at the nodes of Ranvier 

in both myelinated and unmyelinated neurons and has been shown to be a key player in 

controlling burst firing in dorsal root ganglion neurons.9 It is thought that NaV1.1 channels help 

to propagate signals from the dendrites to the soma, while NaV1.2 and 1.6 are responsible for the 

action potential conductance along the axon.11 

Evolutionary history  

Phylogenetic analysis of voltage-gated sodium channels has uncovered interesting 

evolutionary findings. Pseudotetrameric channels (i.e. sodium selective (NaV), calcium selective 

(CaV), and nonselective (NALCN) channels), have been found in animals, fungi, oomycetes, and 

protists; however, these channels are absent from green plants.3 This implies that protists are a 

common ancestor to pseudotetrameric channels.3 Additionally, when these channels were 

examined and compared for their transmembrane similarity, it was found that each of these 

channels had a distinct sequence motif in its selectivity filter.3 In fact, the history of ion 

selectivity within the NaV channel has been widely debated and two models have emerged. The 

first model suggests that the common ancestor was calcium selective and the sodium selectivity 
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was acquired independently.3 The second model suggests that the common ancestor was sodium 

selective and then the calcium selectivity was acquired independently.3 Based on phylogenetic 

analysis of the channels and ancestor sequence reconstruction, the first scenario is the most 

credible.3 This evolutionary history resulted in a NaV sequence profile that is very different from 

potassium selective channels (K).3 Despite the low sequence similarity between NaV and K, the 

structure between the two are very similar, yet this similarity does not mean that the molecular 

mechanism of the two channels is similar.3  

NaV structure  

NaV channels are responsible for the initiation and propagation of action potentials and 

are specialized for electrical signaling. NaV channels are made up of an alpha and beta subunit. 

The alpha subunit is made up of roughly 2,000 amino acids while the beta subunits are much 

smaller.4 The beta subunits are part of the immunoglobulin domain family of cell-adhesion 

molecules and are known to modify the properties of the alpha subunit.16 There are nine NaV 

channels, which are numbered from 1 to 11 (Table 2). For the purpose of this review I will focus 

on NaV1.1, 1.2 and 1.6. Both NaV1.1 and 1.2 are located on chromosome 2 while NaV1.6 is 

located on chromosome 12. When examining the chromosomal location of the genes, the alpha 

subunits can be mapped to chromosomal segments that included the HOX gene clusters.4,5 

NaV1.1 and 1.2 mapped to the HOXD cluster while NaV1.6 mapped to the HOXC cluster.5 

Each channel is made up of four transmembrane domains (I-IV) which are connected via 

intracellular loops (Figure 3). Each domain is then made up of 6 transmembrane segments 

consisting of a voltage-sensing domain (VSD - S1-S4), and a pore-forming domain (PD - S5-S6) 

(Figure 3). Segments 1-3 of the VSD create a chamber for S4.6,7 A large contributor to the 

flexibility of the VSD is due to the movement of positively charged residues positioned along the 
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S4 helix.7 Once the membrane has become depolarized, S4 moves outward and displaces the 

charge.6 Once the membrane becomes repolarized, the S4 segments return to their original 

position.7 Each S4 region in domains I-III have been closely linked so that the displacement of a 

S4 segment in one domain increases the chance that the others will move as well.6,7 The S4 in 

domain IV has been implicated to participate in inactivation. 6,7 The S4-S5 linker connects the 

VSD to the PD and is believed to convey the movement of S4 to the PD. 6 Once S4 moves, this 

results in the PD opening in an “iris-like” manner allowing ions to flow through. 6 The PD 

consists of segments 5 and 6 from each domain which creates the lining of the ion pore.  6 An 

amino acid within the S5-S6 linker from each domain (aspartate, glutamate, lysine, and alanine 

respectively) forms the selectivity filter which is highly conserved for each NaV channel and 

forms the narrowest part of the pore (Figure 3). 6,7 Lysine and glutamate are key amino acids that 

distinguish the channel as sodium penetrant instead of potassium.14 Additionally there is an 

activation gate which consists of a hydrophobic amino acid residue in S6 from each domain.7 

The exact location of these residues is not known for all NaV channels, however it is 

hypothesized that it is forms a small intracellular cavity responsible for regulating access to the 

NaV pore.7  

There are also regions that regulate inactivation which include the N-terminus, C-

terminus, and the inactivation gate (DIII-DIV). 6,7,8 Voltage-gated sodium channels have two 

methods of inactivation, fast and slow.6 The inactivation gate forms a ball and connects to a 

receptor on segments 4-6 in domains III and IV.8 This type of inactivation is completed very 

quickly and is key to the high-firing rate typically seen in NaV channels.8 The slow inactivation 

of the channel involves the selectivity filter and conformational changes to this filter which 

regulates the sodium availability for subsequent depolarizations.8 Additionally, movement of S4, 
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from domains III and IV, back into the membrane after small membrane depolarization can 

result in fast inactivation.8 Losing the fast inactivation mechanism can create “persistent” 

current.8 These persistent currents are not strong enough to activate the channel but are important 

in the amplification of small depolarizing signals.8 NaV channels also have “resurgent” current 

which is just reactivation of the channel after it was closed.8 In this state the pore remains open 

and only closes after repolarization, and a rapid repolarization can cause the pore to shift back to 

an open state. 8 These resurgent currents are seen only in neurons and have been linked to severe 

neurological and cardiac arrhythmias for NaV channels. 8 NaV1.6 is known to produce resurgent 

current in the central and peripheral nervous system through interactions with beta subunits.9 

Phenotype of NaV mutations  

With sodium channels being expressed in key areas of the neuron and being involved in 

processes that regulate or modulate the firing of neurons, it is no surprise that variants within 

these channels can lead to disease. Mutations in these channels can lead to a gain-of-function 

outcome, where the channel does not completely inactivate and generates a persistent sodium 

current.9 Mutations can also lead to a loss of function of the channel leading to a lower 

expression of the channel at the cell membrane.9 NaV1.1 mutations have a spectrum of 

phenotypes including generalized epilepsy with febrile seizures plus (GEFS+) and Dravet 

syndrome.9,10 GEFS+ are febrile seizures that continue past the age of 6 with variable seizure 

types and follow an autosomal-dominant inheritance.10 Dravet syndrome is more severe, with 

intractable early-onset epileptic encephalopathy (EOEE) presenting with early age at seizure 

onset, intellectual disability, ataxia and increased risk of sudden unexplained death in epilepsy 

(SUDEP).10 Additionally some patients with Dravet syndrome also present with autism, 
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hyperactivity, and impulsiveness.8,10 NaV1.1 mutations make up roughly 10-20% of all GEFS+ 

patients and 80% of Dravet syndrome patients.10  

While the majority of the GEFS+ mutations are inherited, the Dravet syndrome mutations 

are mostly de novo with two-thirds of the mutations being truncation mutations (i.e. nonsense or 

frameshift).10 The location of the mutations, both in GEFS+ and Dravet syndrome, occur along 

the channel and have not been found to be centralized to a particular region.10 In-vitro research 

on NaV1.1 GEFS+ mutations have shown illusive findings with some studies reporting an 

increased activity of the channel leading to neuronal excitability while others reported reduced 

activity.10 Similarly, Dravet syndrome nonsense and missense mutations have shown both 

reduced sodium currents as well as noninactivating channel activity.10 Researchers have 

concluded that the functional effects of the above mutations would likely lead to loss-of-

function; where GEFS+ results from partial or intermediate loss-of-function, while Dravet 

syndrome results in complete loss-of-function leading to haploinsufficiency of the channel.10  

NaV1.2 also has a spectrum of phenotypes including GEFS+.9,10 Additionally, NaV1.2 

mutations have also been associated with benign familial neonatal-infantile seizures (BFNIS); 

which are seizures that present in infants but are outgrown within the first year of life.9,10 Since 

NaV1.2 channels in the AIS are replaced by NaV1.6 channels during development, patients with a 

gain of function mutation in NaV1.2 typically outgrow their seizures during development.9 A few 

de novo NaV1.2 mutations have also been reported as having severe phenotypes, characterized by 

intractable epilepsy, severe intellectual disability, autism, sporadic infantile spasm (West 

syndrome), and neonatal epileptic encephalopathy with suppression burst (Ohtahara 

syndrome).10 In fact, NaV1.2 mutations account for 13% of Ohtahara syndrome patients.10  
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The majority of reported NaV1.2 mutations have been missense; however, truncation 

mutations do exist for this channel. For example, a truncation mutation had been reported in a 

patient with Lennox-Gastaut syndrome presenting with intractable epilepsy, severe intellectual 

disability, and autism.10 Interestingly, patients with a NaV1.2 mutation that present with epilepsy 

syndromes (BFNIS and EOEEs) are made up of mostly missense mutations while those 

presenting with autism (with or without later-onset epilepsy) are usually associated with 

truncation mutations.10 In-vitro patch clamp work on four NaV1.2 missense mutations known to 

cause BFNIS found both positive and negative shifts in the activation curve leading to 

hyperexcitability, as well as positive shifts to the activation and inactivation curves leading to an 

inconclusive effect on excitability.10 These mutations also increased sodium currents leading to a 

hyperexcitable state.10 Additional studies on other BFNIS mutations displayed impaired fast 

inactivation and decreased overall channel availability leading to a net loss in channel function.10 

Few studies however have been conducted on NaV1.2 mutations leading to EOEEs, and their 

results are just as ambiguous. One mutation presenting with infantile spasms displayed 

augmented and reduced channel activies.10 Another mutation leading to Ohtahara syndrome 

resulted in a hyperpolarizing shift in activation which was suggestive of augmented channel 

function.10 Both groups of mutations led to functional consequences that can be binned into 

either a gain- or loss-of-function and this may be the reason behind the spectrum of phenotypes. 

Since the NaV1.2 patients with autism have truncation mutations it is possible that the functional 

consequence for these mutations is haploinsufficiency of the protein much like NaV1.1.10  

NaV1.6 mutations have been associated with epileptic encephalopathy type 13, which 

presents with variable seizure onset between 0 to 18 months, intellectual and developmental 

delay, ataxia, progressive encephalopathy, and SUDEP.8,9,14 Mutations in the NaV1.6 channel can 
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lead to both gain- and loss-of-function mutations however in both cases they cause neuronal 

hyperexcitability.8 While mutations occur along the length of the protein, mutations of charged 

residues in all domains has been reported to affect activation and mutations in the S4 segment of 

domains I and IV had an effect on fast inactivation.14 Reports of NaV1.6 mutations associated 

with intellectual disability without seizures have also been made. An inherited loss-of-function 

mutation (P1719RfsX1724) was identified in a patient without seizures; this patient had 

intellectual disability, pancerebellar atrophy, and ataxia.15 Additionally, a de novo mutation 

(D58N) was discovered in a patient with developmental delay, autism spectrum disorder, anxiety 

and cerebral atrophy, yet no seizures.15  

There have also been numerous reports on recurrent mutations occurring within SCN8A 

(Table 3). Table 3 includes mutation information from published work and the SCN8A-online 

community website and displays 24 recurrent variant positions. From this it is quite clear that 

recurrent mutations occur along the entire length of the channel starting in domain I segment 4 

and ending in the C-terminus. A developmental scale was interpreted for published variants 

based on the scale utilized by Encinas et. al.17 From this scale it appears that some recurrent 

mutations have a consistent developmental phenotype (e.g. p.Arg223Gly/Ser, 

p.Arg850Gln/LeuGlu, p.Ile1479Val, etc.) while others aren’t as consistent and show a much 

more variable phenotype. For example, the p.Ala874Thr mutation, which has been collected 

through the SCN8A-registry, show both a mild and a severe developmental outcome. 

Additionally, there is a wide variety in the seizure onset for this mutation (ranging from 8 weeks 

to 9 months) and the seizure type for this mutation also varies among individuals. Two 

individuals (#31 and #6) both have acquired little to no skills and aren’t verbal, however one 

child (#136) has acquired almost all their skills on time and their language is only slightly 
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delayed yet still learned. Another example of this variability comes from one of the most 

recurrent mutations, p. Gly1475Arg. Previously reports show a phenotypic outcome ranging 

from mild to severe in children with these mutations, while the SCN8A-registry data shows the 

phenotypic outcome ranging from mild to moderate. Again the seizure type varies among all 

children with the p.Gly1475Arg mutation, and seizure onset doesn’t appear to correlate with a 

better developmental outcome. Also of note, at position 1872, multiple amino acid substations 

have been shown to be recurrent as well. Again we see variability in the developmental outcome 

of children, not only with a mutation at 1872, but also within the specific amino acid change. The 

overall variability of recurrent mutations combined with the already noted phenotypic spectrum 

of SCN8A informs us that the position of the mutation itself is not the determining factor for 

phenotypic outcome. This suggests that developmental outcome must be influenced by other 

factors which may be unique to each child (e.g. other genetic variants, current 

treatments/therapies, etc.).   

SCN8A mouse model  

In-vivo mouse models have been constructed for sodium selective channels to better 

understand the consequence of NaV channel mutations. The NaV1.1 mouse model showed that 

deleting the last exon encoding domain IV resulted in a heterozygous mouse expressing half the 

amount of normal protein.10 Additionally this mouse suffered from spontaneous seizures and 

died after postnatal day 21.10 Patch-clamp work showed that the hippocampal neurons of this 

mouse had reduced sodium current in inhibitory neurons but not in excitatory neurons.10 Another 

mouse model contained a nonsense mutation (R1407X) which had similar findings to the 

previously mentioned mouse and supported the haploinsufficiency hypothesis for NaV1.1 

mutations.10 Sudden death in heterozygous or homozygous NaV1.1 mice were reported 
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immediately following a generalized tonic-clonic seizure and ictal bradycardia.10 Interestingly, 

there have been reports of possible genetic or environmental factors found to modulate the 

severity of phenotype in NaV1.1 mice. A mixed C57Bl/6 (75%) and 129 (25%) NaV1.1 mouse 

resulted in premature lethality at one week for 25% of the mice which was not seen in the 129 

dominant mixed background (C57BL6=25%; 129=75%).8 Also, mice on a pure 129/SvJ 

background were found to have fewer seizures and less premature deaths than those on a pure 

C57Bl/6 background.10 An Scn8a mutation was also found to modify the severity of NaV1.1 

premature lethality and extend the lifespan of the NaV1.1mouse.10 Modifiers of NaV1.1 have also 

been shown to include Scn9a, POLG, CACNA1A, CACNB4.10  

A NaV1.2 knockout mouse model was produced and the mice produced appeared, 

visually, the same as wildtype littermates but died perinatally with severe hypoxia and neuronal 

apoptosis in the brainstem.10 Heterozygous mice displayed no seizures and had no 

abnormalities.10 Patch clamp recordings of homozygous mice showed severe reduction of 

sodium currents.10 Another NaV1.2 mouse model was created with a gain-of-function mutation, 

and this mouse did show signs of tremors and displayed some behavioral abnormalities.10 This 

difference in phenotypes may mirror that of the human condition where patients with a truncated 

mutation show no signs of epilepsy but do have autism, while those with a gain-of-function 

missense mutation display a range of epileptic syndromes.  

Numerous NaV1.6 mouse models have been constructed and a majority of these models 

display movement disorders (i.e. tremor, ataxia, hindlimb paralysis).15 These disorders are seen 2 

weeks postnatally, which coincides with when NaV1.6 replaces NaV1.1 and NaV1.2 at the AIS 

and nodes of Ranvier.15 By the third week, homozygous knockout NaV1.6 mice have seizure 

progression and die.15 Mice with a NaV1.6 protein truncation mutation mimic the homozygous 
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knockout phenotype described above.15 Partial loss-of-function NaV1.6 mice have movement 

abnormalities as well as tremors, muscle weakness and dystonia. Patch-clamp analysis of these 

mice found a depolarizing shift in channel activation resulting in impaired cell firing and 

cerebellar ataxia.15 Heterozygous mice with partial loss-of-function NaV1.6 mutations have 

milder symptoms with disrupted sleep and higher anxiety.15 These mice have been shown to 

suffer from absence-like seizures.15 The most well-studied NaV1.6 gain-of-function mutation 

(N1768D) in mice closely resembles the patient phenotype. The heterozygous mouse presents 

with spontaneous seizures around 2-4 months and ataxia and progression of SUDEP within one 

month.15 Homozygous mice follow a similar pattern as the knockout mice described above, with 

seizure onset occurring at 3 weeks of age and soon after SUDEP.15  

Conclusion  

Properly functioning NaV channels are extremely important for initiation and propagation 

of action potentials. While much is known about the relative structure and function of the 

channels, there are still concepts that remain unknown. For example, there has been no research 

conducted to analyze the frequency or patterns of variant distribution within the NaV channels. 

This would shed light on common and unique features for the channels that may provide insight 

on how these channels result in a spectrum of phenotypes. Another area in the literature that 

requires further investigation is the effect that a SCN8A variant has on a child’s 

neurodevelopment progression. While it is known that children with an SCN8A variant are likely 

to fall within a spectrum from mildly to severely affected, it is still unknown whether or not 

certain variables (e.g. age at seizure onset, number of anti-epileptic drugs, presence of febrile 

seizures, etc.) play any role in an SCN8A child’s progression. Additionally, there has been 

previous reports of NaV1.1 modifiers in a mouse model that affected the lethality of the variant; 
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however, this has not been investigated/reported in the NaV1.6 mouse model. My research, and 

subsequent chapters will focus on these three areas to increase the understanding and knowledge 

of NaV mutation consequence.  
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Figures 
 

Figure 1. The role of different ion channels in the action potential generation courtesy of Barker 

et al.1 Abbreviations: TASK – TWIK-related acid-sensitive K+ channel, TREK – TWIK-related 

K+ channel, Kv – potassium selective, Cav – calcium selective, KCa – calcium activated 

potassium channels. 
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Figure 2. Distribution of NaV channels along the neuron courtesy of Duménieu et al.12 NaV 

channels are densely aggregated around the axon initiating segment (AIS) and nodes of Ranvier. 

The AIS and a portion of the axon are examined closer in the pop in box, which displays the 

different expression pattern for myelinated pyramidal cells as well as other cases which include: 

retinal bipolar cells, retinal ganglion cells, parvalbumine-positive interneurons, Purkinje cells 

and spinal cord motoneurons. 
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Figure 3. Simplified diagram of NaV channel structure. S1-3 of the VSD are displayed in white, 

while S4 of the VSD is shown in yellow. The PD segments are shown in green. The S4-S5 linker 

is displayed in orange and the inactivation gate is shown in red. Blue dots represent the relative 

position of the amino acids that form the selectivity filter (DEKA).  
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Tables 
 

Table 1. List of Abbreviations: 

NaV Sodium-selective 
K Potassium-selective 

VSD Voltage-sensing domain 
PD Pore-forming domain 

CNS Central nervous system 
AIS Axon initiating segment 

GEFS+ Generalized epilepsy with febrile seizures 
plus 

EOEE Early-onset encephalopathy 
SUDEP Sudden unexplained death in epilepsy 
BFNIS Benign familial neonatal-infantile seizures 

  



28 
 

Table 2. List of voltage-gated sodium channels courtesy of Widmark et. al.2  
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Table 3. List of currently known recurrent variants for SCN8A in both the literature and from 

the SCN8A survey and registry. Developmental scale was calculated based on work by Encinas 

et al. 201917 where if a child was thought to have less than 50% of milestones reached they were 

determined to be severe, >50-75% moderate, and >75% mild. Given that each publication 

referenced used their own scale and reported on different variables this was scale was estimated 

based upon the information provided in the publication. Any mutations listed have proper 

approval in place for their release and publication. 

Abbreviations: d= day; w= week; m=month; y= year; sz=seizure; Unk=unknown 
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cds 
position 

Amino acid 
change (3-

letter) 

Protein 
domain 

Developmental 
Scale Sex Pregnancy 

Length 
(weeks) 

Sz 
Onset SZ Types EEG Development 

Motor 
Development 

Speech and 
Language 

Passed 
(age) Source 

c.667A>G p.Arg223Gly DIS4 Severe M Unk Unk 2 m    Can sit and has 
head control 

No speech  Survey (74) 

c.667A>G p.Arg223Gly DIS4 Severe F Uneventful 41 6 m 

Flexor 
spasms, tonic 

seizures, 
clonic 

seizures 

Showed 
epileptic 

encephalopathy 
then evolved to 
hypsarrhythmia 

Severe ID No walking at 
age 3 

No speech at 
age 3 

 de Kovel 2014 

c.669G>C p.Arg223Ser DIS4 Severe F Uneventful 39 3 m       Registry (44) 

               

c.718A>C p.Ile240Leu DI S4-S5 Severe F Uneventful 39 2 m 

Clonic, Tonic, 
myoclonic, 

absence 
seizures 

     Registry (32) 

c.718A>G p.Ile240Val DI S4-S5 Severe F Complicated 38.1 In 
utero 

Clonic and 
absence 
seizures 

Revealed 
continuous 

    
McNally 

2016/ 
Registry (29) 

               

c.1228G>C p.Val410Leu DIS6 Severe M Unk Unk 4 m 
Epileptic 
spasms 

Hypsarrhythmia 
in the posterior 
regions during 

sleep 

Severe ID 
Loss of eye 

contact 
None  

Larsen 
2015/Gardella 

2018 

c.1228G>C p.Val410Leu DIS6 Severe M Uneventful 38 6 m 
Infantile 
spasms   

Couple of 
motor skills 

learned 
No speech  Registry (36 

               

c.1588C>T p.Arg530Trp DI-DII Severe F Unk Unk 4 m 

Infantile 
spasms that 

progressed to 
Lennox-
Gastaut 

syndrome 

 
Abnormal 

development in 
first 6 m 

Severe 
regression 

Severe 
regression 

 Olson 2015 

c.1589G>A p.Arg530Gln DI-DII Mild F Uneventful 39 6 m 

Focal and 
tonic-clonic 

and 
secondarily 
generalized 

seizures 

  

Acquired most 
age-

appropriate 
milestones on 

time 

Acquired 
age-

appropriate 
language 

skills on time 

 Registry (117) 
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c.2287A>G p.Ile763Val DIIS1 Moderate M Unk Unk 4 m 
Generalized 
tonic-clonic 

seizures 

Mild 
generalized 

slowing of the 
background 

with rare left 
frontal 

epileptiform 
discharges 

Developmentally 
delayed  

Especially 
delayed  Butler 2017 

c.2287A>G p.Ile763Val DIIS1 Mild F Uneventful 42 
2 

years 
Tonic-clonic 

seizures   

Achieving 
milestones 

almost all on 
time 

Speech 
delayed  Registry (8) 

c.2287A>G p.Ile763Val DIIS1 Moderate F Uneventful 36 In-
utero 

Tonic-clonic 
seizures 

  
Achieving 

milestones 
Achieving 

milestones 
 Registry (38) 

c.2287A>G p.Ile763Val DIIS1 Mild M Uneventful 38 2 m Tonic-clonic 
seizures 

  
All milestones 

achieved 
Speech 
delayed 

6y 11 
m 

Registry (69) 

               

c.2300C>T p.Thr767Ile DIIS1 Severe M Unk Unk 
1.25 

m Focal seizures Abnormal Severe ID No eye contact None 23 m Gardella 2018 

c.2300C>T p.Thr767Ile DIIS1 Severe Unk Uneventful Unk 2 w 

Tonic, 
myoclonic 
and rarely 

tonic-clonic 
seizures 

Multifocal 
epileptiform 
activity with 

normal 
background 

Profound 
developmental 

delay and ID 

Cannot roll 
over, has 

complete head 
lag, and does 

not track 

  Estacion 2014 

               

c.2518C>T p.Leu840Phe DII S3-S4 Severe  

Bleeding 
and clots 

throughout 
first 

trimester 

39 4 w 

Tonic, tonic-
clonic, simple, 
complex, and 
secondarily 
generalized 

seizures 

  
Few skills 
acquired 

Most speech 
skills 

acquired 
 Registry (110) 

c.2519T>C p.Leu840Pro DII S3-S4 Severe F Uneventful 42 6 w 
Tonic-clonic 
seizures and 
myoclonus 

  
Few skills 
acquired 

Few skills 
acquired 

 Registry (71) 
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c.2534C>T p.Ser845Phe DIIS4 Severe F Gestational 
diabetes 

39 3 m 

Tonic, 
absence, and 
tonic-clonic 

seizures 

  
About half of 
skills acquired 

- delayed 

Roughly 1/3 
of speech 

skills 
acquired - 
delayed 

 Registry (30) 

c.2533T>C p.Ser845Pro DIIS4 Mild M Uneventful 41 N/A 
No seizure 
witnessed 

Left central 
temporal lobe 

misfiring- 
almost constant 

slow wave 
during sleep 

Delayed - low IQ 
Most skills 
acquired 

All skills 
acquired 

 Registry (33) 

               

c.2549G>A p.Arg850Gln DIIS4 Severe F Unk Unk 4 m 

Focal and 
secondary 

generalized 
tonic-clonic 

seizures 

Paroxysmal low 
amplitude beta 

activity, 
moderate and 
high amplitude 

spike 
frequently 

during awake 
and sleep 
periods 

Moderate to 
Severe ID 

None   Kong 2015 

c.2549G>A p.Arg850Gln DIIS4 Severe F Unk Unk 2.5 m 

Partial 
seizures, and 
generalized 
tonic-clonic 

seizures 

 Moderate to 
Severe ID 

   Zhang 2017 

c.2549G>A p.Arg850Gln DIIS4 Severe F Uneventful Unk 5 w 

Generalized 
tonic-clonic 
and simple 

partial 
seizures 

  Few skills 
acquired 

No speech  Registry (118) 

c.2549G>A p.Arg850Gln DIIS4 Severe M Unk Unk 4 m 

Absence, 
tonic-clonic 
and simple 

partial 
seizures 

  No head 
control 

No speech  Survey (28) 

c.2549G>A p.Arg850Gln DIIS4 Severe M Unk Unk 4 m Simple Partial 
seizures 

  No head 
control 

No speech  Survey (65) 

c.2549G>A p.Arg850Gln DIIS4 Severe M Unk Unk 2 m 

Absence, 
tonic-clonic 
and partial 

seizures 

  
No head 
control No speech  Survey (7) 

c.2549G>A p.Arg850Gln DIIS4 Severe F Unk Unk 5 m 

Tonic, clonic, 
tonic-clonic, 

atonic, 
absence 

seizures, and 
myoclonus 

  
No head 
control No speech  Survey (36) 
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c.2549G>A p.Arg850Gln DIIS4 Severe F Unk Unk 5 m Tonic-clonic 
seizures 

  No head 
control 

No speech  Survey (71) 

c.2549G>T p.Arg850Leu DIIS4 Severe F Unk Unk 5.5 m Focal , spasm-
like episodes, 

Background 
slowing, 

blending of 
polymorphic 

delta and beta 
activity and 

multifocal spike 
and waves 

Severe ID No eye contact No speech  Gardella 2018 

c.2549G>A p.Arg850Glu DIIS4 Severe M Unk Unk 3 m 
Focal and 
myoclonic 
seizures 

Generalized 
high amplitude 
multispeed and 

slow waves 

Severe ID Head control 
at 2y 4m 

  Wang (2017) 

               

c.2620G>A p.Ala874Thr DII S4-S5 Severe F Uneventful 38 4 m 

Tonic and 
secondarily 
generalized 

seizures 

  
Unable to 

grasp No speech  Registry (31) 

c.2620G>A p.Ala874Thr DII S4-S5 Mild F Uneventful 39 9 m 
Clonic and 

febrile 
seizures 

  

Almost all 
motor skills 
acquired on 

time 

Language 
skills slightly 

delayed 
when 

acquired 

 Registry (136) 

c.2620G>A p.Ala874Thr DII S4-S5 Severe M Unk Unk 8 w 

Tonic, clonic, 
tonic-clonic 

seizures, 
myoclonus 
and partial 

seizures 

  
No head 
control No speech  Survey (6) 

               

c.2642T>C p.Val881Ala DIIS5 Moderate M Uneventful 39 5 m 

Infantile 
spams, tonic, 

and atonic 
seizures 

Jackknife 
motion and 

hypsarrhythmia 
 

Motor skills 
learned yet are 

significantly 
delayed 

No speech  Registry (23) 

c.2642T>C p.Val881Ala DIIS5 Moderate M Unk Unk 6 m 

Clonic, atonic, 
myoclonic, 

absence, and 
simple partial 

seizures 

  

No manual 
dexterity but 

can sit without 
support 

No speech  Survey (10) 

               

c.2668G>A p.Ala890Thr DIIS5 Severe M Unk Unk 11 m 

Febrile and 
afebrile 
seizures, 

generalized 

During sleep 
frequent 
bilateral 

temporal high 

Severe ID 

Run at 2 y but 
has trouble 

with fine 
motor control 

  Kong 2015 
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tonic-clonic 
seizures 

amplitude 
sharp and 

sharp-wave 
complexes 

(interictal EEG 
normal at 11 m) 

c.2668G>A p.Ala890Thr DIIS5 Moderate F Unk Unk 9 m 
Bilateral 

clonic with 
cyanosis 

Normal Moderate ID  
Speaks 

single words  Larsen 2015 

c.2668G>A p.Ala890Thr DIIS5 Moderate F Unk Unk 1.5 m 

Tonic, tonic-
clonic, atonic, 

myoclonic, 
absence, and 

complex 
partial 

seizures 

  
Able to sit and 

walk No speech  Survey (46) 

               

c.2671G>A p.Val891Met DIIS5 Mild M Unk Unk 6 m Focal seizures 

Normal EEG at 
6m and a 
boundary 

condition at 1y 
6m 

Normal Walk at 1y 4m   Wang 2017 

c.2671G>A p.Val891Met DIIS5 Mild F Unk Unk 2 m Unk   Able to walk No problems 
with speech 

 Survey (47) 

               

c.4351G>A p.Gly1451Ser DIIIS6 Mild M Unk Unk 18 m 
Tonic-clonic 
and absence 

seizures 
 

Moderate to 
severe DD 

Walking at age 
6 y 

First words 
at age 6 y  

Blanchard 
2014 

c.4351G>A p.Gly1451Ser DIIIS6 Mild F Uneventful 36 1 d Absence 
seizures 

  

Most age 
appropriate 
skills have 

been acquired 

Most age 
appropriate 

language 
skills have 

been 
acquired 

 Registry (63) 

               

c.4397A>C p.Asn1466Thr DIII-DIV Severe F Unk Unk 3 m 
Prolonged 

tonic-clonic 
seizure 

Multifocal 
spikes with 

bilateral 
discharges 

Severely delayed 
with profound 

ID 
Delayed   Ohba 2014 

c.4398C>A p.Asn1466Lys DIII-DIV Severe M Unk Unk 3 d 
Tonic-clonic 

seizures 

Irregular poly-
spike and slow 

wave 
complexes 

Severely delayed 
ID Delayed   Ohba 2014 
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c.4398C>A p.Asn1466Lys DIII-DIV Severe M Uneventful 38 1 d 

Tonic, tonic-
clonic, partial, 
and epileptic 

spasms 

  
No visual 
tracking No speech  Registry (122) 

               

c.4423G>A p.Gly1475Arg DIII-DIV Moderate M Unk Unk 4 m 

tonic, focal 
seizures, 

generalized 
tonic-clonic 

seizures 

 Moderate ID  Speech delay  Gardella 2018 

c.4423G>A p.Gly1475Arg DIII-DIV Moderate M Unk Unk 6 m 
Tonic-clonic 

seizures  Moderate ID Motor delay Speech delay  Gardella 2018 

c.4423G>A p.Gly1475Arg DIII-DIV Severe F Unk Unk 4.5 m 
Asymmetric 

tonic to clonic 
seizures 

Normal 
Moderate to 

Severe ID 
Interim eye 

contact No speech  Gardella 2018 

c.4423G>A p.Gly1475Arg DIII-DIV Severe F Unk Unk 4 m 
Focal and 

generalized 
seizures 

Boundary 
condition Severe ID 

Head control 
at 2y 5m   Wang 2017 

c.4423G>A p.Gly1475Arg DIII-DIV Mild M Uneventful 
Full 

Term 7 m 
Generalized 

tonic seizures 
and cyanosis 

Normal  
Mild to 

moderate 
delay 

Mild to 
moderate 

delay 
 Hussain 2016 

c.4423G>A p.Gly1475Arg DIII-DIV Mild M 
Increased 

fluid in third 
trimester 

40 5 m 

Tonic-clonic, 
complex 

partial and 
secondary 

generalized 
seizures 

  
Most motor 
skills learned 

Most 
language 

skills learned 
on time 

 Registry (6) 

c.4423G>A p.Gly1475Arg DIII-DIV Moderate M Gestational 
Diabetes 

36 4 m 

Tonic-clonic, 
tonic, atonic, 

absence, 
simple and 

complex 
partial 

seizures, and 
epileptic 
spasms 

  

Later learned 
milestones 

delayed or not 
achieved 

Later 
learned 

language 
skills not 
acquired 

 Registry (42) 

c.4423G>A p.Gly1475Arg DIII-DIV Mild F 

Umbilical 
cord 

wrapped 
around neck 

39 4 m 
Tonic and 

tonic-clonic 
seizures 

  

All skills 
acquired some 

slightly 
delayed 

All language 
skills learned 

 Registry (48) 

c.4423G>A p.Gly1475Arg DIII-DIV Mild M Breech 40 10 m 

Complex 
partial and 
secondary 

generalized 
seizures 

  
Most motor 
skills learned 

Most 
language 

skills learned 
on time 

 Registry (51) 

c.4423G>A p.Gly1475Arg DIII-DIV Moderate F Unk Unk 4 m 
Tonic-clonic 

seizures   
Child can sit 

and walk No speech  Survey (64) 
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c.4435A>G p.Ile1479Val DIII-DIV Moderate F Unk Unk 1 d Tonic seizures 

Temporo-
occipital 

slowing with 
rhythmic theta-
delta activity, 

sporadic spike-
wave in the left 

temporal 
region 

Moderate ID    Larsen 2015 

c.4435A>G p.Ile1479Val DIII-DIV Moderate M Uneventful 40 1 d 

Tonic, clonic, 
and tonic-

clonic 
seizures 

  

No delay with 
gross motor 
skills, other 
motor skills 

delayed 

No speech  Registry (46) 

               

c.4472C>T p.Ala1491Val DIII-DIV Severe F Unk Unk 3 w Tonic seizures Normal Severe ID No eye contact No speech  Gardella 2018 

c.4472C>T p.Ala1491Val DIII-DIV Severe M Unk Unk 1 m 
Tonic and 

tonic-clonic 
seizures 

 Severe ID No eye contact No speech 26 m Gardella 2018 

               

c.4787C>G p.Ser1596Cys DIVS3 Severe M Unk Unk 4 m 
Generalized 
tonic-clonic 

seizures 

Bilateral 2.5-3 
Hz high 

amplitude 
rhythm 

infrequently in 
anterior region 
during awake 

state 

Moderate to 
Severe ID 

Sat at 11 m 
and stood with 
support at 15 

m 

  Kong 2016 

c.4787C>G p.Ser1596Cys DIVS3 Severe M Uneventful 40 5 m 
Tonic-clonic 

seizures 
  

Skills learned 
past 20 m not 

acquired 
No speech  Registry (11) 

               

c.4850G>A p.Arg1617Gln DIVS4 Severe M Unk Unk 6 m 
Generalized 

tonic seizures 

Spike and 
spike-wave 

complexes in 
the left region 

which 
increased 

during sleep 

Severe ID 
Head control 

at 7 m, sat at 1 
y 

  Kong 2015 
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c.4850G>A p.Arg1617Gln DIVS4 Severe F Unk Unk 5.5 m 

Generalized 
tonic, clonic, 
myoclonus 

and atypical 
absence 
seizures 

Bilateral 
temporo-
occipital-

parietal delta 
activity with 

superimposed 
beta activity, 

single left 
temporal 

spike/spike and 
slow wave 

Severe ID 

Loss of eye 
contact from 

30 m, 
wheelchair-

bound 

None 3 y 
Larsen 

2015/Gardella 
2018 

c.4850G>A p.Arg1617Gln DIVS4 Moderate F Unk Unk 3 m 

Febrile 
convulsion  at 

3 m and 
tonic-clonic 
seizures at 6 

m 

Normal at 3 m Severely delayed 
with ID 

Delayed   Ohba 2014 

c.4850G>A p.Arg1617Gln DIVS4 Moderate M Unk Unk 10 m Focal seizures 
Cerebellar 

ataxia 
Moderate ID 

Developmental 
regression 

  Fung 2017 

c.4850G>A p.Arg1617Gln DIVS4 Mild M 
Gestational 

Diabetes 
39 10 m 

Tonic-clonic 
seizures 

  
Most motor 

skills acquired 
No speech  Registry (20) 

c.4850G>A p.Arg1617Gln DIVS4 Mild F Uneventful 38 5 m 
Secondary 

generalized 
seizures 

  
Most motor 

skills acquired 
No speech  Registry (26) 

c.4850G>A p.Arg1617Gln DIVS4 Moderate M Uneventful 38 10 m 

Tonic-clonic 
seizures and 

febrile 
seizures 

  
Most social 
motor skills 

not acquired 

Speaks in 
phrases 

7 y 8 
m 

Registry (50) 

c.4850G>A p.Arg1617Gln DIVS4 Severe M Uneventful 39 4 m 

Tonic-clonic, 
absence, 

tonic, 
myoclonus, 
simple and 

complex 
partial, and 
secondary 

generalized 
seizures 

  
Skills past 14 

m not acquired No speech  Registry (134) 

c.4850G>C p.Arg1617Pro DIVS4 Severe M Uneventful 38 6 m Tonic-clonic 
seizures 

  

No fine and 
few social 

motor skills 
acquired 

No speech  Registry (66) 

               

c.4948G>A p.Ala1650Thr DIV S4-S5 Severe F Unk Unk 3 m 

Asymmetric 
focal, and 

asymmetric 
clonic 

seizures 

Slow 
background, 

multifocal 
spikes 

Severe ID Delayed   
Larsen 2015 / 
Gardella 2018 
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c.4948G>A p.Ala1650Thr DIV S4-S5 Severe F Unk Unk 4 m 
Focal and 

tonic-clonic 
seizures 

 Severe ID No eye contact No speech  Gardella 2018 

c.4949C>T p.Ala1650Val DIV S4-S5 Mild M Uneventful 40 11 m Tonic-clonic 
seizures 

  
All skills 
acquired 

All language 
skills 

acquired 
 Registry (135) 

               

c.5555C>T p.Thr1852Ile C-terminus Moderate M Uneventful 38 4 d 
Tonic-clonic 

seizures   
Most social 
motor skills 

not acquired 
No speech  Registry (43) 

c.5555C>T p.Thr1852Ile C-terminus Mild F Uneventful 40 3 m Tonic-clonic 
seizures 

  

Most skills 
learned on 
time, social 

skills delayed 

Speech 
mostly 

learned on 
time 

 Registry (76) 

               

c.5614C>T p.Arg1872Trp C-terminus Severe F Unk Unk 4 m 

Generalized 
tonic-clonic 
with status 
epilepticus, 
Tonic with 
cyanosis, 
Absence 

seizures with 
myoclonic 
jerks and 
epileptic 
spasms 

Bilateral 
asynchronous 
sharp waves in 

temporo-
centro-parietal 

regions 

Severe ID Loss of eye 
contact 

No speech 5 y Larsen 2015 / 
Gardella 2018 

c.5614C>T p.Arg1872Trp C-terminus Severe F Unk Unk 1 m 

Focal evolving 
to bilateral 
convulsive 
seizures, 

myoclonic 
seizures, 

tonic-clonic 
seizures, 

status 
epilepticus, 

and 
nonconvulsive 

status 
epilepticus 

Diffuse slowing Severe ID 
Delayed with 

regression   Larsen 2015 

c.5614C>T p.Arg1872Trp C-terminus Severe M Unk Unk 3 m 

Focal seizures 
evolving to 
tonic and 

tonic-clonic 
seizures 

 Moderate to 
Severe ID 

No eye contact No speech  Gardella 2018 
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c.5614C>T p.Arg1872Trp C-terminus Severe M Unk Unk 3.5 m 

Focal 
seizures, 

secondary 
generalized 

seizure, status 
epilepticus 

Diffuse slow 
waves in the 
background, 
spike at right 
central area 
during sleep 

period 

Severe ID 
Can't control 
head at 1 y   Wang (2017) 

c.5614C>T p.Arg1872Trp C-terminus Severe Unk Unk Unk 10 d 

Generalized 
tonic-clonic 

and focal 
seizures 

Focal spikes 
and multifocal 

spikes 
Severe ID Bedridden   Takahashi 

2015 

c.5614C>T p.Arg1872Trp C-terminus Severe Unk Unk Unk 3 m 
Generalized 
tonic-clonic 

seeizures 

Multifocal 
spikes Severe ID Unable to sit   

Takahashi 
2015 

c.5614C>T p.Arg1872Trp C-terminus Severe M Uneventful Unk 5 m 
Tonic-clonic 

seizures   
Few social 

motor skills 
acquired 

No speech  Registry (28) 

c.5614C>T p.Arg1872Trp C-terminus Severe F Unk Unk 1 d 

Clonic, 
myoclonus, 

tonic, atonic, 
absence, 

tonic-clonic 
seizures, 

partial 
seizures, and 

epileptic 
spasms 

  
No fine or 

gross motor 
skills acquired 

Some words 
spoken  Registry (65) 

c.5614C>T p.Arg1872Trp C-terminus Mild M Unk Unk 1.5 m Unknown   
Can sit and 

walk 
Limited 

verbalization  Survey (19) 

c.5614C>T p.Arg1872Trp C-terminus Severe F Unk Unk 3 m 
Infantile 
spams   

No skills 
learned No speech  Survey (27) 

c.5615G>A p.Arg1872Gln C-terminus Moderate F Unk Unk 7 m 

Focal clonic 
evolving to 

bilateral 
convulsive 

Multifocal 
epileptic 
activity 

Moderate ID  Repetitive 
language 

 Larsen 2015 

c.5615G>A p.Arg1872Gln C-terminus Moderate F Unk Unk 4 m 

Generalized 
tonic-clonic, 

status 
epilepticus, 

and focal 
dyscognitive 

seizures 

Continuous 
slowing, 

bilateral spike-
wave activity 

Moderate to 
Severe ID 

Delayed with 
regression   Larsen 2015 

c.5615G>A p.Arg1872Gln C-terminus Mild M Uneventful 
Full 

term 4 m Tonic seizures 

Left temporal 
onset seizures 
with secondary 
generalization 
and a normal 

pattern 

Age-appropriate 
development 
and normal 
neurological 
examination 

   Hussain 2016 
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c.5615G>A p.Arg1872Gln C-terminus Moderate F Uneventful Full 
term 

3 m Tonic seizures Generalized 
slowing 

When seizure 
free alert and 

bright, 
otherwise no 
eye contact 

Standing when 
sz free 

  Horvath 2016 

c.5615G>A p.Arg1872Gln C-terminus Moderate M Unk Unk 4 m 

Generalized 
tonic-clonic, 

absence, 
tonic with 

bradycardia, 
and status 
epilepticus 

Diffuse 
encephalopathy Severe ID 

Sat 13 m, 
walked 16 m 

Speech 
arrest 10 m  Wagnon 2016 

c.5615G>A p.Arg1872Gln C-terminus Severe M Uneventful 41 4 m 
Tonic-clonic 

seizures 
  

No social 
motor skills 
learned and 

few other skills 
acquired 

No speech  Registry (55) 

c.5615G>A p.Arg1872Gln C-terminus Mild F 

Abortion 
symptoms 
starting at 
12 weeks 

34 7 m 

Tonic, tonic-
clonic, and 
secondary 

generalized 
seizures 

  
Most skills 
learned on 

time 

Language 
skills 

acquired but 
delayed 

 Registry (73) 

c.5615G>A p.Arg1872Gln C-terminus Moderate M Unk Unk 4 m 
Generalized 

seizures 
  

Can sit and 
walk 

No speech  Survey (12) 

c.5615G>T p.Arg1872Leu C-terminus Severe F Unk Unk 2 w 
Generalized 
tonic-clonic 

seizures 

Generalized 
slowing, severe 

diffuse 
encephalopathy 

Severe ID 
Walking at 12-

15 m then 
regression 

  Wagnon 2016 

c.5615G>T p.Arg1872Leu C-terminus Mild F Unk Unk 6 w 

Generalized 
tonic-clonic 

seizures with 
apnea 

Normal Moderate ID Sat at 12 m   Wagnon 2016 

c.5615G>T p.Arg1872Leu C-terminus Severe F Uneventful 39 6 w 
Tonic-clonic 

seizures   
Majority of 

skill not 
learned 

No speech  Registry (5) 

c.5615G>T p.Arg1872Leu C-terminus Severe F 

Anti E 
antibody in 

mother's 
blood; 

induced 
early 

36 1 d 

Myoclonic 
and tonic-

clonic 
seizures 

  
Majority of 

skill not 
learned 

No speech  Registry (14) 

c.5615G>C p.Arg1872Pro C-terminus Mild M 5 m Unk Unk Unk   
Can sit but 

cannot walk No speech  Survey (35) 

               

c.5630A>G p.Asn1877Ser C-terminus Mild M Unk Unk 9 m 

Staring spells 
during wake 

and 
generalized 

Active sleep-
enhanced spike 

and wave 
activity 

Progressed but 
only slightly 

delayed 
   Butler 2017 
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tonic-clonic 
seizures 

during sleep 

c.5630A>G p.Asn1877Ser C-terminus Mild F Unk Unk 5 m 
Focal seizure 

with 
generalization 

Sharp and spike 
waves in the 
right frontal 
during sleep 

period, and 3-4 
Hz slow-wave 
complexes in 
the occipital 

during awake 
period 

Normal 
Stand with 

assistance at 
1y 

  Wang 2017 

c.5630A>G p.Asn1877Ser C-terminus Mild M Uneventful 
Full 

term 5 m 

Focal seizures 
with eye 

deviation to 
the left with 
secondary 

tonic 
generalization 

Background 
rhythm slow 

and 
disorganized 
and a buildup 

of rhythmic fast 
activity 

 
Developed 
milestones 
normally 

Babbles and 
says a few 

words 
 Anand 2016 

c.5630A>G p.Asn1877Ser C-terminus Mild M Uneventful 41 6 m 
Tonic-clonic 

seizures 
  

Most skills 
learned on 

time 
Babbles  Registry (10) 

c.5630A>G p.Asn1877Ser C-terminus Moderate M Uneventful 38 6 m 
Tonic and 

tonic-clonic 
seizures 

  
Social motor 

skills not 
learned 

No language 
skills 

 Registry (13) 

c.5630A>G p.Asn1877Ser C-terminus Mild M Unk Unk 7 m 
Tonic-clonic 

seizures 
  

Can sit and 
walk 

No language 
problems 

 Survey (6) 

c.5630A>G p.Asn1877Ser C-terminus Mild F Unk Unk 9 m 
Complex 

partial 
seizures 

  
Can sit and 

walk 
No language 

problems 
 Survey (14) 

c.5630A>G p.Asn1877Ser C-terminus Moderate M Unk Unk 5 m 
Generalized 

seizures 
  

Can sit and 
walk 

Limited 
Verbalization 

 Survey (60) 
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PRESENT STUDY 

In this section I will discuss the major findings of my studies. More detailed descriptions 

on the background, methods, results, and conclusions of these studies can be found in the 

proceeding appendices.  

In my first study, found in Appendix A, entitled: “Patient variant density in NaV1.1, 

NaV1.2 and NaV1.6 highlight differences in channel function associated with childhood 

epilepsy”, I assess variant distributions in three voltage-gated sodium channels which have 

previously been reported to result in childhood epilepsy. I compared the distribution of patient 

and healthy variants in each NaV channel by two different methods; the first compared the 

variant distribution within protein boundaries, while the second method removed the confines of 

the protein boundaries. Patient variants in NaV1.1, NaV1.2, and NaV1.6 were found to be 

excessively located in protein regions that have previously been reported as necessary for proper 

channel function. Some channel-specific sensitivities were found in my analyses starting with 

NaV1.6, which was found to house an excess of patient variants in the inactivation gate of the 

channel. In the S5-S6 linkers, NaV1.1 was found contain an excess of patient variants however, 

both NaV1.2 and NaV1.6 were found to be intolerant of mutations in this region. Finally, variants 

within the S4-S5 linkers and the S5 segments, depending on the domain, were found to have an 

excess of patient variants for either NaV1.1 or NaV1.2 and NaV1.6. The effects of the mutated 

protein were domain specific and aligned with the features normally associated with epilepsy in 

an inhibitory or an excitatory neuron.  

Moving forward I refined my focus to only NaV1.6 or SCN8A related cases of epilepsy. 

Given the wide developmental spectrum associated with SCN8A-epilepsy I sought to investigate 

this through an innovative online registry which can be found in Appendix B, entitled: 
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“Influence of age at seizure onset on the acquisition of neurodevelopmental skills in an 

SCN8A cohort”. I discovered that skill acquisition in children with an SCN8A mutation is 

positively correlated with seizure onset, seizure freedom, and febrile seizures as an initial seizure 

type; as well as my finding of a clear distinction in children with a single reported variant in 

SCN8A versus those with an additional variant in the paper. To do this I created a development 

score based on the number of skills a child had acquired and conducted a series of Spearman 

rank correlations between the aforementioned development score and multiple seizure 

characteristic variables (e.g. seizure onset, seizure freedom etc.). I found that later-learned 

milestones (i.e. after 12 months of age) are less frequently acquired on time. In addition to this, a 

later seizure onset, current seizure freedom of at least six months, and having febrile seizures as 

an initial seizure type were all correlated with better development scores in the entire cohort. 

Interestingly these patterns were disrupted in children who had an additional reported mutation 

in a gene other than SCN8A. Finally, I found that children with development delays prior to, or at 

seizure onset, also affected the skill acquisition in these children. 

In my third study, found in Appendix C, entitled: “Acquisition of a long-living 

phenotype in the SCN8AN1768D mouse model”, I focus on the mouse model to describe the first 

long-living phenotype of SCN8AN1768D D/D mice. The focus of this study was centered around 

the precise recording of mouse survival and lineage of mice within the colony. Through the 

multiple backcrosses a 98.5% C3H (1.5% C57Bl/6) SCN8AN1768D colony was created and 

homozygous mutant mice were found to live an average of 52 days, which is more than two 

times the current reported survival of homozygous mice. Additionally, I found that the 99.25% 

C3H (0.75% C57Bl/6) SCN8AN1768D resulted in the ‘normal’ (21 day) living homozygous mice 
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but a heterozygous line in which >90% of mice live past 180 days. Due to the unique survival of 

these two colonies, these mice are invaluable for future drug and transcriptome studies. 
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FUTURE WORK 

The research I have completed with SCN8A in these three studies has many avenues for 

future lines of research. My work examining the variant distribution in three different voltage-

gated sodium channels highlights key regions of the protein that should be examined in future in 

vitro and in vivo experiments. The current literature lacks complete understanding of the gating 

mechanisms and the role that domain-specific regions have. Specific focus should be placed on 

the inactivation gate, S5-S6 linkers, S4 segments, and S4-S5 linkers. These regions specifically 

displayed unique trends among the channels and highlight differences between channels that may 

reflect the varying phenotype seen in patient cases among these databases. Point mutations 

within these regions should be placed in cells and in animal models to study the 

electrophysiological changes that occur, among these three channels, that could support and 

better define the channel dysfunctions in these differences. As more mutations are reported and 

patient databases continue to expand this work should be updated to include SCN3A-epilepsy 

cases, another brain expressed sodium channel, as well as examine the 5 voltage-gated sodium 

channels to see if a similar pattern emerges for all sodium channels, or to see if there is location-

specific pathogenicity within channels that relate to their overall function in the body. 

With the online SCN8A-tailored registry, future work could focus on the ability to 

conduct longitudinal studies while continuing to expand the participant pool. These longitudinal 

approaches could be used to analyze and understand the neurological development of children as 

they continue to age. It would then be possible to determine how children in this group gain 

skills and whether or not there is a consistent delay with learning particular skills. Also, this 

work could begin the process of a natural history study allowing other researchers and 

pharmaceutical companies the insight into how the disease progresses and how it might be 
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treated at the different stages. The current literature gives only a quick and specific snapshot of 

children, and while the history of the child is often summarized within these reports, the wealth 

of information that can be collected real-time and over the course of many years is invaluable to 

treating SCN8A-related disorders. 

There are numerous research avenues for our mouse colony moving forward. To begin, 

drug studies on heterozygous mice can be costly and time consuming. Previous reports of 

heterozygous SCN8AN1768D mice have documented 45% survival at 180 days with the survival of 

these mice beginning to drop around 100 days of age. This presents an 80-day window of 

possible death, with roughly a 50/50 shot of the mouse living or dying. Drug testing in this 

mouse model is therefore inefficient and costly as mice would likely have at least 100 days of 

constant dosing, and the drug would likely need to be administered daily which can be extremely 

time consuming. As a solution, homozygous mice, that live shorter life spans and have a more 

consistent survival among them are an enticing alternative; however, one down side is that the 

mice are barely weaned before they die, meaning that often times the nursing mother would need 

to be dosed which is not relevant to the human condition. Additionally, the inability to wean 

mice before they die severely inhibits the ability to record them as they cannot be housed 

individually at such a young age. Yet, given the long-living phenotype in the 98.5% 

SCN8AN1768D homozygous mice this is no longer a problem; these mice can be weaned from their 

mother and can be individually dosed or undergo individual testing for more than 3 weeks before 

they are expected to die.  

Another unique opportunity is presented for the long-living homozygous and 

heterozygous SCN8AN1768D mice which requires better characterization of both mice colonies. 

This includes, but is not limited to sleep analyses and seizure count data that is currently 



49 
 

 
 

unknown in these mice. While we do know that the homozygous SCN8AN1768D mice are suffering 

from tonic-clonic seizures we do not know if there is a certain number of seizures that a mouse 

will have before it dies, and whether or not sleep plays a role in the overall survival or severity of 

seizures. By video recording and analyzing this data, we would have a better understanding of 

the role that sleep and seizures had on morbidity in these mice.  

Additionally, due to the mixed genetic background of the mouse colony, it is plausible 

that modifiers within the mouse genome are the reason behind the survival abnormality. By 

analyzing the transcriptome or whole genome sequencing of these mice, new, undiscovered, 

modifiers or pathways affecting the severity of SCN8A mutations could be discovered. This 

could point to new therapies for children that focus not on the channel’s disruption itself, but 

rather the neural environment itself to reduce the side effects of hyperexcitability (e.g. 

inflammation).  
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APPENDIX A 
 

 

PATIENT VARIANT DENSITY IN NAV1.1, NAV1.2 AND NAV1.6 HIGHLIGHT 
DIFFERENCES IN CHANNEL FUNCTION ASSOCIATED WITH CHILDHOOD EPILEPSY 

 

Manuscript in preparation for submission to a journal.  
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The central goal of the research presented here is to understand the functional properties of three 

CNS-expressed voltage-gated sodium channels by comparing variant distributions in patient 

versus healthy databases. Variation in patient variant burden in the inactivation gate and S5-S6 

linkers point to channel-specific functions in sodium selectivity and fast inactivation. 
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Objective: Three voltage-gated sodium channels that initiate action potentials in the CNS, 

NaV1.1, NaV1.2 and NaV1.6, are all implicated in childhood epilepsy. Previous research has 

focused on the functional effects of particular variants within each channel; however, there have 

been few comparative studies across channels to infer the impact of mutations in patients with 

epilepsy. Here we compare patterns of variation in healthy and patient databases to test the 

hypothesis that regions of known functional significance within these three voltage-gated sodium 

(NaV) channels have an increased burden of deleterious variants.   

Methods: We employed two approaches to assess mutational burden in different regions of the 

Nav channels. The first approach compared the number of variants in the domains, segments, 

and loops of each channel in patient databases versus control databases for the SCN1A, SCN2A 

and SCN8A genes, and performed Fisher exact tests to infer odds ratios for excess variants. The 

second “structure-free” approach compared the cumulative distribution of variant sites along the 

DNA sequence of each gene based on patient and control databases to identify regions of variant 

burden independently of the protein structure of segments, linkers, loops and termini.  

Results: We collected and analyzed 476 NaV1.1, 196 NaV1.2, and 124 NaV1.6 patient variants. 

When comparing variant density across channel regions, we found a statistically significantly 

higher patient density in S4-S6 and DIII-DIV (OR= 9.03, 10.56, 26.01; NaV1.1, NaV1.2, and 

NaV1.6 respectively) and an excess of healthy variants in SI-S3, DI-DII, DII-DIII (OR= 0.11, 

0.31, 0.24; NaV1.1, NaV1.2, and NaV1.6 respectively). Statistically significant differences in 

patient burden among channels were found in the NaV1.6 inactivation gate (OR= 18.05) and the 

NaV1.1 S5-S6 linkers (OR= 3.48). Only Nav1.1 had an excess of patient variants in proximal 

portions of the N- and C-termini (OR= 3.64, 2.78; N- and C-, respectively), and an excess of 

healthy variants in the distal N- and C- termini (OR= 0.08, 0.05; N- and C-, respectively). S4-S5 
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linkers and S5 segments showed different patterns of patient variant burden in  NaV1.2 and 

NaV1.6 versus NaV1.1 

Conclusion: While patient variant density was concordant among channels in regions known to 

play a role in channel function, variation in patient variant burden in the inactivation gate and 

S5-S6 linkers point to channel-specific function. Sensitivity to patient variants in the NaV1.6 

inactivation gate, which is expressed in the distal AIS, may reflect its role in action potential 

propagation. Improper fast inactivation results in increased persistent current and neuronal 

excitability. We hypothesize that patient variants in the NaV1.1 S5-S6 linkers lead to loss of 

function and haploinsufficiency. In contrast, NaV1.2 and NaV1.6 both lack amino acid 

substitutions over significantly long stretches in both the patient and healthy databases, 

suggesting that new mutations in these regions may be lethal or cause a non-epileptic disease 

phenotype. 
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Introduction 

Voltage-gated sodium (NaV) channels are responsible for the initiation and propagation of 

action potentials and are specialized for electrical signaling. Humans have 9 distinct NaV channel 

genes, each of which encodes of a single pore-forming α-subunit composed of four repeat 

domains (I–IV), which in turn each contain six transmembrane α-helical segments. The four 

transmembrane domain structure of all NaV channels is highly conserved. The six sequentially 

linked transmembrane segments (S1 through S6) of each domain consist of a voltage sensing 

domain (VSD: S1 through S4) and a pore-forming domain (PFD: S5 through S6). The VSD is 

highly flexible and shifts during membrane depolarization.1,2 The outward movement of S4 is 

coupled to the PFD via the S4-S5 linker, and results in the PFD opening in an iris-like manner to 

allow sodium ions to flow into the cell.2 The S5-S6 linker contains the selectivity filter (with the 

four amino acid abbreviation, DEKA) which is highly conserved for each NaV channel and forms 

the narrowest portion of the pore.1 The DIII-DIV loop is also known as the inactivation gate and 

acts as a hinged lid to close the intracellular portion of the pore.1  

Mutations in the three chief brain expressed Na+ channels, NaV1.1, NaV1.2 and NaV1.6, 

are known to cause epilepsy.3-5 While all three genes are widely expressed in the cerebral cortex, 

deep brain nuclei, hippocampus, and cerebellum, their expression levels differ.6 NaV1.1 is 

predominantly localized to the proximal dendrites and soma of excitatory neurons, and the axon 

initiating segment (AIS) of fast-spiking parvalbumin-positive inhibitory neurons. It is believed to 

play a major role in controlling network excitability through the activation of inhibitory circuits.3 

Also localized in dendrites and soma, NaV1.2 is expressed in the proximal AIS and in axons of 

unmyelinated neurons.3 It is predominantly expressed in the neocortex and hippocampus in 

excitatory neurons, but has also been reported in somatostatin-positive inhibitory interneurons.5 
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Shortly after birth, NaV1.6 is expressed at nodes of Ranvier in multiple neuronal classes and glia 

across the cortex, hippocampus, brain stem and cerebellum.3,6 Highly expressed in the central 

nervous system (CNS), NaV1.6 is concentrated at the AIS in both excitatory and inhibitory 

neurons, and at nodes of Ranvier in myelinated neurons, where it mediates the initiation and 

propagation of action potentials.3 Mutations in NaV1.1 have been associated with epilepsy 

exhibiting a wide spectrum of severity, including Dravet syndrome and genetic epilepsy with 

febrile seizures plus (GEFS+).3,5 Mutations in NaV1.2 have also been associated with GEFS+ and 

benign familial neonatal-infantile seizures (BFNIS), as well as autism and a more severe form of 

epileptic encephalopathy.3,5 Also associated with a range of severity, mutations in NaV1.6 are 

often associated with an epileptic encephalopathy (EIEE13) that is characterized by intellectual 

disability and developmental delay.4  

Knowledge of the roles that NaV1.1, NaV1.2, and NaV1.6 channels play in epilepsy has 

increased greatly in the past decade, yet the ability to predict the clinical outcome of a variant in 

any of these channels remains an unmet and important challenge. To aid in the interpretation of 

the pathological significance of NaV variants, we sought to investigate associations across the 

protein between functionality and the distribution of mutations using both healthy and patient 

databases. Previous literature has focused on the variant distribution within a single channel to 

evaluate channel specific properties, we however, are the first to analyze the variant distribution 

of three NaV channels to find both common and unique patterns among these three sodium 

channels.  
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Methods 

Patient Database. We made use of a database of NaV1.1 missense variants from 661 Japanese 

patients with Dravet Syndrome.7 NaV1.2 missense variants from Wolff et. al.8 were included in 

our analysis, as were additional variants found in a PubMed literature search between June 2016 

and October 2018 utilizing the term ‘scn2a’. For NaV1.6 mutations, we included 54 variants from 

the SCN8A registry9, as well as 70 additional published variants. The collection of NaV1.6 

variant data from the SCN8A registry was reviewed and approved by the Institutional Review 

Board at the University of Arizona. This study also used data generated by the DECIPHER 

community. A full list of centers that contributed to the generation of these data is available from 

http://decipher.sanger.ac.uk and via email from decipher@sanger.ac.uk. Healthy control variants 

were collected from the gnomAD browser.10 The total number of healthy and patient variants is 

listed in Table S2 and a list of all patient mutations used in this study can be found in Table S3. 

 

Definition of Low and High Functionality Regions in Channels. The functionality of specific 

NaV regions have been previously examined. A summary of these findings is outlined in Table 

S1. Due to the biphasic nature of the termini as previously described in the NaV1.1 population11 

the termini were investigated separately. The S3-S4 region has been shown to contain binding 

sites for channel modulators1 and therefore was not placed in either functionality group. The 

remaining regions were placed into the high functionality category if disruption of their function 

could cause a foreseeable impact on the rate at which sodium (Na+) ions move into the cell.  
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Data Analysis. The Anderson-Darling test is used to provide a measure of agreement among the 

variant cumulative distribution functions. Fisher tests were calculated for each NaV channel 

region comparing the proportion of patient versus healthy variants included in the gnomAD 

database in that particular region. In order to avoid issues with multiple comparison we will 

focus our discussion of significant results for those cases where the p-value is below 0.0001. The 

Fisher test provides p-values for odds ratios, which were calculated for each NaV channel region. 

These odds ratios are displayed in heat maps for each protein channel. Significant p-values were 

indicated on the heat maps as follows: ***=0-0.001, **=0.001-0.01, *=0.01-0.05. Regions were 

also color coordinated in three varying levels of color for pathogenicity as well as for benign 

areas with the darkest color indicating the highest level of significance. 

The cumulative distribution of variant sites along the sodium channels’ DNA sequence 

provides a second approach to the analysis of the distribution of variants (Fig S1-S3). This 

analysis will lead insights into common properties of a segment that may not necessarily adhere 

to the protein structure of segments, linkers, loops and termini. Under an assumption of 

uniformly distributed variants, if a contiguous sequence of cDNA had a lower than 1% 

probability of containing no variants, then the section was designated “flat”. Under the same 

assumptions we constructed a ‘lethality test’ to test against a null hypothesis of non-lethality. 

Those with an excess of variants were denoted as “steep”. This results in four possible labels for 

a given contiguous sequence of amino acids for comparisons between patient and healthy 

databases; lethal = flat/flat (red), pathogenic = steep/flat (purple), complex = steep/steep (blue), 

and benign = flat/steep (green).   
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For those sections that had no mutations in either the healthy or patient databases 

(flat/flat), the absence of mutations leads the presumption is that variants in this section are 

lethal, or are associated with a phenotype that precludes inclusion in the healthy or epileptic 

databases. If we encounter a section that has only patient mutations (steep/flat), we call the 

segment pathogenic. Sections that have only mutations in healthy individuals (flat/steep) are 

likely tolerant to mutations. Finally, if a section has mutations from both groups (steep/steep), 

then a more complex explanation is necessary to describe the pattern of variant distribution (e.g., 

mingling of pathogenic and benign variants).  

 

Results 

NaV divergence. All three NaV channels are similar in their structure and overall sequence with 

74% amino acid residue similarity among the channels. Figure 1A (right-side) shows the percent 

of amino acid sequence difference among all three channels with the majority of regions having 

less than 30% divergence and only a handful of regions had higher than 30% divergence in the 

amino acid sequence (the termini, S5-S6DI + DIII, DI-DII, S1-S2DII+DV, DII-DIII, S2-S3DII, and 

S2DIV) for all three channels. Indels were restricted to 7 regions in the channel (C and N termini, 

S5-S6DI, DIII, DIV, DI-DII, and DII-DIII).  

 

Variant density in low and high functionality regions. The number of variants in each 

segment, loop, and linker in the NaV1.1, NaV1.2, and NaV1.6 channels is plotted in Figure 1A 

(left) relative to the total number of variants in the patient (red) and healthy (black) databases. 

The majority of variants in the healthy databases were located in the loops (DI-DII and DII-
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DIII), followed by the C-terminus and the N-terminus. To determine whether missense variants 

within channels are distributed evenly we performed the Anderson-Darling test assuming the null 

hypothesis of a uniform distribution. We rejected the null hypothesis for each of the NaV 

channels in both the patient and healthy databases (NaV1.1: patient p= 1.26 x 10-6, healthy p= 

9.69 x 10-7; NaV1.2: patient p= 3.03 x 10-6, healthy p= 1.23 x 10-6; and NaV1.6: patient p= 4.84 x 

10-6, healthy p= 1.54 x 10-6). Additionally, as a measure of similarity of the distributions, we 

conducted pairwise tests between patient databases (Anderson-Darling: NaV1.1 versus NaV1.2 p= 

0.19; NaV1.2 versus NaV1.8 p= 0.21; NaV1.1 versus NaV1.8 p= 0.24) and healthy databases 

(Anderson-Darling: NaV1.1 versus NaV1.8 p= 2.02 x 10-2; NaV1.1 versus NaV1.2 p= 0.11; NaV1.2 

versus 1.8 p= 0.33).  

To test for the relative excess of patient or control variants in different channel regions 

we performed a series of Fisher tests on odds ratios (OR). The statistically significant OR are 

described below. In considering the entire gene, this ratio was higher (OR= 9.02; Fisher test 

p=2.2 x 10-16) for NaV1.1 patient variants in high functionality regions. The high functionality 

pattern also exists in NaV1.2 (OR= 10.56; Fisher test p= 2.90 x 10-7) and NaV1.6 (OR= 26.01; 

Fisher test p= 1.37 x 10-6). Correspondingly, it follows that control variants had a higher OR in 

low functionality regions. However, we note that the variant distributions between low and high 

functionality regions are different when we compare all three channels (Mantel-Haenszel test p= 

2.2 x 10-16).  

To refine our examination of the distribution of patient and healthy variants we confined 

the above analysis to low functionality loops, segments, and linkers. We found a higher OR for 

control variants within the DI-DII loop of NaV1.1, NaV1.2, and NaV1.6 (OR= 18.10, 6.01, 6.69 
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respectively; Fisher tests p= 2.2 x 10-16 in all cases). Control variants also had a higher OR in the 

DII-DIII loop for NaV1.1, NaV1.2, and NaV1.6 (OR= 10.55, 4.67, 7.91 respectively; Fisher tests, 

p=2.2 x 10-16, 6.03 x 10-8, and 8.35 x 10-7 respectively). Interestingly, patient variants had 3.53 

higher OR within the S3 segment for NaV1.6 (Fisher test, p=7.4 x 10-3). The remaining segments 

and linkers in the low functionality group had OR that were not found to be statistically 

significant. 

To continue our examination of the distribution of patient and healthy variants we turn to 

high functionality segments, linkers, and the inactivation gate. The high functionality regions 

showed more concordance among the channels, with patient variants having a higher OR in S4, 

S5, and S6 segments and the S4-S5 linker. NaV1.1 variants in the S5-S6 linker had an OR that 

was 3.48-fold higher for patient variants (Fisher test, p= 2.32 x 10-14) and only NaV1.6 had a 

higher OR of patient variants within the inactivation gate (OR= 18.05; Fisher test, p= 8.19 x 10-

6). 

 

Variant Density by Domain. We found domain specific patterns of variant distribution for all 

three channels. Heat maps displaying logodds ratios for each channel are shown in Figure 3. 

Within each domain no transmembrane segments had statistically significantly higher OR for 

healthy variants, while patient variants had a higher OR within segments and linkers situated 

beyond segment 3 (Fig 3 – asterisk). For all channels, the hotspots for higher patient variant OR 

included S4, S4-S5 linker, and S5 (Fig 3 – red + asterisk). NaV1.1 was also found to have 

significantly higher patient variant OR in S3DI (OR= 13.24; Fisher test p= 1.53 x 10-3) and S1DIII 

(OR= 10.54; Fisher test p= 1.26 x 10-2) (Fig 3A), while patient variant OR in NaV1.2 and 1.6 
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were found to be significantly higher for S3DIV (OR= 5.92, 4.59, respectively; Fisher test p= 7.91 

x 10-3, 1.08 x 10-2, respectively) (Fig 3B/C). Also, the S4-S5 linker had statistically significantly 

higher patient variant OR for NaV1.1 in DIV (OR= Infinite; Fisher test p= 1.80 x 10-5), while 

patient variant OR for NaV1.2 were higher in DII, DIII and DIV (OR= Infinite, 7.69, Infinite, 

respectively; Fisher test p= 1.53 x 10-5, 1.11 x 10-3, 1.92 x 10-3, respectively), and for NaV1.6 

were higher for all four domains (DI, DII, DIII, DIV: OR= Infinite, Infinite, 23.12, Infinite, 

respectively; Fisher test p= 1.38 x 10-2, 1.38 x 10-2, 2.66 x 10-4, 1.38 x 10-2, respectively).  

 

Distributional patterns of variants in loops and termini. We used cumulative distribution 

analyses to examine patterns of variant distribution within the intracellular loops and the N- and 

C-termini for all three channels. The biphasic pattern previously reported for the N-terminus of 

NaV1.111 was also apparent in the current analysis; i.e., the patient/healthy slopes exhibited a 

flat/steep (benign) pattern in the 5` end and a steep/steep (complex) pattern at the 3` end of the 

N-terminus. In contrast, there was a steep/steep (complex) pattern in the 5’ end of the C-terminus 

and a flat/steep (benign) pattern in the 3’ end of the C-terminus (Fig 2 - top). For NaV1.2, there 

was not a simple biphasic pattern in either the N- or C- terminus; however, in general the N-

terminus was mostly flat/steep (benign) while in the C-terminus there was an ‘island’ of 

steep/steep (complex) pattern in the midst of a flat/steep (benign) pattern for most of the 

remaining C-terminus. The NaV1.6 N- and C-termini had a very similar pattern as NaV1.2.  

The first two intracellular loops for all three channels were dominated by a flat/steep 

(benign) pattern; albeit with varying numbers of short stretches of steep/steep (complex) patterns 

dotting the loop sequences (Fig 2). Unlike the patterns in NaV1.1 or NaV1.2, the 5’ two-thirds of 
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the NaV1.6 inactivation gate was characterized by a steep/flat (pathogenic) pattern that began in 

S6DIII. This pattern was flanked by a flat/flat (lethal) stretch in S6DIII and in the last third of the 

inactivation gate (Fig 2 - bottom).  

To confirm these patterns, we performed Fisher exact tests comparing the proportion of 

patient versus healthy variants on subsections of termini and loop regions. Upon dividing the 

NaV1.1 N- and C-termini into sections according to the biphasic nature seen in the cumulative 

distribution analysis we see a number of strongly significant results; the first 57aa contained a 

larger number of control versus patient variants (2 patient and 30 control) (OR= 0.08, Fisher test 

p= 4.56 x 10-6), while the remaining 66aa had a larger number of patient versus control variants 

(42 patient and 16 control) (OR= 3.64, Fisher test p= 7.77 x 10-6). The C-terminus displayed the 

opposite pattern with the initial 100 aa containing a larger number of patient variants (23 patient 

and 36 control) (OR= 2.78, Fisher test p= 7.77 x 10-6) and the remaining 123 aa with a higher 

number of control variants (3 patient and 68 control) (OR= 0.05, Fisher test p= 1.83 x 10-14).  

A similar but much weaker pattern emerged when we divided the NaV1.2 and NaV1.6 N- 

and C- termini sequences. The most significant result in this region was the 3` end of the NaV1.6 

C-terminus which had a 102aa stretch of mainly healthy variants (1 patient and 32 healthy) 

(OR=0.091; Fisher test p= 1.37 x 10-3). 

For the inactivation gate, the only strongly significant finding across all three channels 

was an excess of patient variants in the first 26 aa in NaV1.6 (8 patient and 0 healthy) (OR= 

Infinite; Fisher test p= 1.31 x 10-5).  
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Distributional patterns of variants within domains. When not limiting analysis to 

predetermined borders within the four transmembrane domain sequences, all three channels 

contained a mix of benign, pathogenic, complex, and lethal patterns (Fig 2). Regions of lethality 

were present in all three channels; these are regions that would not become apparent when 

conducting Fisher tests because they contain no patient or healthy variants. Due to multiple 

comparison concerns we highlight those lethal regions with p-values equal to or below 1.00 x 10-

3. In NaV1.1, statistically significant lethal regions were present in S1DI to S2DI (aa length= 16; 

lethality test p= 3.64 x 10-5), S1DII (aa length = 14; lethality test p= 1.31 x 10-4), S5-S6DII (aa 

length = 13; lethality test p= 2.48 x 10-4), and the 3` stretch of the C-terminus (aa length= 15; 

lethality test p= 6.90 x 10-5) (Fig 2 – top: red line with asterisks). The longest lethal pattern in 

NaV1.1 occurred in the S1DI to S2DI region (16 aa) and was 87.5% (14/16) conserved between all 

three channels. In NaV1.2, the statistically significant lethal regions occurred in S5DI to S5-S6DI 

(aa length= 19; lethality test p= 6.84 x 10-4), S6DI (aa length= 18; lethality test p= 1.00 x 10-3), 

and the inactivation gate (aa length= 40; lethality test p= 2.17 x 10-7) (Fig 2 – middle: red line 

with asterisk). The longest stretch of lethality for NaV1.2 occurred in the S5-S6DIV region which 

is highly conserved among all three channels (92.5% - 37/40). For NaV1.6, statistically 

significant lethal regions were on average longer and were present in S2-S3DII to S3DII (aa 

length= 25; lethality test p= 8.24 x 10-4), S5-S6DII to S6DII (aa length= 50; lethality test p= 6.79 x 

10-7), S3-S4DIII to S4DIII (aa length= 27; lethality test p= 4.67 x 10-4), and S5-S6DIV (aa length= 

37; lethality test p= 2.73 x 10-5) (Fig 2 – bottom: red line with asterisks). The longest stretch of 

lethality for NaV1.6 occurred from the S5-S6 linker to S6 segment in domain DII. This 50 aa 

stretch is highly conserved among all three channels (90% - 45/50).  
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Additionally, there were two instances in which the lethal regions between channels 

overlapped. The first instance occurred in the S5-S6DIV linker where there was a 32 aa overlap 

between NaV1.2 and Nav1.6 statistically significant lethality regions (Fig 4A). The second 

instance of lethal overlap occurred in the C-terminus where NaV1.2 and NaV1.6 individually 

overlapped with NaV1.1 lethality; however, the stretch of lethality was only found to be 

significant for NaV1.1 (Fig 4B). In this overlap, the lethal region of NaV1.1 overlapped with 

NaV1.6 on the seventh aa into the C-terminus and spanned 4 aa (Fig 4B). The overlap for NaV1.1 

and NaV1.2 occurred at the 13th aa position and spanned 8 aa. The 2 aa between the NaV1.2 and 

NaV1.6 lethal regions were partially conserved between the three channels (Fig 4B). Overall, 

even when examining lethal areas where there was no overlap between channels, the aa sequence 

for each channel remained highly conserved, with only 13% (47/352) of amino acids having any 

variants among the three channels. 

 

Discussion 

Four voltage-gated sodium channel (VGSC) isoforms are highly expressed in the CNS 

and are implicated in epilepsy. We investigated patterns of variation among channels with the 

aim of gleaning new insights into the mechanisms of channel pathology. To accomplish this task, 

we analyzed cohorts of patient and healthy variants from three well-studied sodium channel 

systems (NaV1.1, NaV1.2, and NaV1.6). All three channels had excess patient variant burden for 

S4 to S6, with 77% (302/391), 71% (104/146), and 69% (57/83) of patient variants located in 

NaV1.1, NaV1.2, and NaV1.6, respectively (Table 1). In particular, S4 and S6 showed similar 

higher patient variant burden as measured by the OR across all three channels, consistent with 
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known functionality of these regions in sodium channels.12-14 However, we also discovered NaV 

channel specific hot spots in the inactivation gate, the S5-S6 linker, the S4-S5 linker, and S5. In 

the following sections we discuss the features that distinguish each channel based on its position 

within the neuron and the type of neuron in which it functions (excitatory and inhibitory). 

 

NaV1.6-specific burden in inactivation gate may be related to action potential propagation. 

Proper fast inactivation is necessary for the repetitive firing of action potentials in neurons.15 The 

inactivation gate is responsible for the fast inactivation of VGSCs, and performs rapid 

inactivation by acting as a hinged lid on the intracellular side of the pore.15 The first half of the 

inactivation gate contains the previously identified hydrophobic cluster (isoleucine, 

phenylalanine, and methionine - IFM) that maintains the closed state of the channel via docking 

sites on S6DIV and S4-S5DIV.16-18 Gain-of-function mutations in the inactivation gate lead to 

increased persistent current19, which is known to facilitate repetitive firing. Therefore, an 

inability to perform fast inactivation would cause increased persistent current leading to 

increases in hyperexcitability by lowering the activation threshold for subsequent action 

potentials.20 Indeed, NaV1.6 was the only channel to display statistically significant patient 

variant burden for the entire length of the inactivation gate. A closer examination of the region in 

NaV1.6 revealed that the first half of the gate was found to contain an especially higher patient 

variant burden.  

This requirement for proper fast inactivation to occur may not produce an epileptic 

manifestation for NaV1.1 and NaV1.2 due to their location within the neuron. NaV1.1 is 

hypothesized to play a role in controlling network excitability through activation of inhibitory 
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circuits3 and NaV1.2 is thought to control back propagation of action potentials.21 Therefore, 

improper fast inactivation in these circumstances would not directly lead to an overall 

hyperexcitability. Experiments that test the effect of amino acid substitutions in the inactivation 

gate for both NaV1.1 and NaV1.2 will help to better understand the NaV1.6 sensitivity in this 

region.  

 

Excess patient variant in S5-S6 linkers of NaV1.1 may be associated with loss of function. 

The ability of the NaV channel to initiate action potentials is due to selective transport of sodium 

ions across the membrane, which occurs through a pore-forming module (S5-S6).22 Each of the 

S5-S6 linkers forms a P-loop which consists of an extracellular linker to S5, a descending P-

helix, an ascending limb, and an extracellular linker to S6.23 The ascending portion of the P-loop 

contains the selectivity filter, which is made up of a single amino acid from each domain, and 

forms the narrowest portion of the channel.23, 24 This selectivity filter is central to proper sodium 

ion permeation and channel block.22 Additional residues within these linkers have been shown to 

contribute to proper permeation of NaV channels.22 In our study, only NaV1.1 displayed higher 

patient variant burden for the S5-S6 linker. We hypothesize that patient variants in this region 

lead to impaired sodium selectivity, which in turn may produce a loss of channel function. In 

NaV1.1, haploinsufficiency is implicated in Dravet Syndrome due to the loss of function on an 

inhibitory interneuron.25 Interestingly, this was one of the regions found to contain statistically 

significantly long stretches with no amino acid substitutions in either the patient or control 

databases (termed lethal) in NaV1.2 (DI and DIV) and NaV1.6 (DII and DIV) (Fig 2- middle and 

bottom). Loss of function variants in NaV1.2 and NaV1.6 have been implicated in patients with 
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movement disorders, ataxia, intellectual disability and/or autism and may not lead to epilepsy. 26, 

27  

Using the gnomAD database we computed z-scores for tolerance to loss of function 

variants in all VGSCs (Fig S4). Notably, Nav1.1, Nav1.2, Nav 1.3, and Nav1.6 were orders of 

magnitude more intolerant to nonsense, frameshift, and splice site variants, especially when 

compared with NaV1.7, NaV1.8, and NaV1.9. Given that NaV1.3 had a similar level of intolerance 

as the other CNS VGSCs (Fig S4), we examined the density of healthy variants in the S5-S6 

linker. GnomAD reported 115 variants within the S5-S6 linkers of NaV1.3, which made up 

roughly 16% of the entire total number of variants. Within domains, the NaV1.3 S5-S6 linkers 

had the highest percentage of healthy variants of any segment or linker. In fact, the percentage of 

healthy variants (139/679) in the S5-S6 linkers was ranked second after the DI-DII intracellular 

loop (Table S7). While the S5-S6 linkers in NaV1.1, NaV1.2, and NaV1.6 all had the highest 

percentage of healthy variants within domains, it ranked lower than the termini and DI-DII and 

DII-DIII intracellular loops (Table S4-6). While there have only been a few cases of NaV1.3 

variants implicated in epilepsy, there have been reports of both gain and loss of function 

mutations28, making it difficult to predict the nature of the vulnerability of the S5-S6 linkers in 

this channel.  

 

Variant burden associated with Inhibitory versus excitatory neuron pathways. Patterns of 

variation in the S4-S5 linkers and S5 segments was concordant with the expression of these 

channels on excitatory versus inhibitory neurons. These regions have been previously implicated 

in causing both hyperexcitability and loss of channel function in a domain-dependent manner. 
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We hypothesize that this different alignment of these patterns is due to the channel effect on each 

of these differing neuron types. 

For example, the S4-S5 linker in both domains III and IV make up the portion of the 

channel necessary for fast inactivation.29 Mutations in this region have been shown to effect 

channel function in the muscle expressed channel NaV1.4.29 In DIII the S4-S5 linker is 

hypothesized to interact with amino acids in S6DIV that transmit movement of S4DIII to S6DIV and 

plays a role in fast inactivation.30 While the S4-S5DIV linker was found to interact with the 

inactivation gate during fast inactivation and mutations in this region were found to disrupt fast 

inactivation.31 Our results are consistent with these findings as NaV1.2 and NaV1.6 showed 

higher patient variant burden in the S4-S5 linker in DIII and DIV. Interestingly, NaV1.1 only 

shows higher patient variant burden in S4-S5DIV, while NaV1.6 shows increased patient variant 

burden in the S4-S5 linker in DI and DII. This population based variant study shows the need for 

further investigation into structure-function relationships in sodium channels especially in DI and 

DII. 

Previously, a point mutation in S5DII, within NaV1.4, was found to shift the activation 

curve in the hyperpolarizing direction. This mutation had minor effects on fast inactivation while 

greatly impairing slow inactivation and allowing for a more rapid activation of the channel.32 

Whereas, a point mutation in NaV1.4 in the S5DIV segment led to this channel becoming activated 

and inactivated at more negative potentials, ultimately causing slowed recovery from fast 

inactivation with no effect on channel deactivation.32 Additionally, S5DIV has been shown to be 

part of a hydrophobic cavity that interacts with the inactivation gate.29 Both NaV1.2 and NaV1.6 

had a higher patient variant burden in S5DI and S5DII, while NaV1.1 had a higher patient variant 
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burden in S5DIII and S5DIV. The results of Bendahhou et al.32 imply that S5DII variants in NaV1.2 

and NaV1.6 would lead to a hyperactive sodium channel, while such variants in NaV1.1 would 

cause excess firing on inhibitory interneurons. On the other hand, a higher patient variant burden 

in NaV1.1 S5DIV should slow recovery from activation and lead to a subsequent loss of channel 

function. Future studies should be conducted to fully determine the channel specificity in higher 

patient variant burden in S5 among all three channels to better understand the potential gating 

mechanism that is affecting activation and inactivation within these segments.  

 

Do variants in the C-terminus and DI-DII intracellular loop reflect channel function? The 

C-terminus is made up of a globular domain containing a well-structured EF-hand (helix-loop-

helix structure) followed by an unstructured extended helix containing the IQ (isoleucine – 

glutamine) motif which is known to interact with calmodulin.34, 35 In NaV1.5, the proximal half 

of the C-terminus has been shown to interact and stabilize the inactivation gate and mutations 

within this region have been identified in multiple cardiac rhythm disturbances.16, 34 The 

proximal C-terminus contains the interaction site for fibroblast growth factors as well as the 

binding sites of β1 to β4 sodium channel subunits. Fibroblast growth factor 14 has been 

suggested to play a key role in the organization of VGSC alpha subunits in the AIS. While the 

beta subunits are essential for the modulation of current and proper expression of VGSCs on the 

cell surface.35 Given the established role of the proximal C-terminus in channel inactivation, it is 

surprising that only NaV1.1 displayed a statistically significantly higher patient variant burden. 

The lack of a high patient variant burden in NaV1.2 and NaV1.6 in this region is not hypothesized 
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to be a product of low sample size but may highlight a higher tolerance of variation within these 

channels for this region.  

Additionally, the distal C-terminus, which is known to house the IQ-motif, is consistent 

among the three channels as having an excess of healthy variants. Similarly, the DI-DII loop was 

also shown to have an excess of healthy variants. This loop has previously been shown to contain 

five phosphorylation sites, which are involved in neuromodulation.14 The statistically 

significantly low OR for both the distal C-terminus and the DI-DII intracellular loop may 

indicate that pathogenic variants are limited to the particular sites of interaction (i.e. IQ-motif in 

the C-terminus and sites of phosphorylation in DI-DII) and not the regions surrounding them. 

Therefore, even if a region contains more healthy variants, this does not exclude the possibility 

that there are intolerant sites.  

 

Limitations and Conclusions.  

In this study we investigated the distribution of patient and healthy variants from three 

sodium channel databases (NaV1.1, NaV1.2, and NaV1.6) with the intent to link patterns of 

variation with known physiological functions of these channels.  

One of the challenges we faced were the unequal sample sizes in the three patient 

databases. While the NaV1.1 patient mutations made up roughly 43% of the total NaV1.1 

mutations analyzed and was adequate for our analyses, the patient mutations only accounted for 

28% and 24% total mutations in NaV1.2 and NaV1.6 databases respectively. While often giving 
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similar OR, these smaller samples sizes did not allow us to assess statistical significance for 

some segments (i.e. S4 and S6).  

Another variable was that the NaV1.2 and NaV1.6 databases included cases of varying 

severity (e.g. from benign cases to those with epileptic encephalopathy), whereas the NaV1.1 

database included only missense variants with Dravet Syndrome. When we examine mild patient 

cases of missense variants in SCN1A (n=83) we see similar trends in OR across segments, 

linkers, and loops; although there was a marginally significant difference in the cumulative 

distribution as measured by the Anderson-Darling test (p=0.055) (Fig S5). This suggests that 

missense variants for severe and mild cases are similarly distributed across the channel; this 

implies that the strength of the effect size of individual missense variants in channel regions may 

contribute to the severity spectrum seen in SCN1A missense variants. Larger databases are 

needed to distinguish between mild and severe cases of NaV1.2 and NaV1.6 to distinguish 

differences in patient variant burden in these channels.   

In summary, we have found associations that confirm and extend understanding of the 

function of these three channels. We highlight channel-specific sensitivities within the 

inactivation gate and S5-S6 linker as well as neuron-specific sensitivities that directly relate to 

the gain or loss of function within these channels. This study points out the importance of 

genotype-phenotype associations at the level of channel function and will lead the way to more 

informative studies analyzing epilepsy severity in patients with these channelopathies.  
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Figures 

Figure 1. A. NaV1.1, 1.2, and 1.6 sequences were aligned with Uniprot and the percent of amino 
acid residues that differ between all three channels (black bar -right). The overall percent of 
patient (red) and GnomAD (black) mutations combined for NaV1.1, 1.2, and 1.6. C are displayed 
on the left side of the figure.  
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Figure 2. Cumulative distribution functions for NaV1.1, 1.2 and 1.6 missense mutations. Comparison of healthy mutations (black line) 
and patient missense mutations (red line). The vertical lines represent the segment and domain boundaries for each channel. 
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Figure 3. Heat map for A) NaV1.1, B) NaV1.2, and C) NaV1.6. Significant p-values on the heat 
maps were indicated as follows: ***=0-0.001, **=0.001-0.01, *=0.01-0.05. Regions are color-
coordinated in increasing darkness to indicate increased logarithmic odd ratio values. Red 
indicates pathogenic regions, while benign regions are displayed in blue. 
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Figure 4. The amino acid sequence for all three channels are shown. These sequences are 
mapped and aligned to show homologous amino acid pairings. Letters marked in red represent a 
lethal region as defined by the cumulative distribution plots. A) The first 41 amino acid bases for 
the S5-S6DIV linker. B) The first 22 amino acid bases for the C-terminus. 
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Tables 

Table 1. Breakdown of statistically significant OR values for patient and healthy variant density within for NaV1.1, NaV1.2, and 
NaV1.6. 

Region  N-
terminus S1-S3 S3-S4 S4 S4-S5 S5 S5-S6 S6 DI-DII DII-

DIII 
DIII-
DIV 

C-
terminus 

Higher Patient 
OR   (p<0.05) 

1.1    X X X X X     
1.2    X X X  X     
1.6    X X X  X   X  

Higher Healthy 
OR (p<0.05) 

1.1         X X  X 
1.2 X        X X  X 
1.6 X X (S3 only)       X X  X 
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Table 2. Domain breakdown of statistically significant (p<0.05) OR values for patient variant burden for NaV1.1, NaV1.2, and NaV1.6. 
There was only one report of a statistically significant OR value for healthy variant burden in NaV1.1 S1-S2DIV (not shown in the 
table). 

 

Domain S1 S1-S2 S2 S2-S3 S3 S3-S4 S4 S4-S5 S5 S5-S6 S6 

DI         1.1     1.6 1.2, 1.6 1.1 1.1, 1.2, 1.6 

DII             1.1, 1.2, 1.6 1.2, 1.6 1.2, 1.6 1.1 1.1, 1.2 

DIII 1.1           1.1, 1.2 1.2, 1.6 1.1 1.1 1.1 

DIV         1.2, 1.6   1.1, 1.2, 1.6 1.1, 1.2, 1.6 1.1 1.1 1.1, 1.2 
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Supplementary Material 
Figure S1. Cumulative distribution plot comparing healthy and patient NaV1.1 variants. Brown 
lines indicate protein boundaries. 
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Figure S2. Cumulative distribution plot comparing healthy and patient NaV1.2 variants. Brown 
lines indicate protein boundaries. 
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Figure S3. Cumulative distribution plot comparing healthy and patient NaV1.6 variants. Brown 
lines indicate protein boundaries. 
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Figure S4. Intolerance graph. The –log p-value of the computed z-scores for the nine VGSCs 
was calculated and were grouped based on their values. The sodium channel number represents 
the SCN gene that each value corresponds to. 
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Figure S5. Cumulative distribution plot comparing mild and Dravet Syndrome NaV1.1 variants. 
Brown lines indicate protein boundaries. 
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Table S1. Breakdown of regions and their functionality based on previous literature and the 
ultimate grouping they were placed in. 

 

  

Region Role in Channel Activity Functionality 

N-terminus 
Some regions implicated in regulating inactivation, biphasic nature reported 

in NaV1.1 
N/A 

S1-S3 Creates vestibule for S4 to slide into Low 

S3-S4 Contains binding sites for channel modulation N/A 

S4 Voltage sensor High 

S4-S5 Communicates movement of S4 to pore domain High 

S5 Part of pore-forming domain High 

S5-S6 Contains selectivity filter High 

S6 Lines the pore and contains activation gate High 

DI-DII Some sites associated with phosphorylation Low 

DII-DIII No reported function Low 

DIII-DIV Contains inactivation gate High 

C-terminus 
Some regions implicated in regulating inactivation, biphasic nature reported 

in NaV1.1 
N/A 
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Table S2. List of all patient and healthy (GnomAD) mutation numbers for each NaV channel. 

 

 

 

 

 

 

 

 

 

  

NaV Channel Patient (n) 
GnomAD 

(n) 

1.1 476 619 

1.2 198 489 

1.6 124 390 

1.3 - 679 
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Table S3. List of patient variants used for these analyses.  

NaV 

Channel 

Nucleotide 

change 

Protein 

change 

NaV 

Channel 

Nucleotide 

change 

Protein 

change 

NaV 

Channel 

Nucleotide 

change 

Protein 

change 

NaV1.1 s c.70G>A p.Ala24Thr NaV1.1 s c.4243T>A p.Phe1415Ile NaV1.2 c.787G>A p.Ala263Thr 

NaV1.1 s c.80G>C p.Arg27Thr NaV1.1 s c.4246G>C p.Asp1416His NaV1.2 c.788C>T p.Ala263Val 

NaV1.1 s c.173G>T p.Gly58Val NaV1.1 s c.4247A>G p.Asp1416Gly NaV1.2 c.982T>G p.Phe328Val 

NaV1.1 s c.181C>T p.Leu61Phe NaV1.1 s c.4250A>G p.Asn1417Ser NaV1.2 c.1028A>G p.Asp343Gly 

NaV1.1 s c.187T>C p.Phe63Leu NaV1.1 s c.4253T>A p.Val1418Glu NaV1.2 c.1094C>T p.Thr365Met 

NaV1.1 s c.203T>C p.Ile68Thr NaV1.1 s c.4253T>G p.Val1418Gly NaV1.2 c.1136G>A p.Arg379His 

NaV1.1 s c.226C>A p.Pro76Thr NaV1.1 s c.4265A>G p.Tyr1422Cys NaV1.2 c.1165C>T p.Leu389Phe 

NaV1.1 s c.234G>T p.Glu78Asp NaV1.1 s c.4267C>T p.Leu1423Phe NaV1.2 c.1264G>C p.Ala422Pro 

NaV1.1 s c.235G>A p.Asp79Asn NaV1.1 s c.4277T>G p.Leu1426Arg NaV1.2 c.1267G>C p.Val423Leu 

NaV1.1 s c.235G>C p.Asp79His NaV1.1 s c.4280A>C p.Gln1427Pro NaV1.2 c.1270G>C p.Val424Leu 

NaV1.1 s c.243C>A p.Asp81Glu NaV1.1 s c.4291T>A p.Phe1431Ile NaV1.2 c.1270G>A p.Val424Met 

NaV1.1 s c.251A>G p.Tyr84Cys NaV1.1 s c.4294A>G p.Lys1432Glu NaV1.2 c.1288G>C p.Glu430Gln 

NaV1.1 s c.272T>C p.Ile91Thr NaV1.1 s c.4295A>G p.Lys1432Arg NaV1.2 c.1289A>C p.Glu430Ala 

NaV1.1 s c.278T>C p.Leu93Ser NaV1.1 s c.4297G>A p.Gly1433Arg NaV1.2 c.1289A>G p.Glu430Gly 

NaV1.1 s c.282T>A p.Asn94Lys NaV1.1 s c.4298G>A p.Gly1433Glu NaV1.2 c.1307T>C p.Leu436Ser 

NaV1.1 s c.292G>C p.Ala98Pro NaV1.1 s c.4298G>T p.Gly1433Val NaV1.2 c.1691G>T p.Gly564Val 

NaV1.1 s c.301C>T p.Arg101Trp NaV1.1 s c.4300T>C p.Trp1434Arg NaV1.2 c.1737C>G p.Ser579Arg 

NaV1.1 s c.302G>A p.Arg101Gln NaV1.1 s c.4311A>G p.Ile1437Met NaV1.2 c.1835T>C p.Phe612Ser 

NaV1.1 s c.307A>G p.Ser103Gly NaV1.1 s c.4313T>C p.Met1438Thr NaV1.2 c.1840C>T p.Pro614Ser 

NaV1.1 s c.311C>T p.Ala104Val NaV1.1 s c.4319C>A p.Ala1440Glu NaV1.2 c.1945G>A p.Asp649Asn 

NaV1.1 s c.314C>T p.Thr105Ile NaV1.1 s c.4321G>C p.Ala1441Pro NaV1.2 c.2021C>A p.Thr674Lys 

NaV1.1 s c.320C>A p.Ala107Asp NaV1.1 s c.4321G>A p.Ala1441Thr NaV1.2 c.2063A>G p.Tyr688Cys 

NaV1.1 s c.323T>G p.Leu108Arg NaV1.1 s c.4348C>A p.Gln1450Lys NaV1.2 c.2197G>A p.Ala733Thr 

NaV1.1 s c.335C>T p.Thr112Ile NaV1.1 s c.4349A>G p.Gln1450Arg NaV1.2 c.2306T>C p.Ile769Thr 

NaV1.1 s c.337C>A p.Pro113Thr NaV1.1 s c.4349A>C p.Gln1450Pro NaV1.2 c.2315A>G p.Asn772Ser 

NaV1.1 s c.354G>C p.Arg118Ser NaV1.1 s c.4351C>G p.Pro1451Ala NaV1.2 c.2318C>T p.Thr773Ile 

NaV1.1 s c.371T>A p.Ile124Asn NaV1.1 s c.4351C>T p.Pro1451Ser NaV1.2 c.2351C>T p.Thr784Met 

NaV1.1 s c.379C>G p.His127Asp NaV1.1 s c.4351C>A p.Pro1451Thr NaV1.2 c.2435C>T p.Ala812Val 

NaV1.1 s c.413T>C p.Ile138Thr NaV1.1 s c.4352C>T p.Pro1451Leu NaV1.2 c.2464G>A p.Gly822Ser 

NaV1.1 s c.419C>G p.Thr140Arg NaV1.1 s c.4358A>G p.Tyr1453Cys NaV1.2 c.2483G>T p.Gly828Val 

NaV1.1 s c.484A>C p.Thr162Pro NaV1.1 s c.4360G>A p.Glu1454Lys NaV1.2 c.2545C>A p.Leu849Ile 

NaV1.1 s c.488G>A p.Gly163Glu NaV1.1 s c.4381C>A p.Leu1461Ile NaV1.2 c.2549G>C p.Arg850Pro 

NaV1.1 s c.512T>G p.Ile171Arg NaV1.1 s c.4384T>C p.Tyr1462His NaV1.2 c.2558G>A p.Arg853Gln 

NaV1.1 s c.512T>A p.Ile171Lys NaV1.1 s c.4385A>G p.Tyr1462Cys NaV1.2 c.2567G>A p.Arg856Gln 

NaV1.1 s c.523G>A p.Ala175Thr NaV1.1 s c.4387T>C p.Phe1463Leu NaV1.2 c.2567G>T p.Arg856Leu 

NaV1.1 s c.524C>T p.Ala175Val NaV1.1 s c.4388T>C p.Phe1463Ser NaV1.2 c.2588C>T p.Ser863Phe 

NaV1.1 s c.529G>A p.Gly177Arg NaV1.1 s c.4408G>T p.Gly1470Trp NaV1.2 c.2619C>G p.Ile873Met 

NaV1.1 s c.530G>A p.Gly177Glu NaV1.1 s c.4415T>C p.Phe1472Ser NaV1.2 c.2627A>C p.Asn876Thr 

NaV1.1 s c.535T>C p.Cys179Arg NaV1.1 s c.4424T>C p.Leu1475Ser NaV1.2 c.2635G>A p.Gly879Arg 

NaV1.1 s c.554T>C p.Phe185Ser NaV1.1 s c.4428C>A p.Asn1476Lys NaV1.2 c.2638G>T p.Ala880Ser 

NaV1.1 s c.568T>C p.Trp190Arg NaV1.1 s c.4451A>G p.Asp1484Gly NaV1.2 c.2642T>C p.Leu881Pro 

NaV1.1 s c.571A>T p.Asn191Tyr NaV1.1 s c.4453A>G p.Asn1485Asp NaV1.2 c.2644G>C p.Gly882Arg 

NaV1.1 s c.572A>C p.Asn191Thr NaV1.1 s c.4453A>T p.Asn1485Tyr NaV1.2 c.2645G>A p.Gly882Glu 

NaV1.1 s c.573C>G p.Asn191Lys NaV1.1 s c.4467G>C p.Gln1489His NaV1.2 c.2651T>A p.Leu884His 

NaV1.1 s c.580G>A p.Asp194Asn NaV1.1 s c.4490A>G p.Asp1497Gly NaV1.2 c.2654C>T p.Thr885Ile 

NaV1.1 s c.580G>C p.Asp194His NaV1.1 s c.4507G>A p.Glu1503Lys NaV1.2 c.2660T>C p.Val887Ala 

NaV1.1 s c.580G>A p.Asp194Asn NaV1.1 s c.4508A>G p.Glu1503Gly NaV1.2 c.2670C>G p.Ile890Met 

NaV1.1 s c.581A>C p.Asp194Ala NaV1.1 s c.4519T>G p.Tyr1507Asp NaV1.2 c.2672T>C p.Ile891Thr 

NaV1.1 s c.581A>G p.Asp194Gly NaV1.1 s c.4555C>A p.Pro1519Thr NaV1.2 c.2674G>A p.Val892Ile 

NaV1.1 s c.596C>G p.Thr199Arg NaV1.1 s c.4568T>C p.Ile1523Thr NaV1.2 c.2684T>C p.Phe895Ser 

NaV1.1 s c.604T>G p.Tyr202Asp NaV1.1 s c.4584C>G p.Asn1528Lys NaV1.2 c.2695G>A p.Gly899Ser 

NaV1.1 s c.629G>A p.Gly210Asp NaV1.1 s c.4612G>A p.Val1538Ile NaV1.2 c.2715G>C p.Lys905Asn 

NaV1.1 s c.635T>C p.Val212Ala NaV1.1 s c.4615C>A p.Thr1539Pro NaV1.2 c.2722A>G p.Lys908Glu 

NaV1.1 s c.650C>A p.Thr217Lys NaV1.1 s c.4631A>C p.Asp1544Ala NaV1.2 c.2783T>G p.Phe928Cys 
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NaV1.1 s c.668C>A p.Ala223Glu NaV1.1 s c.4631A>G p.Asp1544Gly NaV1.2 c.2790C>A p.His930Gln 

NaV1.1 s c.675G>C p.Lys225Asn NaV1.1 s c.4633A>G p.Ile1545Val NaV1.2 c.2809C>T p.Arg937Cys 

NaV1.1 s c.677C>A p.Thr226Lys NaV1.1 s c.4634T>G p.Ile1545Arg NaV1.2 c.2810G>A p.Arg937His 

NaV1.1 s c.677C>T p.Thr226Met NaV1.1 s c.4664T>G p.Met1555Arg NaV1.2 c.2872A>G p.Met958Val 

NaV1.1 s c.677C>G p.Thr226Arg NaV1.1 s c.4681G>A p.Glu1561Lys NaV1.2 c.2894T>G p.Met965Arg 

NaV1.1 s c.680T>G p.Ile227Ser NaV1.1 s c.4723C>T p.Arg1575Cys NaV1.2 c.2928C>A p.Asn976Lys 

NaV1.1 s c.680T>C p.Ile227Thr NaV1.1 s c.4736T>A p.Val1579Glu NaV1.2 c.2932T>C p.Phe978Leu 

NaV1.1 s c.694G>A p.Gly232Ser NaV1.1 s c.4757G>A p.Gly1586Glu NaV1.2 c.2948T>G p.Leu983Trp 

NaV1.1 s c.698T>G p.Leu233Arg NaV1.1 s c.4762T>C p.Cys1588Arg NaV1.2 c.2960G>T p.Ser987Ile 

NaV1.1 s c.715G>A p.Ala239Thr NaV1.1 s c.4775T>A p.Leu1592His NaV1.2 c.2989G>T p.Asp997Tyr 

NaV1.1 s c.716C>T p.Ala239Val NaV1.1 s c.4775T>C p.Leu1592Pro NaV1.2 c.2995G>A p.Glu999Lys 

NaV1.1 s c.719T>C p.Leu240Pro NaV1.1 s c.4786C>T p.Arg1596Cys NaV1.2 c.2996A>T p.Glu999Val 

NaV1.1 s c.728C>T p.Ser243Phe NaV1.1 s c.4787G>T p.Arg1596Leu NaV1.2 c.3003T>A p.Asn1001Lys 

NaV1.1 s c.728C>A p.Ser243Tyr NaV1.1 s c.4814A>G p.Asn1605Ser NaV1.2 c.3007C>A p.Leu1003Ile 

NaV1.1 s c.755T>A p.Ile252Asn NaV1.1 s c.4822G>T p.Asp1608Tyr NaV1.2 c.3149A>T p.Asp1050Val 

NaV1.1 s c.769T>C p.Cys257Arg NaV1.1 s c.4823A>G p.Asp1608Gly NaV1.2 c.3342T>A p.Phe1114Leu 

NaV1.1 s c.777C>A p.Ser259Arg NaV1.1 s c.4834G>A p.Val1612Ile NaV1.2 c.3343G>A p.Glu1115Lys 

NaV1.1 s c.793G>T p.Gly265Trp NaV1.1 s c.4888G>C p.Val1630Leu NaV1.2 c.3370A>T p.Ser1124Cys 

NaV1.1 s c.829T>C p.Cys277Arg NaV1.1 s c.4888G>A p.Val1630Met NaV1.2 c.3383T>C p.Met1128Thr 

NaV1.1 s c.829T>G p.Cys277Gly NaV1.1 s c.4894C>T p.Pro1632Ser NaV1.2 c.3524G>A p.Cys1175Tyr 

NaV1.1 s c.838T>C p.Trp280Arg NaV1.1 s c.4910T>A p.Val1637Glu NaV1.2 c.3631G>A p.Glu1211Lys 

NaV1.1 s c.840G>T p.Trp280Cys NaV1.1 s c.4913T>C p.Ile1638Thr NaV1.2 c.3667G>C p.Gly1223Arg 

NaV1.1 s c.841C>T p.Pro281Ser NaV1.1 s c.4913T>A p.Ile1638Asn NaV1.2 c.3778A>G p.Lys1260Glu 

NaV1.1 s c.841C>G p.Pro281Ala NaV1.1 s c.4915C>G p.Arg1639Gly NaV1.2 c.3778A>C p.Lys1260Gln 

NaV1.1 s c.842C>T p.Pro281Leu NaV1.1 s c.4925G>T p.Arg1642Met NaV1.2 c.3841A>T p.Ile1281Phe 

NaV1.1 s c.866A>T p.Glu289Val NaV1.1 s c.4926G>C p.Arg1642Ser NaV1.2 c.3844G>T p.Val1282Phe 

NaV1.1 s c.890C>T p.Thr297Ile NaV1.1 s c.4934G>A p.Arg1645Gln NaV1.2 c.3928G>T p.Ala1310Ser 

NaV1.1 s c.935T>C p.Phe312Ser NaV1.1 s c.4942C>T p.Arg1648Cys NaV1.2 c.3935G>C p.Arg1312Thr 

NaV1.1 s c.949T>C p.Tyr317His NaV1.1 s c.4943G>A p.Arg1648His NaV1.2 c.3955C>T p.Arg1319Trp 

NaV1.1 s c.965G>T p.Arg322Ile NaV1.1 s c.4958C>A p.Ala1653Glu NaV1.2 c.3956G>C p.Arg1319Pro 

NaV1.1 s c.970C>A p.His324Asn NaV1.1 s c.4969C>T p.Arg1657Cys NaV1.2 c.3956G>T p.Arg1319Leu 

NaV1.1 s c.974A>G p.Tyr325Cys NaV1.1 s c.4973C>G p.Thr1658Arg NaV1.2 c.3956G>A p.Arg1319Gln 

NaV1.1 s c.1007G>A p.Cys336Tyr NaV1.1 s c.4973C>T p.Thr1658Met NaV1.2 c.3961G>A p.Glu1321Lys 

NaV1.1 s c.1010G>A p.Gly337Glu NaV1.1 s c.4979T>C p.Leu1660Pro NaV1.2 c.3967A>G p.Met1323Val 

NaV1.1 s c.1019C>T p.Ser340Phe NaV1.1 s c.4982T>C p.Phe1661Ser NaV1.2 c.3973G>T p.Val1325Phe 

NaV1.1 s c.1025C>T p.Ala342Val NaV1.1 s c.4985C>T p.Ala1662Val NaV1.2 c.3976G>C p.Val1326Leu 

NaV1.1 s c.1027G>C p.Gly343Arg NaV1.1 s c.4991T>A p.Met1664Lys NaV1.2 c.3977T>A p.Val1326Asp 

NaV1.1 s c.1027G>T p.Gly343Cys NaV1.1 s c.5000T>C p.Leu1667Pro NaV1.2 c.3988C>T p.Leu1330Phe 

NaV1.1 s c.1028G>A p.Gly343Asp NaV1.1 s c.5002C>G p.Pro1668Ala NaV1.2 c.4007C>A p.Ser1336Tyr 

NaV1.1 s c.1033T>C p.Cys345Arg NaV1.1 s c.5003C>G p.Pro1668Arg NaV1.2 c.4013T>C p.Met1338Thr 

NaV1.1 s c.1034G>A p.Cys345Tyr NaV1.1 s c.5003C>T p.Pro1668Leu NaV1.2 c.4015A>G p.Asn1339Asp 

NaV1.1 s c.1035T>G p.Cys345Trp NaV1.1 s c.5014A>C p.Asn1672His NaV1.2 c.4022T>G p.Leu1341Arg 

NaV1.1 s c.1046A>G p.Tyr349Cys NaV1.1 s c.5015A>T p.Asn1672Ile NaV1.2 c.4025T>C p.Leu1342Pro 

NaV1.1 s c.1053T>G p.Cys351Trp NaV1.1 s c.5018T>C p.Ile1673Thr NaV1.2 c.4156T>C p.Cys1386Arg 

NaV1.1 s c.1064G>A p.Gly355Asp NaV1.1 s c.5020G>C p.Gly1674Arg NaV1.2 c.4223T>C p.Val1408Ala 

NaV1.1 s c.1066A>G p.Arg356Gly NaV1.1 s c.5027T>A p.Leu1676Gln NaV1.2 c.4259C>T p.Thr1420Met 

NaV1.1 s c.1070A>T p.Asn357Ile NaV1.1 s c.5029C>T p.Leu1677Phe NaV1.2 c.4264A>G p.Lys1422Glu 

NaV1.1 s c.1072C>A p.Pro358Thr NaV1.1 s c.5048T>C p.Ile1683Thr NaV1.2 c.4378G>C p.Gly1460Arg 

NaV1.1 s c.1076A>G p.Asn359Ser NaV1.1 s c.5050T>G p.Tyr1684Asp NaV1.2 c.4405A>T p.Ile1469Phe 

NaV1.1 s c.1087A>C p.Thr363Pro NaV1.1 s c.5051A>C p.Tyr1684Ser NaV1.2 c.4419A>G p.Ile1473Met 

NaV1.1 s c.1088C>G p.Thr363Arg NaV1.1 s c.5054C>A p.Ala1685Asp NaV1.2 c.4436A>C p.Gln1479Pro 

NaV1.1 s c.1094T>C p.Phe365Ser NaV1.1 s c.5062G>T p.Gly1688Trp NaV1.2 c.4463T>A p.Ile1488Asn 

NaV1.1 s c.1098T>A p.Asp366Glu NaV1.1 s c.5066T>G p.Met1689Arg NaV1.2 c.4471A>G p.Thr1491Ala 

NaV1.1 s c.1125G>T p.Leu375Phe NaV1.1 s c.5075T>C p.Phe1692Ser NaV1.2 c.4498G>A p.Ala1500Thr 

NaV1.1 s c.1130G>T p.Arg377Leu NaV1.1 s c.5081A>G p.Tyr1694Cys NaV1.2 c.4565G>C p.Gly1522Ala 

NaV1.1 s c.1130G>A p.Arg377Gln NaV1.1 s c.5106T>A p.Asp1702Glu NaV1.2 c.4591C>A p.Gln1531Lys 

NaV1.1 s c.1133T>A p.Leu378Gln NaV1.1 s c.5107G>T p.Asp1703Tyr NaV1.2 c.4606A>C p.Ser1536Arg 

NaV1.1 s c.1136T>G p.Met379Arg NaV1.1 s c.5108A>T p.Asp1703Val NaV1.2 c.4633A>G p.Met1545Val 

NaV1.1 s c.1144G>A p.Asp382Asn NaV1.1 s c.5119T>G p.Phe1707Val NaV1.2 c.4642A>G p.Met1548Val 
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NaV1.1 s c.1149C>G p.Phe383Asp NaV1.1 s c.5126C>T p.Thr1709Ile NaV1.2 c.4687C>G p.Leu1563Val 

NaV1.1 s c.1150T>C p.Trp384Arg NaV1.1 s c.5136C>G p.Asn1712Lys NaV1.2 c.4712T>C p.Ile1571Thr 

NaV1.1 s c.1154A>G p.Glu385Gly NaV1.1 s c.5138G>A p.Ser1713Asn NaV1.2 c.4726G>A p.Gly1576Arg 

NaV1.1 s c.1162T>C p.Tyr388His NaV1.1 s c.5141T>G p.Met1714Arg NaV1.2 c.4751C>G p.Ser1584Cys 

NaV1.1 s c.1171A>C p.Thr391Pro NaV1.1 s c.5141T>A p.Met1714Lys NaV1.2 c.4766A>G p.Tyr1589Cys 

NaV1.1 s c.1176A>T p.Leu392Phe NaV1.1 s c.5146T>C p.Cys1716Arg NaV1.2 c.4777G>A p.Gly1593Arg 

NaV1.1 s c.1177C>T p.Arg393Cys NaV1.1 s c.5150T>C p.Leu1717Pro NaV1.2 c.4780T>A p.Trp1594Arg 

NaV1.1 s c.1177C>A p.Arg393Ser NaV1.1 s c.5162C>G p.Thr1721Arg NaV1.2 c.4787T>G p.Ile1596Ser 

NaV1.1 s c.1178G>A p.Arg393His NaV1.1 s c.5170G>A p.Ala1724Thr NaV1.2 c.4789T>C p.Phe1597Leu 

NaV1.1 s c.1187G>A p.Gly396Glu NaV1.1 s c.5173G>T p.Gly1725Cys NaV1.2 c.4793A>G p.Asp1598Gly 

NaV1.1 s c.1207T>C p.Phe403Leu NaV1.1 s c.5176T>C p.Trp1726Arg NaV1.2 c.4793A>T p.Asp1598Val 

NaV1.1 s c.1207T>G p.Phe403Val NaV1.1 s c.5180A>G p.Asp1727Gly NaV1.2 c.4835C>G p.Ala1612Gly 

NaV1.1 s c.1208T>C p.Phe403Ser NaV1.1 s c.5186T>G p.Leu1729Trp NaV1.2 c.4864C>T p.Pro1622Ser 

NaV1.1 s c.1216G>T p.Val406Phe NaV1.1 s c.5191G>C p.Ala1731Pro NaV1.2 c.4868C>A p.Thr1623Asn 

NaV1.1 s c.1226T>G p.Leu409Trp NaV1.1 s c.5197A>G p.Asn1733Asp NaV1.2 c.4877G>A p.Arg1626Gln 

NaV1.1 s c.1234T>A p.Phe412Ile NaV1.1 s c.5221T>C p.Cys1741Arg NaV1.2 c.4879G>A p.Val1627Met 

NaV1.1 s c.1237T>A p.Tyr413Asn NaV1.1 s c.5246G>A p.Gly1749Glu NaV1.2 c.4886G>A p.Arg1629His 

NaV1.1 s c.1246A>T p.Asn416Tyr NaV1.1 s c.5260G>A p.Gly1754Arg NaV1.2 c.4886G>T p.Arg1629Leu 

NaV1.1 s c.1264G>A p.Val422Met NaV1.1 s c.5264 A>G p.Asp1755Gly NaV1.2 c.4895G>A p.Arg1632Lys 

NaV1.1 s c.1276T>A p.Tyr426Asn NaV1.1 s c.5266T>C p.Cys1756Arg NaV1.2 c.4901G>A p.Gly1634Asp 

NaV1.1 s c.1277A>G p.Tyr426Cys NaV1.1 s c.5266T>G p.Cys1756Gly NaV1.2 c.4901G>T p.Gly1634Val 

NaV1.1 s c.1574C>T p.Ser525Phe NaV1.1 s c.5285G>A p.Gly1762Glu NaV1.2 c.4904G>A p.Arg1635Gln 

NaV1.1 s c.1625G>A p.Arg542Gln NaV1.1 s c.5287A>T p.Ile1763Phe NaV1.2 c.4908C>G p.Ile1636Met 

NaV1.1 s c.1662G>T p.Gln554His NaV1.1 s c.5288T>A p.Ile1763Asn NaV1.2 c.4918A>T p.Ile1640Phe 

NaV1.1 s c.1811G>A p.Arg604His NaV1.1 s c.5304T>G p.Ser1768Arg NaV1.2 c.4919T>G p.Ile1640Ser 

NaV1.1 s c.1876A>G p.Ser626Gly NaV1.1 s c.5308A>T p.Ile1770Phe NaV1.2 c.4923A>C p.Lys1641Asn 

NaV1.1 s c.2021A>G p.Asp674Gly NaV1.1 s c.5309T>A p.Ile1770Asn NaV1.2 c.4949T>C p.Leu1650Pro 

NaV1.1 s c.2092C>T p.His698Tyr NaV1.1 s c.5309T>C p.Ile1770Thr NaV1.2 c.4952T>G p.Phe1651Cys 

NaV1.1 s c.2213G>T p.Trp738Leu NaV1.1 s c.5312T>A p.Ile1771Asn NaV1.2 c.4954G>C p.Ala1652Pro 

NaV1.1 s c.2284A>G p.Asn762Asp NaV1.1 s c.5318C>T p.Ser1773Phe NaV1.2 c.4967C>T p.Ser1656Phe 

NaV1.1 s c.2303C>T p.Pro768Leu NaV1.1 s c.5326G>T p.Val1776Phe NaV1.2 c.4979T>G p.Leu1660Trp 

NaV1.1 s c.2348T>C p.Leu783Pro NaV1.1 s c.5339T>C p.Met1780Thr NaV1.2 c.4993C>T p.Leu1665Phe 

NaV1.1 s c.2354T>C p.Met785Thr NaV1.1 s c.5341T>C p.Tyr1781His NaV1.2 c.5045T>C p.Phe1682Ser 

NaV1.1 s c.2362G>A p.Glu788Lys NaV1.1 s c.5342A>G p.Tyr1781Cys NaV1.2 c.5192G>A p.Cys1731Tyr 

NaV1.1 s c.2378C>T p.Thr793Met NaV1.1 s c.5345T>G p.Ile1782Ser NaV1.2 c.5231G>A p.Gly1744Glu 

NaV1.1 s c.2435C>G p.Thr812Arg NaV1.1 s c.5346C>G p.Ile1782Met NaV1.2 c.5230G>A p.Gly1744Arg 

NaV1.1 s c.2435C>T p.Thr812Ile NaV1.1 s c.5347G>A p.Ala1783Thr NaV1.2 c.5272A>C p.Ser1758Arg 

NaV1.1 s c.2525T>G p.Leu842Arg NaV1.1 s c.5347G>A p.Ala1783Thr NaV1.2 c.5294T>C p.Leu1765Pro 

NaV1.1 s c.2527A>C p.Phe843Arg NaV1.1 s c.5348C>T p.Ala1783Val NaV1.2 c.5317G>A p.Ala1773Thr 

NaV1.1 s c.2529C>G p.Ser843Arg NaV1.1 s c.5359G>A p.Glu1787Lys NaV1.2 c.5318C>T p.Ala1773Val 

NaV1.1 s c.2536G>A p.Glu853Lys NaV1.1 s c.5374G>A p.Ala1792Thr NaV1.2 c.5333A>T p.Asn1778Ile 

NaV1.1 s c.2537A>G p.Glu846Gly NaV1.1 s c.5375C>G p.Ala1792Gly NaV1.2 c.5339G>T p.Ser1780Ile 

NaV1.1 s c.2557G>A p.Glu853Lys NaV1.1 s c.5422T>A p.Phe1808Ile NaV1.2 c.5431C>G p.Gln1811Glu 

NaV1.1 s c.2575C>T p.Arg859Cys NaV1.1 s c.5422T>C p.Phe1808Leu NaV1.2 c.5485C>T p.Leu1829Phe 

NaV1.1 s c.2585G>A p.Arg862Gln NaV1.1 s c.5434T>G p.Trp1812Gly NaV1.2 c.5558A>G p.His1853Arg 

NaV1.1 s c.2588T>G p.Leu863Trp NaV1.1 s c.5435G>C p.Trp1812Ser NaV1.2 c.5616G>A p.Met1872Ile 

NaV1.1 s c.2593C>G p.Arg865Gly NaV1.1 s c.5468T>G p.Met1823Arg NaV1.2 c.5623C>T p.Leu1875Phe 

NaV1.1 s c.2615C>A p.Ser872Tyr NaV1.1 s c.5474T>C p.Phe1825Ser NaV1.2 c.5638G>A p.Glu1880Lys 

NaV1.1 s c.2624C>A p.Thr875Lys NaV1.1 s c.5492T>C p.Phe1831Ser NaV1.2 c.5644C>G p.Arg1882Gly 

NaV1.1 s c.2624C>T p.Thr875Met NaV1.1 s c.5494G>C p.Ala1832Pro NaV1.2 c.5645G>A p.Arg1882Gln 

NaV1.1 s c.2626T>A p.Leu876Ile NaV1.1 s c.5503C>T p.Leu1835Phe NaV1.2 c.5645G>C p.Arg1882Pro 

NaV1.1 s c.2644A>T p.Ile882Phe NaV1.1 s c.5515C>G p.Leu1839Val NaV1.2 c.5645G>T p.Arg1882Leu 

NaV1.1 s c.2669T>C p.Leu890Phe NaV1.1 s c.5534A>C p.Asn1845Thr NaV1.2 c.5704C>T p.Arg1902Cys 

NaV1.1 s c.2686G>A p.Val896Ile NaV1.1 s c.5555T>A p.Met1852Lys NaV1.2 c.5710C>G p.Gln1904Glu 

NaV1.1 s c.2686G>C p.Val896Leu NaV1.1 s c.5555T>C p.Met1852Thr NaV1.2 c.5753G>A p.Arg1918His 

NaV1.1 s c.2686G>T p.Val896Phe NaV1.1 s c.5564C>T p.Pro1855Leu NaV1.2 c.5798A>T p.Lys1933Met 

NaV1.1 s c.2705T>G p.Phe902Cys NaV1.1 s c.5597A>G p.Asp1866Gly NaV1.2 c.5921C>T p.Ser1974Leu 

NaV1.1 s c.2713G>A p.Ala905Thr NaV1.1 s c.5627T>C p.Leu1876Pro NaV1.2 c.5995G>T p.Asp1999Tyr 

NaV1.1 s c.2728C>A p.Gln910Lys NaV1.1 s c.5639G>A p.Gly1880Glu NaV1.6 c.134G>A p.Arg45Gln 
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NaV1.1 s c.2729A>T p.Gln910Leu NaV1.1 s c.5641G>A p.Glu1881Lys NaV1.6 c.172G>A p.Asp58Asn 

NaV1.1 s c.2780G>T p.Cys927Phe NaV1.1 s c.5643G>C p.Glu1881Asp NaV1.6 c.302A>G p.Lys101Arg 

NaV1.1 s c.2791C>T p.Arg931Cys NaV1.1 s c.5657G>A p.Arg1886Gln NaV1.6 c.424A>G p.Ile142Val 

NaV1.1 s c.2792G>A p.Arg931His NaV1.1 s c.5726C>T p.Thr1909Ile NaV1.6 c.497C>T p.Thr166Ile 

NaV1.1 s c.2792G>C p.Arg931Pro NaV1.1 s c.5765T>C p.Ile1922Thr NaV1.6 c.599G>A p.Ser200Asn 

NaV1.1 s c.2796G>C p.Trp932Cys NaV1.1 s c.5782C>G p.Arg1928Gly NaV1.6 c.628T>C p.Phe210Leu 

NaV1.1 s c.2798A>C p.His933Pro NaV1.1 m c.80G>C p.Arg27Thr NaV1.6 c.632T>C p.Val211Ala 

NaV1.1 s c.2802G>C p.Met934Ile NaV1.1 m c.82C>T p.Arg28Cys NaV1.6 c.631G>C p.Val211Leu 

NaV1.1 s c.2807A>T p.Asp936Val NaV1.1 m c.133G>A p.Asp45Asn NaV1.6 c.641G>A p.Gly214Asp 

NaV1.1 s c.2815C>T p.His939Tyr NaV1.1 m c.220T>C p.Ser74Pro NaV1.6 c.643A>G p.Asn215Asp 

NaV1.1 s c.2816A>G p.His939Arg NaV1.1 m c.307A>G p.Ser103Gly NaV1.6 c.647T>A p.Val216Asp 

NaV1.1 s c.2817C>G p.His939Gln NaV1.1 m c.323T>G p.Leu108Arg NaV1.6 c.667A>G p.Arg223Gly 

NaV1.1 s c.2819C>T p.Ser940Phe NaV1.1 m c.434T>C p.Met145Thr NaV1.6 c.669G>C p.Arg223Ser 

NaV1.1 s c.2825T>C p.Leu942Pro NaV1.1 m c.563A>T p.Asp188Val NaV1.6 c.694T>C p.Ser232Pro 

NaV1.1 s c.2828T>A p.Ile943Asp NaV1.1 m c.563A>T p.Asp188Val NaV1.6 c.697G>A p.Val233Ile 

NaV1.1 s c.2831T>A p.Val944Glu NaV1.1 m c.577C>T p.Leu193Phe NaV1.6 c.715A>G p.Thr239Ala 

NaV1.1 s c.2831T>C p.Val944Ala NaV1.1 m c.650C>G p.Thr217Arg NaV1.6 c.718A>C p.Ile240Leu 

NaV1.1 s c.2833T>C p.Phe945Leu NaV1.1 m c.652T>C p.Phe218Leu NaV1.6 c.718A>G p.Ile240Val 

NaV1.1 s c.2836C>T p.Arg946Cys NaV1.1 m c.652T>C p.Phe218Leu NaV1.6 c.769C>G p.Leu257Val 

NaV1.1 s c.2837G>A p.Arg946His NaV1.1 m c.677C>T p.Thr226Met NaV1.6 c.779T>C p.Phe260Ser 

NaV1.1 s c.2837G>C p.Arg946Pro NaV1.1 m c.825T>A p.Asn275Lys NaV1.6 c.782G>T p.Cys261Phe 

NaV1.1 s c.2837G>A p.Arg946His NaV1.1 m c.871A>G p.Ser291Gly NaV1.6 c.800T>C p.Leu267Ser 

NaV1.1 s c.2846G>C p.Cys949Ser NaV1.1 m c.1144G>A p.Asp382Asn NaV1.6 c.802A>C p.Ile268Leu 

NaV1.1 s c.2846G>A p.Cys949Tyr NaV1.1 m c.1183G>C p.Ala395Pro NaV1.6 c.971G>C p.Cys324Tyr 

NaV1.1 s c.2848G>C p.Gly950Arg NaV1.1 m c.1222T>C p.Phe408Leu NaV1.6 c.1099A>G p.Met367Val 

NaV1.1 s c.2849G>A p.Gly950Glu NaV1.1 m c.1234T>A p.Phe412Ile NaV1.6 c.1142G>A p.Arg381Gln 

NaV1.1 s c.2854T>C p.Trp952Arg NaV1.1 m c.1265T>A p.Val422Glu NaV1.6 c.1150G>A p.Gly384Arg 

NaV1.1 s c.2854T>G p.Trp952Gly NaV1.1 m c.1625G>A p.Arg542Gln NaV1.6 c.1157C>G p.Thr386Arg 

NaV1.1 s c.2860G>A p.Glu954Lys NaV1.1 m c.1876A>G p.Ser626Gly NaV1.6 c.1195T>C p.Ser399Pro 

NaV1.1 s c.2864C>T p.Thr955Ile NaV1.1 m c.2369A>G p.Tyr790Cys NaV1.6 c.1221G>C p.Leu407Phe 

NaV1.1 s c.2867T>A p.Met956Lys NaV1.1 m c.2369A>G p.Tyr790Cys NaV1.6 c.1222G>A p.Ala408Thr 

NaV1.1 s c.2869T>C p.Trp957Arg NaV1.1 m c.2369A>T p.Tyr790Phe NaV1.6 c.1228G>C p.Val410Leu 

NaV1.1 s c.2870G>T p.Trp957Leu NaV1.1 m c.2576G>A p.Arg859His NaV1.6 c.1244A>G p.Glu415Gly 

NaV1.1 s c.2875T>C p.Cys959Arg NaV1.1 m c.2576G>A p.Arg859His NaV1.6 c.1246G>A p.Glu416Lys 

NaV1.1 s c.2876G>A p.Cys959Tyr NaV1.1 m c.2803A>C p.Asn935His NaV1.6 c.1250A>C p.Gln417Pro 

NaV1.1 s c.2878A>G p.Met960Val NaV1.1 m c.2879T>C p.Met960Thr NaV1.6 c.1588C>T p.Arg530Trp 

NaV1.1 s c.2918T>A p.Met973Lys NaV1.1 m c.2901G>T p.Met967Ile NaV1.6 c.1589G>A p.Arg530Gln 

NaV1.1 s c.2928G>A p.Met976Ile NaV1.1 m c.2917A>G p.Met973Val NaV1.6 c.1792C>T p.Arg598Trp 

NaV1.1 s c.2935G>A p.Gly979Arg NaV1.1 m c.2927T>C p.Met976Thr NaV1.6 c.1819G>A p.Ala607Thr 

NaV1.1 s c.2936G>T p.Gly979Val NaV1.1 m c.2928G>A p.Met976Ile NaV1.6 c.1984C>T p.Arg662Cys 

NaV1.1 s c.2942T>C p.Leu981Pro NaV1.1 m c.3241G>A p.Gly1081Arg NaV1.6 c.2074G>A p.Gly692Arg 

NaV1.1 s c.2944G>C p.Val982Leu NaV1.1 m c.3521C>G p.Thr1174Ser NaV1.6 c.2287A>G p.Ile763Val 

NaV1.1 s c.2947G>T p.Val983Phe NaV1.1 m c.3610T>C p.Trp1204Arg NaV1.6 c.2300C>T p.Thr767Ile 

NaV1.1 s c.2948T>C p.Val983Ala NaV1.1 m c.3610T>C p.Trp1204Arg NaV1.6 c.2415A>G p.Ile805Met 

NaV1.1 s c.2954A>T p.Asn985Ile NaV1.1 m c.3611G>C p.Trp1204Ser NaV1.6 c.2518C>T p.Leu840Phe 

NaV1.1 s c.2956C>T p.Leu986Phe NaV1.1 m c.3688C>T p.Leu1230Phe NaV1.6 c.2519T>C p.Leu840Pro 

NaV1.1 s c.2959T>C p.Phe987Leu NaV1.1 m c.3748G>C p.Lys1249Asn NaV1.6 c.2534C>T p.Ser845Phe 

NaV1.1 s c.2970G>T p.Leu990Phe NaV1.1 m c.3749C>T p.Thr1250Met NaV1.6 c.2533T>C p.Ser845Pro 

NaV1.1 s c.2979C>G p.Ser993Arg NaV1.1 m c.3809A>C p.Lys1270Thr NaV1.6 c.2537T>C p.Phe846Ser 

NaV1.1 s c.2983T>C p.Phe995Leu NaV1.1 m c.3820T>A p.Tyr1274Asn NaV1.6 c.2549G>A p.Arg850Gln 

NaV1.1 s c.2993A>G p.Asp998Gly NaV1.1 m c.3820T>A p.Tyr1274Asn NaV1.6 c.2603C>T p.Ile868Thr 

NaV1.1 s c.3044C>T p.Ala1015Val NaV1.1 m c.3924A>T p.Glu1308Asp NaV1.6 c.2620G>A p.Ala874Thr 

NaV1.1 s c.3166A>G p.Asn1056Asp NaV1.1 m c.3925C>T p.Leu1309Phe NaV1.6 c.2624T>A p.Leu875Gln 

NaV1.1 s c.3196A>G p.Thr1066Ala NaV1.1 m c.3967C>T p.Pro1323Ser NaV1.6 c.2642T>C p.Val881Ala 

NaV1.1 s c.3202G>A p.Glu1068Lys NaV1.1 m c.3968C>G p.Pro1323Arg NaV1.6 c.2668G>A p.Ala890Thr 

NaV1.1 s c.3521C>G p.Thr1174Ser NaV1.1 m c.3977C>T p.Ala1326Val NaV1.6 c.2671G>A p.Val891Met 

NaV1.1 s c.3620T>C p.Leu1207Pro NaV1.1 m c.3998T>C p.Met1333Thr NaV1.6 c.2879T>A p.Val960Asp 

NaV1.1 s c.3623G>A p.Arg1208Lys NaV1.1 m c.4057G>C p.Val1353Leu NaV1.6 c.2890G>C p.Gly964Arg 

NaV1.1 s c.3629C>A p.Thr1210Lys NaV1.1 m c.4096G>A p.Val1366Ile NaV1.6 c.2905C>A p.Leu969Met 
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NaV1.1 s c.3641T>G p.Ile1214Arg NaV1.1 m c.4096G>A p.Val1366Ile NaV1.6 c.2932A>G p.Ser978Gly 

NaV1.1 s c.3646G>A p.Glu1216Lys NaV1.1 m c.4114A>G p.Lys1372Glu NaV1.6 c.2936C>T p.Ser979Phe 

NaV1.1 s c.3661G>A p.Glu1221Lys NaV1.1 m c.4135G>T p.Val1379Leu NaV1.6 c.2952C>G p.Asn984Lys 

NaV1.1 s c.3688C>T p.Leu1230Phe NaV1.1 m c.4144G>C p.Gly1382Arg NaV1.6 c.3148G>A p.Gly1050Ser 

NaV1.1 s c.3692G>C p.Ser1231Thr NaV1.1 m c.4240A>G p.Asn1414Asp NaV1.6 c.3601G>A p.Glu1201Lys 

NaV1.1 s c.3693T>A p.Ser1231Arg NaV1.1 m c.4283T>C p.Val1428Ala NaV1.6 c.3722A>G p.Tyr1241Cys 

NaV1.1 s c.3697G>C p.Gly1233Arg NaV1.1 m c.4314G>A p.Met1438Ile NaV1.6 c.3922T>C p.Ser1308Pro 

NaV1.1 s c.3706G>C p.Ala1236Pro NaV1.1 m c.4349A>C p.Gln1450Pro NaV1.6 c.3943G>A p.Val1315Met 

NaV1.1 s c.3714A>C p.Glu1238Asp NaV1.1 m c.4541T>C p.Leu1514Ser NaV1.6 c.3960G>T p.Leu1320Phe 

NaV1.1 s c.3715G>T p.Asp1239Tyr NaV1.1 m c.4628T>C p.Phe1543Ser NaV1.6 c.3967G>C p.Ala1323Pro 

NaV1.1 s c.3716A>G p.Asp1239Gly NaV1.1 m c.4748A>G p.His1583Arg NaV1.6 c.3967G>T p.Ala1323Ser 

NaV1.1 s c.3721T>C p.Tyr1241His NaV1.1 m c.4787G>A p.Arg1596His NaV1.6 c.3979A>G p.Ile1327Val 

NaV1.1 s c.3734G>A p.Arg1245Gln NaV1.1 m c.4787G>A p.Arg1596His NaV1.6 c.3983T>C p.Met1328Thr 

NaV1.1 s c.3749C>T p.Thr1250Met NaV1.1 m c.4787G>A p.Arg1596His NaV1.6 c.3985A>G p.Asn1329Asp 

NaV1.1 s c.3764C>A p.Ala1255Asp NaV1.1 m c.4793A>T p.Tyr1598Phe NaV1.6 c.3991C>G p.Leu1331Val 

NaV1.1 s c.3776T>G p.Phe1259Cys NaV1.1 m c.4831G>T p.Val1611Phe NaV1.6 c.3995T>G p.Leu1332Arg 

NaV1.1 s c.3778A>C p.Thr1260Pro NaV1.1 m c.4847T>C p.Ile1616Thr NaV1.6 c.4214C>A p.Ala1405Asp 

NaV1.1 s c.3789C>G p.Phe1263Leu NaV1.1 m c.4847T>C p.Ile1616Thr NaV1.6 c.4351G>A p.Gly1451Ser 

NaV1.1 s c.3794T>C p.Leu1265Pro NaV1.1 m c.4943G>A p.Arg1648His NaV1.6 c.4382G>T p.Gly1461Val 

NaV1.1 s c.3797A>C p.Glu1266Ala NaV1.1 m c.4968C>G p.Ile1656Met NaV1.6 c.4394A>T p.Asp1465Val 

NaV1.1 s c.3824G>T p.Gly1275Val NaV1.1 m c.4970G>A p.Arg1657His NaV1.6 c.4397A>C p.Asn1466Thr 

NaV1.1 s c.3851G>C p.Trp1284Ser NaV1.1 m c.4970G>A p.Arg1657His NaV1.6 c.4398C>A p.Asn1466Lys 

NaV1.1 s c.3860T>C p.Leu1287Pro NaV1.1 m c.5018T>G p.Ile1673Thr NaV1.6 c.4400T>G p.Phe1467Cys 

NaV1.1 s c.3862G>A p.Asp1288Asn NaV1.1 m c.5054C>T p.Ala1685Val NaV1.6 c.4423G>A p.Gly1475Arg 

NaV1.1 s c.3899C>G p.Thr1300Arg NaV1.1 m c.5216C>T p.Pro1739Leu NaV1.6 c.4427G>A p.Gly1476Asp 

NaV1.1 s c.3924A>T p.Glu1308Asp NaV1.1 m c.5225C>G p.Asp1742Gly NaV1.6 c.4435A>G p.Ile1479Val 

NaV1.1 s c.3938A>T p.Lys1313Ile NaV1.1 m c.5295T>A p.Phe1765Leu NaV1.6 c.4447G>A p.Glu1483Lys 

NaV1.1 s c.3946A>T p.Arg1316Trp NaV1.1 m c.5305T>C p.Tyr1769His NaV1.6 c.4474A>G p.Met1492Val 

NaV1.1 s c.3946A>G p.Arg1316Gly NaV1.1 m c.5309T>A p.Ile1770Asn NaV1.6 c.4493A>T p.Lys1498Met 

NaV1.1 s c.3948G>T p.Arg1316Ser NaV1.1 m c.5383G>A p.Glu1795Lys NaV1.6 c.4501C>A p.Gln1501Lys 

NaV1.1 s c.3953T>G p.Leu1318Arg NaV1.1 m c.5561T>C p.Leu1854Ser NaV1.6 c.4594A>T p.Ile1532Phe 

NaV1.1 s c.3959C>T p.Ala1320Val NaV1.1 m c.5567T>C p.Met1856Thr NaV1.6 c.4608G>A p.Met1536Ile 

NaV1.1 s c.3965G>T p.Arg1322Ile NaV1.1 m c.5569G>T p.Val1857Leu NaV1.6 c.4748T>C p.Ile1583Thr 

NaV1.1 s c.3974G>C p.Arg1325Thr NaV1.1 m c.5596G>T p.Asp1866Tyr NaV1.6 c.4750G>A p.Gly1584Arg 

NaV1.1 s c.3976G>C p.Ala1326Pro NaV1.1 m c.5600T>C p.Ile1867Thr NaV1.6 c.4774G>C p.Val1592Leu 

NaV1.1 s c.3977C>A p.Ala1326Asp NaV1.1 m c.5600T>C p.Ile1867Thr NaV1.6 c.4780A>C p.Ile1594Leu 

NaV1.1 s c.3982T>C p.Ser1328Pro NaV1.1 m c.5681C>T p.Pro1894Leu NaV1.6 c.4787C>G p.Ser1596Cys 

NaV1.1 s c.3995G>A p.Gly1332Glu NaV1.1 m c.5752T>A p.Ser1918Thr NaV1.6 c.4793T>C p.Val1598Ala 

NaV1.1 s c.4003G>A p.Val1335Met NaV1.1 m c.5768A>G p.Gln1923Arg NaV1.6 c.4814T>G p.Ile1605Arg 

NaV1.1 s c.4016C>T p.Ala1339Val NaV1.1 m c.5779A>G p.Arg1927Gly NaV1.6 c.4840A>G p.Thr1614Ala 

NaV1.1 s c.4032T>G p.Ile1344Met NaV1.1 m c.5864T>C p.Ile1955Thr NaV1.6 c.4850G>A p.Arg1617Gln 

NaV1.1 s c.4049T>G p.Val1350Gly NaV1.1 m c.5962C>T p.Arg1988Trp NaV1.6 c.4850G>C p.Arg1617Pro 

NaV1.1 s c.4061G>A p.Cys1354Tyr NaV1.2 c.34G>A p.Asp12Asn NaV1.6 c.4862T>G p.Leu1621Trp 

NaV1.1 s c.4064T>C p.Leu1355Pro NaV1.2 c.82C>T p.Arg28Cys NaV1.6 c.4873G>A p.Gly1625Arg 

NaV1.1 s c.4072T>C p.Trp1358Arg NaV1.2 c.106A>G p.Arg36Gly NaV1.6 c.4889T>C p.Leu1630Pro 

NaV1.1 s c.4073G>C p.Trp1358Ser NaV1.2 c.209C>T p.Pro70Leu NaV1.6 c.4925T>G p.Phe1642Cys 

NaV1.1 s c.4086C>G p.Ser1362Arg NaV1.2 c.245A>G p.Asp82Gly NaV1.6 c.4948G>A p.Ala1650Thr 

NaV1.1 s c.4088T>A p.Ile1363Asn NaV1.2 c.396T>A p.Asn132Lys NaV1.6 c.4949C>T p.Ala1650Val 

NaV1.1 s c.4091T>A p.Met1364Lys NaV1.2 c.408G>T p.Met136Ile NaV1.6 c.5261T>C p.Phe1754Ser 

NaV1.1 s c.4093G>A p.Gly1365Ser NaV1.2 c.506A>G p.Glu169Gly NaV1.6 c.5302A>G p.Asn1768Asp 

NaV1.1 s c.4094G>A p.Gly1365Asp NaV1.2 c.514A>G p.Ile172Val NaV1.6 c.5401C>G p.Gln1801Glu 

NaV1.1 s c.4096G>A p.Val1366Ile NaV1.2 c.562C>T p.Arg188Trp NaV1.6 c.5421G>C p.Lys1807Asn 

NaV1.1 s c.4101T>A p.Asn1367Lys NaV1.2 c.605C>T p.Ala202Val NaV1.6 c.5483A>T p.Met1828Val 

NaV1.1 s c.4108G>C p.Ala1370Pro NaV1.2 c.620T>C p.Phe207Ser NaV1.6 c.5555C>T p.Thr1852Ile 

NaV1.1 s c.4109C>T p.Ala1370Val NaV1.2 c.623T>A p.Val208Glu NaV1.6 c.5558A>G p.Lys1853Arg 

NaV1.1 s c.4112G>T p.Gly1371Val NaV1.2 c.632G>A p.Gly211Asp NaV1.6 c.5597G>A p.Arg1866Gln 

NaV1.1 s c.4126T>C p.Cys1376Arg NaV1.2 c.634A>G p.Asn212Asp NaV1.6 c.5610A>C p.Glu1870Asp 

NaV1.1 s c.4132A>C p.Asn1378His NaV1.2 c.638T>A p.Val213Asp NaV1.6 c.5614C>T p.Arg1872Trp 

NaV1.1 s c.4133A>C p.Asn1378Thr NaV1.2 c.653C>A p.Thr218Lys NaV1.6 c.5615G>A p.Arg1872Gln 
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NaV1.1 s c.4153T>G p.Phe1385Val NaV1.2 c.658A>G p.Arg220Gly NaV1.6 c.5615G>T p.Arg1872Leu 

NaV1.1 s c.4168G>A p.Val1390Met NaV1.2 c.668G>A p.Arg223Gln NaV1.6 c.5615G>C p.Arg1872Pro 

NaV1.1 s c.4172A>G p.Asn1391Ser NaV1.2 c.680C>T p.Thr227Ile NaV1.6 c.5630A>G p.Asn1877Ser 

NaV1.1 s c.4178A>C p.His1393Pro NaV1.2 c.707C>G p.Thr236Ser NaV1.6 c.5719C>T  p.Arg1907Trp 

NaV1.1 s c.4181C>T p.Thr1394Ile NaV1.2 c.710T>A p.Ile237Asn    

NaV1.1 s c.4183G>T p.Asp1396Tyr NaV1.2 c.718G>T p.Ala240Ser    

NaV1.1 s c.4186T>G p.Cys1396Gly NaV1.2 c.752T>C p.Val251Ala    

NaV1.1 s c.4216G>A p.Ala1406Thr NaV1.2 c.754A>G p.Met252Val    

NaV1.1 s c.4228A>T p.Asn1410Tyr NaV1.2 c.773G>C p.Cys258Ser    

NaV1.1 s c.4240A>T p.Asn1414Tyr NaV1.2 c.781G>A p.Val261Met    
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Table S4. Breakdown of NaV1.1 mutations in their segment and domain specific locations for 
the A. patient database and for the B. healthy database. 

NaV1.1 MS  - Unique Variants        

 nondomain S1 S2 S3 S4 S5 S6 S1-2 S2-3 S3-4 S4-5 S5-6 
C 26            
DI  4 6 10 10 4 9 0 4 2 5 51 
DII  3 2 5 8 7 12 2  1 2 34 
DIII  8 7 4 11 16 9 6  1 4 44 
DIV  7 7 4 11 11 17  3 3 13 24 

N 26            
DI-II 11            

DII-DIII 11            
DIII-DIV 11            

             

NaV1.1 GNOMAD (this table with only single count for each mutational position)  
 nondomain S1 S2 S3 S4 S5 S6 S1-2 S2-3 S3-4 S4-5 S5-6 

C 104            

DI  2 5 1 4 3 3  3 2 3 36 

DII  7 2 4 2 5 4 6 5 3 5 4 

DIII  1 6 7 3 4 3 6  1 4 10 

DIV  10 7 7 2 5 2 8 2 2  14 

N 46            

DI-II 148            

DII-DIII 100            

DIII-DIV 8            
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Table S5. Breakdown of NaV1.2 mutations in their segment and domain specific locations for 
the A. patient database and for the B. healthy database. 

  

NaV1.2 Patient Missense - Unique 
Variants         

 
nondomain 

S
1 

S
2 

S
3 S4 S5 S6 

S1-
2 

S2-
3 

S3-
4 

S4-
5 

S5-
6 

C 18            
DI  2 2 3 4 6 4  1 3 3 5 
DII  3 1 2 6 8 5 1   7 6 
DIII  2 2 2 6 2 3    9 4 
DIV  4 4 7 12 2 4  1 2 5 3 

N 5            
DI-DII 12            

DII-DIII 12            
DIII-DIV 5            

             

NaV1.2 GNOMAD (this table with only single count for each mutational position)  

 
nondomain 

S
1 

S
2 

S
3 S4 S5 S6 

S1-
2 

S2-
3 

S3-
4 

S4-
5 

S5-
6 

C 76            
DI  5 4 5 2  1 1 6 1 2 27 
DII  3 2 4 1 1 2 3    8 
DIII  6 7 4 2 2 3 6 1 2 3 17 
DIV  3 4 3 1 1 1 2    5 

N 44            
DI-DII 115            

DII-DIII 96            
DIII-DIV 7            
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Table S6. Breakdown of NaV1.6 mutations in their segment and domain specific locations for 
the A. patient database and for the B. healthy database. 

NaV1.6 Patient Missense - Unique 
Variants         

 
nondomain 

S
1 

S
2 

S
3 S4 S5 S6 

S1-
2 

S2-
3 

S3-
4 

S4-
5 

S5-
6 

C 14            
DI  1 1 4 4 5 4   3 3 6 
DII  2 1  4 3 3   2 3  
DIII  1 1  1 2 2    7 1 
DIV  2  7 5  1   1 3  

N 3            
DI-DII 9            

DII-DIII 4            
DIII-DIV 11            

             

NaV1.6 gnomAD (this table with only single count for each mutational position)  

 
nondomain 

S
1 

S
2 

S
3 S4 S5 S6 

S1-
2 

S2-
3 

S3-
4 

S4-
5 

S5-
6 

C 51            
DI  1 3 3 5 1 1 1 2 2  10 
DII  4 5   1 2 2 2   3 
DIII  3 4 2  2 1 6 1  1 9 
DIV  3 7 5  1 1 2 2   9 

N 37            
DI-DII 119            

DII-DIII 74            
DIII-DIV 2            
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Table S7. Breakdown of NaV1.3 mutations in their segment and domain specific locations for 
the patient database. 

NaV1.3 gnomAD (this table with only single count for each mutational position)  
 nondomain S1 S2 S3 S4 S5 S6 S1-2 S2-3 S3-4 S4-5 S5-6 

C 98            
DI  1 8 3 10 8 3 1 5 4 4 50 
DII  6 6 2 1 4 4 7 6  2 13 
DIII  3 5 4 1 4 4 5 2 4 2 30 
DIV  6 5  5 4 5 4 6 3 6 22 

N 51            
DI-DII 139            

DII-DIII 101            
DIII-DIV 12            
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Key Bullet Points: 

 The percentage of SCN8A children acquiring late-learning skills (after 12 months of age) 

decreases 

 Positive correlation of skill acquisition with seizure onset, seizure freedom and initial febrile 

seizures seen in this cohort 

 Clear distinction for children with a single reported variant in SCN8A versus those with an 

additional variant reported in a gene other than SCN8ADevelopment delays or regression 

prior to and/or at seizure onset affects skill acquisition patterns 
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Summary 

Objectives: To characterize a cohort of patients with SCN8A-related epilepsy and to perform 

analyses to identify correlations involving the acquisition of neurodevelopmental skills. 

Methods: We analyzed patient data (n= 91) submitted to an online registry tailored to 

characteristics of children with SCN8A variants. Participants provided information on the history 

of their child’s seizures, medications, comorbidities, and developmental skills based on the 

Denver II items. Spearman rank tests were utilized to test for correlations among a variety of 

aspects of seizures, medications, and neurodevelopmental progression. 

Results: The 91 participants carried 71 missense variants (41 newly reported) and 3 truncating 

variants. Ages at seizure onset ranged from birth to >12 months of age (mean ± sd = 5 months 21 

days ± 7 months 14 days). Multiple seizure types with multi-modal onset times and 

developmental delay were observed as general features of this cohort. We found a positive 

correlation between a developmental score based upon percent-acquired skills and the age at 

seizure onset, current seizure freedom, and initial febrile seizures. Analyses of cohort subgroups 

revealed clear distinctions between patients that had a single reported variant in SCN8A (8A) and 

those with an additional variant reported in a gene other than SCN8A (8A+), as well as between 

patients with different patterns of regression before and at seizure onset. 

Significance: This is the first study of a SCN8A patient cohort of this size and for which 

correlations between age at seizure onset and neurodevelopment were investigated. Our 

correlation studies suggest that variants of uncertain significance should be considered in 

assessing children with SCN8A-related disorders. This study substantially improves the 

characterization of this patient population and our understanding of the neurodevelopmental 
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effects associated with seizures for SCN8A patients, as well as provides a clinical context at 

initial presentation that may be prognostic for developmental outcome.  
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Introduction   
Mutations in a large set of genes have been implicated in early infantile epileptic 

encephalopathy (EIEE), several of which are within voltage-gated ion channels. The first 

epilepsy case involving SCN8A, one of eight genes that encode voltage-gated sodium channels, 

was published in 2012.1 Since the publication of this index case, the number of known cases of 

SCN8A-related epilepsy has grown, with over 80 published reports and many more unpublished 

cases.2 Initially, SCN8A variants were found to be associated with intractable epilepsy and with 

seizure onset occurring within the first 18 months of life.3 When seizures begin in infancy, the 

severity of outcome can range from ‘benign’ cases in which children outgrow their seizures and 

continue with a normal developmental profile, to ‘severe’ cases of epileptic encephalopathy.4 

With the reporting of an increasing number of cases, it has become clear that the phenotypic 

spectrum of SCN8A-related disorders is much broader than initially perceived.5 Not all variants 

are associated with intractable seizures, and for those that are associated with seizures there is a 

range of developmental features and comorbidities.3 It is also becoming evident that certain 

amino acid positions are susceptible to more severe forms of encephalopathy.3; 5  At the same 

time, phenotypic manifestations, including neurocognitive development, can vary even when 

patients share the same causative amino acid variant.   

Many factors (e.g., age of seizure onset, pharmacoresistance) have been shown to 

influence the extent to which seizures impact neurocognitive development of children. For 

example, in the SCN8A population, age at seizure onset ranges from birth to over 10 months of 

age, with an average onset time of 4.5 months.3 Notably, the age of seizure onset has been 

reported to correlate with cognitive development.6-10 Given the scope of critical developmental 

processes that occur between birth and 2 years of age,9; 11; 12 seizures typically begin when the 

brain is particularly vulnerable. Given the variability in seizure characteristics among children, 
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clinicians and parents are often at a loss to determine which factors are most influential in the 

overall growth and development of the child. This study is the one of the first of its kind to 

examine associations between seizure characteristics and neurodevelopment in children with 

SCN8A-related epilepsy.  

Here we characterize a cohort of 91 patients whose caregivers participated in an online 

SCN8A registry. The registry contains data collection tools tailored to the features of SCN8A 

patients, and includes Denver II items in order to more precisely capture variables that influence 

developmental outcome.13 Our registry data include previously unreported SCN8A variants and 

phenotypes that expand our understanding of the neurodevelopmental spectrum of this 

population. We present analyses aimed at assessing the strength of associations involving the 

acquisition of developmental skills. 

 

Methods 
Participant Recruitment. An online SCN8A Community registry was established at the 

University of Arizona (UA) (https://www.SCN8A.net). This registry is a secure database for 

parent/guardian-reported genotypic and phenotypic data for individuals with SCN8A-epilepsy or 

SCN8A-related disorders. Responses from all participants who consented and enrolled in the 

registry and who completed questionnaires during the time period January 2016 -February 2018 

were analyzed and compared for this study. The Registry was approved by the University of 

Arizona Institutional Review Board and informed consent was obtained from all participants.   

 

Data Collection. All data were reported by parents or guardians of a child with an SCN8A 

variant through a questionnaire made available to members of the SCN8A Community website. 

The entire questionnaire was designed to take 2-3 hours to complete and allowed the participants 
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to submit copies of their child’s medical records and genetic reports. Statistical analyses were 

based on seven questions that required ‘Yes/No’ responses, as well as multiple choice answers 

concerning initial seizure characteristics, and medication history.  

 

Development Score (DS). Using the Denver II test as a guide, 25 skills were chosen – 6 to 7 

from each category (fine motor, gross motor, social motor, and language), and participants were 

asked whether or not their child had acquired the skill. The percentage of skills acquired was 

calculated for each skill type and then averaged across all the four skill sets to create a 

developmental percentage. The assessment of each child was based solely on those skills 

generally achieved by 90% of the general population by the time of the age of the child. From 

the total averaged percentage, a development score (DS) from 1 to 5 was constructed (Table S1).  

 

Data Analysis. A retrospective analysis of the registry data was performed. All genetic variants 

that were collected were mapped based on the canonical transcript (NM_001184880.0) (Table 

S2). Data were analyzed using R statistical software.14 Spearman’s rank correlation coefficient 

was used to assess pairwise relationships between particular seizure characteristic variables and 

DS. For the correlations, an absolute value of 0 – 0.1 was considered a very weak relationship, 

0.1 – 0.3 was a weak relationship, 0.3 – 0.5 was a moderate relationship and 0.5 to 1.0 

constituted a strong relationship. Ordinal logistic regression was conducted to investigate 

additional factors beyond age of onset that had a significant impact on overall neurodevelopment 

and to confirm significant variables that were used in correlation analyses (Supplementary 

material).     
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Results 
Cohort Characteristics. In our cohort of 91, there was a total of 71 missense variants, 41 of 

which have not been previously published (Fig. 1). Of the missense variants, 9 are recurrent with 

one variant present in 4 cases. The cohort also included 3 truncating variants (<4%), consisting 

of 1 frameshift, 1 nonsense, and 1 splice site variant. There also was a single in-frame deletion 

variant that resulted in a substituted amino acid at position 360. One participant did not know the 

exact position of the SCN8A variant; however, data from this case was included in the 

phenotypic analyses described below.  

 

Phenotypic Manifestations. Less than 5% of participants (4/91) never presented with a seizure. 

The remaining 87 participants reported onset times ranging from birth to 50 months (mean ± SD 

= 5m 21d ± 7m 14d). Nearly a quarter of patients (21/91) reported a first seizure in the neonatal 

period, while 15% (14/91) report an onset time >10 months. Participants were currently taking an 

average of 2.5 ± 1.1 anti-epileptic drugs (AEDs) (not including rescue medications), with only 9 

children on a single AED.  

Five families reported that their child had passed away (Table S4). Two apparently had 

died as a result of respiratory or other organ failure, while three met the criteria for sudden 

unexplained death in epilepsy (SUDEP). These children had seizure onset times ranging from 2 

to 10 months of age and lived until the ages of 6 years 11 months, 7 years 8 months, and 15 years 

1 month (Table S4). The two children that died as a result of organ failure had seizure onset 

times that were earlier than the three candidates for SUDEP and were younger at the time of 

death (Table S4). The neurodevelopmental skills of the SUDEP candidates varied, with DS 

ranging from 4.5 to 1.  
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Developmental Skills. All children in this cohort were delayed in some manner and did not 

achieve all skills by the median age as defined by the Denver II Screening Test. In the cohort of 

91 children, 71 parents (78%) reported that their child did not experience age-appropriate 

neurodevelopment. Figure 2A displays each of the Denver II milestones included in the 

questionnaire. Figure 2B shows that as child increases in age the percentage of SCN8A children 

acquiring these later-learned milestones decreases.   

 

Ordinal logistic regression analyses. We used ordinal logistic regression to address two basic 

questions associated with overall neurodevelopment. First, what additional information beyond 

age of onset (i.e., having an additional genetic variant, delay before or after seizure onset, seizure 

freedom of a minimum of 6 months, and febrile seizures as the initial seizure type) has a 

significant impact on development? Ordinal response variables were obtained by categorizing 

children into three development levels based on their overall DS with 1 assigned to children with 

0-50% overall skill gain, 2 assigned to children with 50-75% skill gain and 3 to children with 

greater than 75% skill gain. Notably, each month’s delay in seizure onset leads to an improved 

predicted neurodevelopmental outcome having logodds of 0.195. For those children having a 

delay before seizure onset, their predicted development is reduced with a logodds of 1.390. On 

the other hand, for those children who were seizure free for six months at the time of the survey, 

their predicted development is improved with a logodds of 1.044. Interestingly, the presence or 

absence of febrile seizures had the largest predicted impact (logodds of -1.510) and was 

marginally statistically significant (p = 4.76x10-2) likely as a result of a small number of patients 

that experienced febrile seizures (n= 11).  
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Statistical correlations and acquisition of neurodevelopmental skills. We used Spearman 

rank tests to assess the correlation of four variables (Table 1) with DS. These analyses included 

86 children from the cohort. We excluded five individuals, one due to internal inconsistency in 

their answers, and four because their child never had a seizure. We first examined the association 

between age at seizure onset and DS and found there to be a significantly positive correlation 

(Spearman correlation (SC), = 0.342 p= 1.34 x10-3) (Table 1).  We found a statistically 

significant positive correlation between DS and whether or not a child was seizure free for a 

minimum of 6 months at the time of filling out the questionnaire (SC, = 0.302 p= 4.76 x10-3), 

and a weak positive correlation between DS and whether a child had a febrile seizure (i.e., as 

opposed to generalized, partial, epileptic spasms) as the first seizure type at onset (SC, = 0.255 

p= 1.75 x10-2). We found a weak negative correlation between DS and the current number of 

AEDs (SC, = -0.228 p= 3.83 x10-2) (Table 1). Among Denver II domains the strongest 

correlation with age at seizure onset was found between percent acquired gross motor skills (SC, 

= 0.394 p= 1.88 x10-4) and age at seizure onset, followed by fine motor skills (Spearman 

correlation, = 0.338 p= 1.54 x10-3) and language (SC, = 0.253 p= 2.08 x10-2) (Table S5).  

 

Effect of a secondary variant. We explored the possibility that additional variants at other loci 

impacted correlations between age at seizure onset and DS. A total of 37 patients had at least one 

additional variant noted in their genetic report. These variants included those in other ion 

channels (e.g., 6 individuals with a potassium channel variant and 5 individuals with an 

additional sodium channel variant), as well as in a number of other genes that have been 

implicated in epilepsy and other neurological disorders (Table S6). We repeated the correlation 

analyses dividing the patients into those only with a reported variant in SCN8A (8A) (n= 49) and 
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those with reported variants in SCN8A and one or more additional genes (8A+) (n= 37). The 

correlation between age at seizure onset and DS increased for the 8A group (SC, = 0.452 p= 

1.11 x 10-3), while no significant correlation  was found for the 8A+ group (Table 1). Similarly, 

regarding the correlation with DS, only the 8A group maintained significant correlations with 

febrile seizures (positive), number of AEDs (negative) and seizure freedom (positive) (Table 1). 

Among Denver II domains significant positive correlations were maintained in the 8A group for 

all three subdomains mentioned above and also included a positive correlation with social skills. 

No significant correlations were found between percent acquired skills for the 8A+ group (Table 

S5).  

 

Effect of development delay before seizure onset. We divided the sample into those children 

that experienced delays prior to seizure onset and those that did not. To explore whether the 

above correlations persisted when we separately considered children that did—and did not—

experience a delay prior to seizure onset. For the subset of the sample that did not experience a 

delay (n= 34), statistically significant correlations remained between age at seizure onset and DS 

(SC, = 0.444 p= 8.51 x 10-3) (Table 2). However, there were no statistically significant 

correlations between DS and seizure freedom, febrile seizures, or number of AEDs (Table 2). 

For the group that did experience delays prior to seizure onset (n=27), the only statistically 

significant correlation was found between DS and seizure freedom (SC, = 0.524 p= 4.98 x10-3) 

(Table 2).   

As above, we subdivided these populations further by 8A or 8A+ status. For 8A patients 

that did not experience a delay prior to seizure onset (n= 17), the correlation was maintained 

between age at seizure onset and DS (SC, = 0.703 p= 1.65 x 10-3) (Table 2). On the other hand, 
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8A patients that did experience a delay prior to seizure onset (n= 18) exhibited no statistically 

significant correlations with age at seizure onset or number of AEDs (Table 2). For 8A+ 

patients, there were no statistically significant correlations for those that did not (n= 9) 

experience a delay prior to seizure onset; however, there was a statistically significant correlation 

between seizure freedom and DS (SC, = 0.725 p= 2.71 x 10-2). 

 

Effect of developmental regression at time of seizure onset. To test whether regression at the 

time of seizure onset affected neurodevelopmental outcome, we subdivided patients into groups 

that 1) did not regress, 2) regressed and regained skills, and 3) regressed and did not regain skills 

after seizure onset. Children that did not regress at seizure onset (n= 46) showed a positive 

correlation with onset age and DS (SC, = 0.502 p= 3.76 x10-4) (Table 3). These cases also 

maintained a weak positive correlation between DS and seizure freedom (SC, =0.377 p= 9.85 x 

10-3) (Table 3). Similarly, patients that regressed and regained skills (n= 21) showed positive 

correlations for DS and seizure onset (SC, =0.527 p= 1.41 x 10-2). These cases lost the 

correlation between DS and seizure freedom (Table 3). However, this group yielded a stronger 

negative correlation between DS and number of currently administered AEDs (SC, = -0.717 p= 

3.71 x 10-4) (Table 3). Patients that lost and did not regain skills (n= 19) showed statistically 

significant correlations only between number of currently administered AEDs and DS (SC, = 

0.470 p= 4.23 x 10-2) (Table 3). 

When we subdivided patients further by 8A or 8A+ status, the 8A group that did not 

regress at seizure onset (n= 28) maintained correlations between age at seizure onset and DS 

(Table 3). While there was no correlation between DS and number of AEDs, there was a 

statistically significant correlation with seizure freedom (SC, = 0.387 p= 4.20x10-2) and febrile 
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seizures (SC, = 0.383 p= 4.42x10-2). For the 8A+ group there were no statistically significant 

correlations between age at seizure onset and DS, or with any of the other tested categories 

(Table 3).   

For the 8A population that regressed at seizure onset and did not regain skills (n= 11), 

there were statistically significant correlations between DS and number of AEDs and febrile 

seizures (Table 3). The 8A+ population that regressed at seizure onset and did not regain skills 

(n= 8), there were no statistically significant correlations between DS and age at seizure onset or 

any of the other tested categories (Table 3). For the 8A and 8A+ populations that regressed and 

regained skills (n=10 and 11, respectively), there were statistically significant negative 

correlations between number of AEDs and DS (Table 3). In some cases, correlations remain 

high, yet statistical significance was lost due to the small sample sizes. 

 

Discussion 
There is solid evidence that uncontrolled seizures in the developing brain have deleterious effects 

on cognition and behavior.15 While there are several previous studies examining the effect of 

such seizures in young patients with new-onset epilepsy,6; 7; 11; 16 very few studies have been 

performed on patient cohorts with new onset epilepsy in the first year of life— when the brain is 

undergoing many critical periods of development.10 The major aim of this study was to assess the 

strength of associations between seizure characteristics and the acquisition of 

neurodevelopmental skills in a cohort of children with SCN8A-related epilepsy in which seizure 

onset occurs mainly within the first year of life. The current literature proposes that the 

underlying etiology of epilepsy plays an important, if not major, role in cognitive impairment.15; 

17 By virtue of the fact that our cohort is limited to epilepsy patients with a variant deemed to be 

pathogenic in SCN8A, our study controls the contribution of variation in etiology. Notably, even 



114 
 

 

within this cohort of patients with variants in a single gene, the cognitive/behavioral outcomes 

are quite heterogeneous.3  

We assessed the acquisition of neurodevelopmental skills by using milestones listed in 

the Denver II test. In fact, 20 of the 25 skills we examined are on-average all acquired within the 

first 3 years of life, which encompasses many critical periods of brain development. It is often 

difficult to distinguish the effects of seizures versus underlying pathology, preexisting learning 

deficits, and effects of AEDs in retrospective studies.11 We attempted to discover underlying 

causes of heterogeneity by subdividing the population, first by the number of variants in genetic 

testing reports, and subsequently by patterns of developmental regression before and at seizure 

onset.   

Overall the results showed that complex skills that are typically acquired later in 

development are the most delayed skills in children with SCN8A-related epilepsy (Fig. 2A+B). 

Fine and gross motor skills that are learned in the first year of life were delayed by 4-8 months, 

while language (which is typically learned later) was delayed by 15.2 months (data not shown). 

We found that this increasing delay was associated with age at seizure onset. For example, 

ordinal logistic regression predicts that a 6-month delay in seizure onset would move a patient 

from the severe/moderate boundary to the moderate/mild boundary (Fig S1). Moreover, we 

obtained a statistically significant positive correlation between age at seizure onset and DS for 

the entire cohort (Table 1). This aligns with the current literature that supports the positive 

correlation between age at seizure onset and overall cognition and behavior.6-11 However, while 

this correlation was maintained when we separately examined patients with a single reported 

SCN8A variant, it was lost in the group of patients that reported additional variants in genes 

other than SCN8A. This is despite the fact that most 8A patients are likely to have 
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unknown/unreported variants at other genes. One possible explanation for this result is that 

variants in other genes may influence development in opposing manners (Fig. 3A). For example, 

some variants may be beneficial modifiers and mitigate the deleterious effects of early onset of 

seizures, while other variants may augment the deleterious effects of SCN8A regardless of age at 

seizure onset. Many of the variants reported in the 8A+ group were found in other well-known 

ion channel genes (Table S6), and neuronal voltage-gated ion channels are known to be genetic 

modifiers of other forms of epilepsy.18-20 This highlights the role other ion channels may play in 

modifying sodium channel effects, although further research is needed to fully understand 

whether specific ion channel variants might be beneficial or deleterious in cases of SCN8A-

repated epilepsy.   

We found the occurrence and timing of initial developmental regression (i.e., before or at 

seizure onset) altered correlations with DS. When we examined 8A children who had no delay 

prior to seizure onset, we found a positive correlation with age of seizure onset and DS (Table 

2). Fig 3B illustrates this correlation under the assumption that 8A children attain developmental 

milestones relatively normally until seizures begin, and then onset seizures either cause or 

correspond to an initial brain insult that leads to delayed or reduced acquisition of developmental 

skills. Interestingly, a positive correlation was maintained for children who regressed at seizure 

onset and regained these skills, yet was lost for those that regressed and did not regain skills (Fig 

3C-D). One explanation for this pattern is that some children have an inherent resilience that 

permits them to regain and further acquire skills after initial loss due to seizure onset (Fig. 3C), 

while others incur more severe damage at seizure onset that prevents further skill acquisition 

(Fig. 3D).   
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It is important to note that 27 children in our cohort were reported to experience 

developmental delays prior to seizure onset. Therefore, seizures alone do not explain the onset of 

delays in all patients. Interestingly, the positive correlation between DS and current seizure 

freedom seen for the entire cohort was maintained in groups where seizures themselves were not 

found to be associated with delay (i.e. delay before seizures and no regression at seizure onset). 

This suggests that whatever process causes non-seizure delays may be overcome in a subset of 

patients. Of note, the correlation with seizure freedom is not specific to having an SCN8A 

variant, but rather having epilepsy. Under this model, seizure freedom (e.g., as a result of 

pharmacological intervention) permits the child to regain skills and continue to make progress. 

Additional longitudinal studies are needed to measure the time course of this developmental 

progression, and to better understand the possible mechanism(s) behind this finding.   

Upon testing whether different initial seizure types were associated with better or worse 

developmental skill acquisition, we found a significant correlation only with febrile seizures. 

Febrile seizures are seizures that are associated with a fever and are relatively common (2-5%) in 

young children.21 Febrile seizures have been shown to have little cognitive effect on children, 

although recurrent febrile seizures have been suggested to interfere with normal language 

development.22; 23 We found a similar effect of febrile seizures in our 8A group with those 

children having an average DS of 3.0 and their lowest acquired skillset was language with 83% 

of language skills being acquired. The positive correlation between developmental skill 

acquisition and febrile seizures was seen in the 8A group that did and did not regress at seizure 

onset. Because febrile seizures themselves are a milder insult, the secondary outcome for these 

children is less severe than for those children experiencing a stronger or more impactful seizure 
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type. This fits the model that seizures themselves are causing insults; however, the strength of 

these insults may play a role in overall developmental skill acquisition.    

In epileptic patient populations the administration of multiple AEDs can lead to a 

synergistic anti-seizure effect; however, the combination of AEDs with different mechanisms of 

action may also increase risk of an adverse cognitive side effect.24 Animal studies looking at the 

effect of AED on cognitive tasks after an induced seizure show mixed results, with some drugs 

having deleterious effects and others having beneficial effects.16 Due to necessity of AED use for 

SCN8A children we examined the impact of polytherapy (multiple AED use) in our cohort. A 

correlation was found in the 8A group that regressed at seizure onset and did and did not regain 

those skills. Interestingly for those that regressed and did not regain skills, there was a positive 

correlation with the number of AEDs while those that regressed and regained skills had a 

negative correlation. Therefore, children who regained skills are consistent with the hypothesis 

that AEDs have a negative effect on development: while these children regained lost skills, they 

are not able to gain new skills to further their developmental progress. Those that did not gain 

skills do not fit into this hypothesis, but it is possible that the onset of seizures was more severe 

thus requiring more AEDs for seizure control to allow for some developmental progress to occur.  

 

Limitations and Conclusions 

We have shown statistically significant pairwise correlations for neurocognitive development in 

a cohort of SCN8A patients using an online Registry database. Despite these promising results, 

there are several limitations. First because our questionnaire was completed by parents or 

caregivers, there is a potential for respondent recall error.25 However, to assess consistency of the 

questionnaire we compared results from a similar survey taken by 51 of the same participants 
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one year prior to the current questionnaire and found the data to be highly concordant between 

the two years (Table S7). Of note, we indirectly acquired information for the Denver II from 

parents/caregivers who were asked whether their child had acquired a set of skills (Yes/No). 

These skills were chosen from the Denver II test utilizing the timescale provided by the test to 

determine the 90th percentile cutoffs. Additionally, the variables analyzed in this study were 

chosen to minimize bias that could produce false positives. For example, the answers to 

questions were either easily obtained from genetic and clinician reports or based on questions 

typically asked by a clinician at the first visit. Analyses of these data are less likely to inflate 

positive correlations, and as such our positive correlation results are likely to be conservative.     

 

We acknowledge that additional unreported variants are likely present within our 8A 

cohort. To the extent this is true, our correlation results are likely to be conservative. Future 

studies would benefit from exome sequence data as an inclusion criterion to more 

comprehensively categorize patients. It is also likely that individual SCN8A variants have 

varying levels of pathogenicity. Our sample size is too small to have any statistically significant 

tests that would result from further stratifying our cohort based on mutational type or 

subphenotypes. However, it is important to note this research presents the largest cohort of 

children with SCN8A variants5; 26 and is the first paper to conduct correlative analyses on the 

SCN8A population.   
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Figures 

Figure 1. Schematic representation of SCN8A channel and variants present in cohort. The 

approximate positions of missense (circles) and truncating (rectangles) variants are shown. 

Missense variants present in the 8A group are shown in black circles, while those in the 8A+ 

group are shown in teal. Known loss-of-function variants are shown in yellow. Recurrent 

missense variants and the number of recurrence events are shown in light orange. The number of 

asterisks indicates the number of 8A+ recurrent, truncating and loss-of-function variants. 
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Figure 2. Development History. A) The percentage of children from the cohort who had 

acquired a particular skill (navy blue bar) versus those who had not acquired the skill (light blue 

bar) are shown below. Skills are listed in chronological order of acquisition based on the Denver 

II. B) Percentage of children acquiring the Denver II skills from part A were graphed along a 

continuous time scale from birth until 6 years of age (months).  The horizontal dotted blue line 

reflects the 90th percentile of children that have acquired the skill by the appropriate time.  A 

logarithmic trend (light black dotted) (% skill gained = â + ĉ ln (age)) line is included to show 

the trend of lowered skill acquisition as developmental time increases.  Abbreviations: m, month; 

y, year. 
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Figure 3. Schematic of model to explain correlations between age at seizure onset and DS under 

four scenarios. A) Lack of a correlation in the 8A+ group results when variants at other loci 

influence outcome in opposing directions. Diagonal blue line represents the trajectory of 

‘neurotypical’ development and asterisks represent age at seizure onset. Dotted lines indicate a 

departure from neurotypical development. B) 8A cases with no regression or delay at time of 

seizure onset. Two dotted lines continue on an upward trajectory at a slower rate than that for 

neurotypical development, with a lower DS resulting for an earlier age at onset. C) 8A cases with 

regression at seizure onset, followed by regaining of skills are depicted with downward and 

upward sloping lines. This pattern results in a correlation between age at seizure onset and DS. 

D) 8A cases with regression at seizure onset without regaining skills. The dotted lines indicate a 

range of outcome that are independent of age at seizure onset.  
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Tables 

Table 1. Correlations shown for DS. Correlations were analyzed with Spearman rank tests and 

correlations are displayed above, additionally p-values are displayed as ‘*’; *=0.05-0.01, 

**=0.01-0.001, and *** = 0.001-0. Abbreviations (AED= anti-epileptic drugs)  

 n Seizure 

Onset  

Seizure 

Freedom  

Febrile 

Seizures 

Number of 

AEDs  

All Patients 86 0.342** 0.302** 0.255* -0.228* 

8A 49 0.452** 0.326* 0.401** -0.294* 

8A+ 37 0.067 0.266 0.087 -0.088 
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Table 2. Correlations between seizure characteristics and DS for developmental patterns prior to 

seizure onset. Correlations were analyzed with Spearman rank tests and are displayed above, 

additionally p-values are displayed as ‘*’; *=0.05-0.01, **=0.01-0.001, and *** = 0.001-0. 

Twenty-six patients were not included because parents were unsure if there was a delay prior to 

onset. A value of ‘na’ indicates that there was only one individual within the group with febrile 

seizures, thus the correlation could not be computed. 

 
n 

Seizure 

Onset 

Seizure 

Freedom 

Febrile 

Seizures 

Number of 

AEDs 

No Delay prior to Onset 

All Patients 34 0.444** 0.050 0.311 -0.228 

8A 17 0.703** 0.079 0.389 -0.301 

8A+ 17 0.070 0.080 na -0.195 

Delay prior to Onset 

All Patients 26 0.333 0.524** 0.061 -0.316 

8A 18 0.365 0.458 na -0.418 

8A+ 8 0.036 0.725* 0.285 0.404 
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Table 3. Correlations between seizure characteristics and DS for developmental patterns at 

seizure onset. Correlations were analyzed with Spearman rank tests and are displayed above, 

additionally p-values are displayed as ‘*’; *=0.05-0.01, **=0.01-0.001, and *** = 0.001-0. A 

value of ‘na’ indicates that there was only one individual within the group with febrile seizures, 

thus the correlation value could not be computed. 

 
n 

Seizure 

Onset 

Seizure 

Freedom 

Febrile 

Seizures 

Number of 

AEDs 

No regression at Onset 

All Patients 46 0.502*** 0.377** 0.246 -0.286 

8a 28 0.646*** 0.387* 0.383* -0.373 

8a+ 18 -0.183 0.277 0.058 0.060 

Regression at Onset 

All Patients 19 -0.039 0.032 0.430 0.470* 

8a 11 0.072 -0.153 0.610* 0.602* 

8a+ 8 -0.334 0.0422 0.084 0.310 

Regression + Gained Skills at Onset 

All Patients 21 0.527* 0.227 0.095 -0.717*** 

8a 10 0.554 0.424 na -0.803** 

8a+ 11 0.545 0.060 0.103 -0.672* 
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Supplemental Material 
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________________ 

      

SCN8A Family  
Information Sheet 

          Date Submitted:      
Child Information Summary 

 

II. EPILEPSY HISTORY 
 

Has your child ever had a seizure or suffered from epilepsy?    Yes No 
 

What age did seizures begin (before birth, within the 1st month, or later)? 

Within the first month after birth: weeks days 

OR 

After the first month of life: years months 

Comment if seizures, frequent hiccups, or tremors were felt while pregnant (in utero): 

 

What were the initial seizure type(s) (check all that apply)? 

Generalized 

Clonic Myoclonic Tonic 
 

Atonic Absence Tonic-Clonic 
 

Partial (Focal) 

Simple Complex Secondarily generalized 
 

Epileptic Spasms 

Febrile Seizures (FS) 

Other: 

 

Is your child currently seizure-free (no seizures within last 6 months)? 
 

Yes    No 

If yes, please provide the approx. date of the last seizure: 
 
 
 
 
 
 
 

Registry Questionnaire 
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__________________________________________________ 

   

   

   

   

   

   

 

III. MEDICATION HISTORY 

A. Current Medications 

Please list all anti-epileptic drugs (seizure medications) your child is CURRENTLY taking: 
 

Number Medication Dose/Times per day Date Started 
1. 

   

2.    

3.    

4.    

5.    

 
IV. GENETIC TESTING 

A. What genetic testing has been done? 

Unknown None 

Gene Panel Whole exome sequencing (WES) 

Whole genome sequencing (WGS) Other 

Company: 

Gene(s) sequenced or panel(s) used: 
 
 

B. Please list all mutations that were identified as a result of genetic testing, starting with 
SCN8A. 

Gene names will usually consist of a combination of letters and numbers, e.g. SCN8A, PCDH19 

“Amino acid changes”, or protein changes, are usually indicated by small-case “p.” followed by either 1 or 3 letter codes 
(for amino acids) separated by a number, and followed by another 1 or 3 letter code, e.g. p.R250Q, p.Arg250Gln, p.A1286X, 
p.Ala1286Stop. 

“Coding sequence changes”, or DNA changes, are usually indicated by a small-case “c.” followed a number, e.g. c.1898. 

Gene Name Amino acid change Coding sequence change 

 
 
 

 

Please provide a copy of the genetic report. 
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VI. NEURODEVELOPMENT AND COGNITION 
Please provide information about your child’s neurodevelopmental history: 

Has your child undergone age-appropriate development? Yes     No Unknown 
 
 

Please describe your child’s current neurodevelopmental status: 

How are your child’s motor skills? Please provide information on skill gained and age acquired 

Fine Motor Skills: 
 

      Visually tracking objects Age first gained:  years  months 
      

Grasping objects Age first gained:  years  months 
      

Reaching Age first gained:  years  months 
      

Thumb and finger (pincer) grasp Age first gained:  years  months 
      

Builds blocks Age first gained:  years  months 
      

Draws a circle Age first gained:  years  months 

 
 

Gross Motor Skills 
 

Head control (up to 90 degrees) Age first gained:  years  months 
      

Roll Over Age first gained:  years  months 
      

Sitting Age first gained:  years  months 
      

Standing with support Age first gained:  years  months 
      

Walking Age first gained:  years  months 
      

Running Age first gained:  years  months 

 
 

Social Motor Skills 
 

Smile Age first gained:  years  months 
      

Wave Age first gained:  years  months 
      

Drinks from a cup Age first gained:  years  months 
      

Use a spoon/fork Age first gained:  years  months 
      

Wash and dry hands Age first gained:  years  months 
      

Brush teeth with no help Age first gained:  years  months 
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Please provide information on the below language skills about when they were gained and age 
acquired: 

 

Vocalize Age first gained:  years  months 
      

Laugh Age first gained:  years  month 
      

Babbles Age first gained:  years  months 
      

2 word combination Age first gained:  years  months 
      

Speak in Phrases Age first gained:  years  months 
      

Name Colors Age first gained:  years  months 
      

Read Age first gained:  years  months 

 

CHANGES IN DEVELOPMENT 
 

A. DEVELOPMENT BEFORE SEIZURES STARTED 

Were there any developmental delays prior to seizure onset? 
 

Yes     No Unknown 

If yes, please provide a description, such as type of delay, the age first noted, etc.: 
 

B. DEVELOPMENTAL CHANGES COINCIDING WITH SEIZURES ONSET 

Did your child regress in development when seizures started? 

     Yes No Unknown 

If yes, please provide a description of the type of delay, how soon after seizures started: 
 

 
Did your child regain the skills that were lost after seizure onset? 

     Yes No 

 

VII. MEDICAL HISTORY 
 

 Has your child passed away?  ☐ Yes  ☐ No 

If yes, at what age?    years months 

What is the reason? 

Sudden Unexplained Death in Epilepsy 

 
 
☐ Yes 

 
 
 

 

 
 
☐ No 

  
 

☐ Unknown 

Apnea ☐ Yes 
 

 ☐ No 
 

☐ Unknown 

Organ Failure ☐ Yes 
 

 ☐ No 
 

☐ Unknown 
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Respiratory/Pneumonia ☐ Yes 
 

 ☐ No 
 

☐ Unknown 

Other:      

Please explain the circumstances: 
 

 
 
 
 
 
 

 
 

Thank you for your participation in completing this questionnaire. We appreciate your effort in providing the 
detailed information we requested for our research. Please feel free to contact Michael Hammer 

(mfh@email.arizona.edu) at the University of Arizona with any questions or comments you may have. 
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Table S1. Breakdown of DS score. Increasing averaged percentage of developmental skills 

acquired corresponds with an increased DS score. In order to obtain a score of 5, the patient 

would have needed to acquire all developmental skills by the time at which 90% of the general 

population acquire the skill. This time was taken from the Denver II test and compared with the 

time at which parents reported the patient having acquired the skill. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DS Score Averaged Development Percentage 

1 0-12.5 

1.5 12.6-25 

2 25.1-37.5 

2.5 37.6-50 

3 50.1-62.5 

3.5 62.6-75 

4 75.1-87.5 

4.5 87.6-100 

5 100 AND acquired all skills on time 
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Table S2. List of all SCN8A variants present in this paper. Those mutations that have been 

previously reported in the literature are indicated in the third column with the first author’s name 

and the year of publication.  Additional comments are included to point out 8A+ variants as well 

as those children who reported never having a seizure and the variant that was removed due to 

inconsistent data reported in the questionnaire. 

SCN8A Mutation Location Publications Comments 
p.Arg45Gln N-terminus Heyne 2019  

p.Thr166Ile DIS2   
p.Val211Leu DIS3 Denis 2019  

p.Val211Ala DIS3  8a+ 
p.Arg223Ser DIS4   

p.Thr239Ala DIS4-S5   
p.Ile240Val DIS4-S5 McNally 2016  
p.Ile240Leu DIS4-S5  8a+ 
p.Leu257Val DIS5   
p.Ile268Leu DIS5   
p.Cys324Tyr DIS5-S6  No seizures 

p.Phe360Ala DIS5-S6 Rolvien 2017  
p.Met367Val DIS5-S6   
p.Arg381Gln DIS5-S6  8a+ 
p.Thr386Arg DIS5-S6  8a+ 
p.Ser399Pro DIS6 Heyne 2019 8a+ 
p.Val410Leu DIS6 Larsen 2015  
p.Glu416Lys DIS6-DIIS1 Decipher 8a+ 
p.Gln417Pro DIS6-DIIS1   

p.Arg530Gln DIS6-DIIS1   
p.Arg598Trp DIS6-DIIS1  8a+ 
p.Gly692Arg DIS6-DIIS1  8a+ 
p.Ile763Val DIIS1 Butler 2017  
p.Ile763Val   8a+ 
p.Ile763Val   8a+ 
pThr767Ile DIIS1 Estacion 2014  

p.Leu840Pro DIIS3-S4  8a+ 
p.Leu840Phe DIIS3-S4  8a+ 
p.Ser845Phe DIIS4  8a+ 
p.Ser845Pro   No seizures 

p.Arg850Gln DIIS4 Kong 2015/ Zhang 2017  
p.lle868Thr DIIS4-S5   
p.Ala874Thr DIIS4-S5   

p.Ala874Thr   8a+ 
p.Val881Ala DIIS5   
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p.Gly964Arg DIIS6 Wagnon 2017 No seizures 

p.Leu969Met DIIS6   
p.Ser979Phe DIIS6-DIIIS1   
p.Gly1050Ser DIIS6-DIIIS1 McMichael 2015 8a+ 
p. Tyr1241Cys DIIIS2 Johannesen 2019  
p.Ser1308Pro DIIIS4 Decipher  
p.Val1315Met DIIIS4-S5 Bagnasco 2018 8a+ 
p.Leu1320Phe DIIIS4-S5 Heyne 2019 8a+ 
p.Ala1323Pro DIIIS4-S5 Decipher  
p.Met1328Thr DIIIS4-S5   

p.Leu1332Arg DIIIS5 Butler 2017 No seizures 
p.Gly1451Ser DIIIS6 Blanchard 2015 8a+ 
p.Gly1461Val DIIIS6  8a+ 
p.Asn1466Lys DIIIS6-DIVS1 Ohba 2014  
p.Phe1467Cys DIIIS6-DIVS1  8a+ 
p.Gly1475Arg DIIIS6-DIVS1 Xiao 2017/ Parrini 2016 8a+ 
p.Gly1475Arg   8a+ 
p.Gly1475Arg   8a+ 
p.Gly1475Arg    
p.Ile1479Val DIIIS6-DIVS1 Larsen 2015  

p.Met1492Val DIIIS6-DIVS1   
p.Gln1501Lys DIIIS6-DIVS1  8a+ 
p.Met1536Ile DIVS1  8a+ 
p.Val1592Leu DIVS3 Larsen 2015  
p.Ile1594Leu DIVS3   

p.Ser1596Cys DIVS3 Kong 2015 8a+ 
p.Thr1614Ala DIVS3-S4 Johannesen 2019  
p.Arg1617Gln DIVS4 Rauch 2012/Ohba 2014/ Larsen 2015/ 

Dyment 2014/ Kong 2015 
 

p.Arg1617Gln    
p.Arg1617Gln   8a+ 
p.Arg1617GIn    
p.Arg1617Pro DIVS4  8a+ 
p.Gly1625Arg DIVS4 Decipher  
p.Leu1630Pro DIVS4  8a+ 
p.Phe1642Cys DIVS4-S5  8a+ 
p.Ala1650Val DIVS4-S5 Johannesen 2019  
p.Asn1759Ser DIVS6   
p.Asn1768Asp C-Terminus Veeramah 2012  
p.Lys1807Asn C-Terminus  8a+ 
p.Arg1831Trp C-Terminus  8a+ 
p.Thr1852Ile C-Terminus Heyne 2019  
p.Thr1852lle   8a+ 

p.Arg1872Leu C-Terminus Wagnon 2017 8a+ 
p.Arg1872Leu    
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p.Arg1872Gln C-Terminus Larsen 2015/Wagnon 2016/ Hussain 
2016/Horvath 2016/ Arafat 2017/ 

Decipher 

8a+ 

p.Arg1872Gln    
p.Arg1872Trp C-Terminus Ohba 2014/ Larsen 2015/ Takahashi 

2015/ Zhang 2017/ Parrini 2016 
 

p.Arg1872Trp    
P.Asn1877Ser C-Terminus Aanad 2016/ Wang 2017/ Butler 2017/ 

Parrini 2016 
 

p.Asn1877Ser   8a+ 
p.Asn1877Ser   Inconsistent data 
p.Arg1904Cys C-Terminus   
p.Glu587Ter DIS6-DIIS1   
Splice donor 

(c.4419+1A>G) 
DIIIS6-DIVS1   

p.Ala108fsXTer7 N-terminus  8a+ 
Unk unk   
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Table S3. Ordinal logistic regression analyses. Ordinal logistic regression was calculated for 

association with overall development. Ordinal response variables were obtained by categorizing 

children into three development levels based on their overall development score with 1 assigned 

to children with 0-50% overall skill gain, 2 assigned to children with 50-75% skill gain and 3 to 

children with greater than 75% skill gain. The ordinal explanatory variables are seizure onset, 

seizure freedom of a minimum of 6 months, current number of AEDs, and febrile seizures as an 

initial seizure type. Focusing on the subgroups (8A/8A+, no delay/delay, no regress/regress). To 

investigate the best predictors of neurodevelopment, the ordinal explanatory variables are seizure 

onset, seizure freedom of a minimum of 6 months, current number of AEDs, and febrile seizures 

as an initial seizure type. We found statistical significance for the age at seizure onset (p= 

4.54x10-3), the current number of AEDs (p= 1.46x10-2), the presence of febrile seizures as the 

first seizure type (p= 1.85x10-2), and current seizure freedom for at least six months (p= 1.79x10-

2) (Table S3). The association with age at seizure onset (p= 9.25x10-3) and number of AEDs (p= 

2.40x10-2) held for a subpopulation that only reported an SCN8A variant (8A); however, no 

significant associations were found for children with SCN8A and an additional reported genetic 

variant (8A+) (Table S3). For the 8A children there was no significant association with febrile 

seizures or seizure freedom as was seen in the correlation analyses. In children with no delay the 

age of seizure onset was significantly associated with overall development (p= 1.45x10-2) while 

in children with a delay prior to seizure onset the relationship between age at seizure onset 

(1.46x10-2), the number of AEDs (p= 5.76x10-3) and seizure freedom (p= 7.19x10-3) were 

associated with overall development (Table S3).  

For children that did not experience a delay prior to seizure onset, we found no 

significant explanatory variable, except for time of seizure onset. For those children experiencing 
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a delay, ordinal regression produced similar significant variables as the correlation analyses only 

in the case of current seizure freedom, while it produced significant associations with the age at 

seizure onset and number of AEDs.   

Overall development in children that did not regress at seizure onset was associated with 

the age at which seizures began (p= 1.50x10-3), febrile seizures (p= 1.71x10-2), and seizure 

freedom (p= 1.14x10-2). The significance of febrile seizures was not seen in the correlation 

analyses.  The overall development in those that regressed and then regained skills was 

associated with current number of AEDs (p= 2.09x10-2) (Table S3). Contrary to the correlation 

analysis, ordinal regression did not have a significant association in children who 

developmentally regressed with number of AEDs, or with the age at seizure onset in children 

who regressed and regained skills.  
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 Onset 
# of 

AED 

Febrile 

Seizures 

Seizure 

Freedom 

Whole Population -0.146*** 0.913* -1.470* -0.810* 

8A -0.162** 1.105* - - 

8A+ - - - - 

No Delay Before -0.313* - - - 

Delay Before -0.175* 2.087** - -1.536** 

No Regression -0.295** - -1.974* -1.174* 

Regression - - - - 

Regress + 

Gained 
- 2.207* - - 
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Table S4.  SUDEP. Information collected surrounding the deaths of 5 children within the cohort are displayed below. Abbreviations: 

DS – development score, RSV – respiratory syncytial virus; m – month; y – year 

ID Variant Seizure 
Onset 

Age at 
Death 

SUDEP Apnea Organ 
Failure 

Respirator
y Issue 

Notes 

2 p.Asn1768Asp 6.0m 15y1m X    Passed at night; 
DS= 3.0 

50 p.Arg1617Gln 10.0m 7y8m X    Passed at night; 
DS= 4.5 

64 p.Phe1642Cys 2.3m 3y   X X Chronic lung 
disease; DS= 5.0 

69 p.Ile763Val 2.0m 6y11m X X   Passed at night; 
DS= 2.0 

105 p.Thr767Ile 1.15m 1y10m    X Pneumonia and 
RSV; DS= 5.0 

 



142 
 

Table S5.  Correlations between seizure onset and acquisition of Denver II skills. Correlations were 

analyzed with Spearman rank tests and  values are displayed above, additionally p-values are displayed 

as ‘*’; *=0.05-0.01, **=0.01-0.001, and *** = 0.001-0. 

 n Fine 

Motor 

Gross 

Motor 

Social 

Skills 

Language 

All Patients 86 0.339** 0.394*** 0.207 0.253* 

8a 49 0.382** 0.446** 0.282* 0.324* 

8a+ 37 0.110 0.175 -0.048 0.065 
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Table S6. List of genes that were present in the 8A+ group.  

Abbreviation Gene Name Number of Patients 
ABCC8 ATP Binding Cassette Subfamily C member 8 1 
ADSL Adenylosuccinate Lyase 1 

CDKL5 Cyclin Dependent Kinase Like 5 1 
CPA6 Carboxypeptidase A6 1 
CTSD Cathepsin D 1 

DHCR7 7-Dehydrocholesterol Reductase 1 
DNM1 Dynamin 1 1 
EFHC1 EF-Hand Domain Containing 1 2 
EMC1 ER Membrane Protein Complex Subunit 1 1 
ERBB4 ERB-b2 Receptor Tyrosine Kinase 4 1 
FOLR1 Folate Receptor 1 1 
GAMT Guanidinoacetate N-Methyltransferase 1 
GJB2 Gap Junction Protein beta 2 1 
GLI2 GLI Family Zinc Finger 2 1 

GNAO1 G Protein Subunit alpha o1 1 
GOSR2 Golgi SNAP Receptor Complex Member 2 1 
IDH2 Isocitrate Dehydrogenase (NADP(+)) 2 1 

INPP5E Inositol Polyphosphate-5-Phosphatase E 1 
KCND2 Potassium Voltage-Gated Channel Subfamily 

D member 2 
1 

KCNH2 Potassium Voltage-Gated Channel Subfamily 
H member 2 

1 

KCNJ10 Potassium Voltage-Gated Channel Subfamily 
J member 10 

1 

KCNQ2 Potassium Voltage-Gated Channel Subfamily 
Q member 2 

1 

KCNQ3 Potassium Voltage-Gated Channel Subfamily 
Q member 3 

2 

PC Pyruvate Carboxylase 1 
PCDH19 Protocadherin 19 1 
PLCB1 Phospholipase C beta 1 1 
PNKP Polynucleotide Kinase 3'-Phosphatase 2 
PRRT2 Proline Rich Transmembrane Protein 2 1 
QDPR Quinoid Dihydropteridine Reductase 1 

SCARB2 Scavenger Receptor Class B Member 2 1 
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SCN1A Sodium Voltage-Gated Channel alpha 
Subunit 1 

2 

SCN2A Sodium Voltage-Gated Channel alpha 
Subunit 2 

2 

SCN9A Sodium Voltage-Gated Channel alpha 
Subunit 9 

2 

SDHAF2 Succinate Dehydrogenase Complex 
Assembly Factor 2 

1 

SLC13A5 Solute Carrier Family 13 Member 5 1 
SLC35A2 Solute Carrier Family 35 Member A2 1 
SMPD1 Sphingomyelin Phosphodiesterase 1 1 
SPTAN1 Spectrin alpha, Non-Erythrocytic 1 1 
TBL1XR1 Transducin beta Like 1 X-Linked Receptor 1 1 

ZEB2 Zinc Finger E-Box Binding Homeobox 2 1 
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Table S7. Comparison between current questionnaire and previous survey. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 no seizures in past 6 months 

Characteristic Questionnaire Survey 

Age range 8m-20.5y 8m-18.7y 

Mean age (yr) X̅ = 5.961 X̅ = 5.988 

# of Participants 91 94 

Mutations 

Missense 93% 88% 

Other 6% 7% 

Unknown 1% 5% 

SZ History 

Refractory 75% 79% 

Controlled1 21% 16% 

Never had a sz 4% 5% 

Current AED Medications 

# of Medications X̅ = 2.46 X̅ = 2.46 

Na Blockers 49% 48% 

Ca Blockers 7% 7% 

GABAergic 26% 27% 

Leveteracetam 5% 9% 

Other 13% 9% 

Steroids 0% 0% 
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Figure S1. Ordinal regression showing predicted developmental outcome based on age at seizure onset. 

The red lines are the logistic curves for the predicted outcomes based solely on time of onset of seizures. 

This says, for example, that for those children whose seizures start at 6 months, 30% are severe (below 

the bottom red curve at 6 months), 20% are moderate (between the two red curves) and 50% are mild 

(above the top red curve and below the line at 1). If the child has been seizure free for 6 months (green 

curves), then only 15 % are severe (below the bottom green curve), 15% are moderate (between the two 

green curves) and 70% are mild (above the top green curve and below the line at 1). Being seizure free 

moves the child to a developmental profile that matches a child who has seizures 6.62 months later. 
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APPENDIX C 
 

 

ACQUISITION OF A LONG-LIVING PHENOTYPE IN THE SCN8AN1768D MOUSE MODEL. 

 

Manuscript intended as a method piece on the acquisition of the long-living mouse colony. 



148 
 
 

 

Introduction 
Since the discovery of a de novo C-terminus mutation of SCN8A, p.Asn1768Asp 

(N1768D), in a child with epileptic encephalopathy in 2012,1 the interest in the role this gene 

played in epileptogenesis has grown. SCN8A is known to code for the voltage-gated sodium 

channel, NaV1.6, and is localized to the nodes of Ranvier, axon initial segments, dendrites, and 

synapses on excitatory and inhibitory neurons in the central nervous system (CNS) and 

peripheral nervous system (PNS).2-5 NaV1.6 is the highest expressed voltage-gated sodium 

channel and plays a crucial role in controlling neuronal excitability and has been found to 

contribute to hyperexcitability during epileptogenesis.6, 7  

The N1768D mutation was successfully introduced into the mouse genome using 

TALEN technology and has established itself as a valuable model to study the effects of human 

epileptic encephalopathy in vivo.8-10 The SCN8AN1768D heterozygous (SCN8AD/+) mice have been 

previously reported as having spontaneous seizures and ataxia at 2-4 months.11 A month 

following the start of these seizures, the mice eventually succumb to sudden unexpected death in 

epilepsy (SUDEP).11 The SCN8AN1768D homozygous (SCN8AD/D) mice are more severely affected 

and have seizure-induced death around 3 weeks of age.11 The ability to study therapeutic effects 

of antiepileptic drugs and natural compounds is contingent upon the survival profiles of these 

mice remaining constant.  

I began my research investigating the effects of cannabidiol (CBD) and tau protein 

reduction in the SCN8A mouse, however the survival curves of our untreated mice were found to 

be significantly increased. Moreover, the survival profile of the SCN8AN1768D mice significantly 

depended on strain background. This hints that the survivability of these SCN8A mice depends 

upon strain and unknown genetic modifier interactions. Previously, a mixed (75% C57Bl/6J and 
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25% 129) NaV1.1 heterozygous mouse model was found to have a decreased survival as 

compared with the 129 dominant line.12 A similar survival was also noted in SCN1A+/- mice on a 

pure 129 background. These mice were found to have fewer seizures and fewer premature deaths 

than SCN1A+/- mice on a pure C57Bl/6J background.12 These cases support the idea that 

functional mutations in other genes may act as modifiers of a voltage-gated sodium channel and 

affect the disease severity in patients.12  

I hypothesized that through our creation of the C3H colony, and as we worked back 

towards a pure genetic background, there was an event that caused specific regions of the three 

differing mouse background to modify the severity of the heterozygous and homozygous mice. 

In order to better understand the effects that these possible modifiers could have on the mice, I 

collected survival data on these mice. Finally, I propose additional areas of focus that could be 

expanded upon for future research.  

 

Methods 
Mice. SCN8AN1768D mice on a C3HHeB/FeJ background were obtained from Dr. Miriam Meisler 

(Department of Human Genetics, University of Michigan). Once obtained, this mouse was 

crossed to a pure C57Bl/6J mouse in order to produce embryos for rederivation. This effectively 

created a rederived line with a 50/50 (C3HeB/FeJ/C57Bl/6J) genetic background.  

After achieving the 50/50 C3HHeB/FeJ/C57Bl/6J background in the mice, backcrossing 

began to converge on to a pure C3H/HeJ line which ultimately resulted in two different C3H 

backgrounds being combined and this combination will be referred to as ‘C3H’ for the remaining 

document. This resulted in the C3H/HeJ background alleles becoming more predominant than 
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the C3HeB/FeJ alleles. This process is outlined in Figure 1. The initial backcross was to a pure 

C57Bl/6J mouse, therefore the point at which the backcross to pure C3H/HeJ began was when 

the mouse had a 25/75 background (C3HeB/FeJ/C57Bl/6J) (Fig 1 – left side). Once at the 95% 

C3H generation, the previous 90.6% C3H generation was lost due to missing litters at wean; 

additionally, the 95% C3H generation included only a single heterozygous female and two 

heterozygous males that never successfully mated. At this point the remaining 95% C3H female 

(#914) was crossed with a remaining 81.25% C3H male (#876) to create an 88% C3H colony 

(Fig 1 – right side). Three littermate mice from this 88% C3H generation (#1033, 1034, and 

1035) were then backcrossed to create the 94% C3H generation (Fig 1). From this line, females 

#1180 and #1183 were backcrossed and created the 97% C3H generation, from which female, 

#1519, and littermate males #1523 and #1525 were each backcrossed to create the 98.5% C3H 

line.  

Remarkably only one of their offspring, mouse #1594, was responsible for continuing the 

98.5% C3H colony, which was maintained through brother/sister mating (Fig 2A). A biological 

cousin of #1594 (#1611) was responsible for the creation of the 99.25% C3H generation (Fig 1 – 

right side and 2B). The mouse, #1611, was crossed with a pure male C3H mouse (the same 

mouse was used for all the backcrosses) and its F1 progeny, through brother/sister mating, 

produced all of the 99.25% C3H SCN8AD/D mice analyzed below. Mouse #1602 (Fig 2B – 

crossed out) did create another group of SCN8AD/+ mice (#1722-1726) however these were not 

bred and did not contribute to any of the 99.25% C3H SCN8AD/D survival data but did contribute 

two mice to the 99.25% C3H SCN8AD/+ survival data. Mouse #1602 is related to both #1594 and 

#1611 as it was a cross between #1523 and a pure C3H mouse while #1594 and #1611 were both 

created from littermates, #1525 and #1523 respectively.  
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While backcrossing to C3H was occurring we additionally backcrossed to a pure 6J 

background. The two main “founders” of our colony, mouse #324 and #325, were both used in 

the creation of the pure 6J colonies. Additionally, #325 was used for the creation of the Tau 

colony. Based on the recommendation from the International Knockout Mouse Consortium, the 

6J colony was introduced to the C57Bl/6NJ (6NJ) background in order to switch from a 6J to a 

6NJ background. The Institutional Animal Care and Use Committee of the University of Arizona 

approved all mouse experiments.  

 

Survival Analysis. Kaplan-Meier curves were produced for mice within varying experiments. 

Heterozygous (SCN8AD/+) mice were followed for a maximum of 180 days, after which mice 

were considered to be long-term survivors. Homozygous mice (SCN8AD/D) were followed until 

death. If a mouse went missing with no reported date of death, or if the mouse was collected for 

a different experiment, then that mouse was completely removed from all analyses. Log-rank 

values were calculated to determine the statistical differences between survival curves. 

 

CBD Dosing. Nursing female mice were fed a peanut butter enriched cannabidiol (CBD) pellet 

(15mg/kg/day) on postnatal day 3 and every day following, until they were no longer nursing 

pups. Once pups were old enough to be weaned (~21-28 days), the weaned pup then received a 

smaller pellet of equal CBD concentration (15mg/kg/day) until death. Survival analyses were 

completed for these mice. 
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C57Bl/6J versus C57Bl/6NJ Differences. A literature review was conducted to find known 

genetic differences between 6J and 6NJ.13-15 I then compiled this list taking into account the SNP 

ID, chromosome location, linked gene (if known), physical position, and the known genetic 

marker for 6J, 6NJ, and C3H/HeJ (Table S1). Priority was then given to SNPs that resulted in a 

missense mutation and were connected to a known gene. Additional literature reviews were 

conducted to see the pathways or processes that the gene was involved in and whether or not it 

was expressed in the brain. After reviewing the list of SNPs a mutation in Cyfip2 (S968F) was 

the strongest contender given its expression in the brain and its ability to lower locomotor 

hyperactivity in response to cocaine.16   

 

Cyfip2 (S968F) Mutation. The Cyfip2 region containing the S968F mutation was amplified and 

sequenced with the following primers. 

Amplifying Primers – 450bp Amplicon  

CYFIP-S:      GAT ACT ACT GCT CAA AGG AAT TAC AGG 

CYFIP-AS:   ATC CCA CAT CTG TCA TAA AGT CTA CTC 

Sequencing Primers: 

CYFIP SEQ 5’:  GAG CAC TCC TTT CCA TCC AC 

CYFIP SEQ 3’:  TAC CCC ACT GTG CCC TAC AT 

 

Results 
Introduction of C57Bl/6NJ and Survival Impact. For the SCN8AD/+ mice, the mice introduced 

to the 6NJ background (in red) showed no long-term difference in survival as compared with the 

6J/C3H survival curves (blank line) (Fig. 3) (log-rank p= 6.10 x 10-1). However, when 
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investigating this further, the SCN8AD/+ survival was significantly increased (log-rank p= 7.03 x 

10-3) based on which founder (#324-n=170 versus #325-n=142) the offspring originated from 

(Fig 4). Mice that were traced back to the #324 founder had a 40% survival probability at six 

months, while those originating from #325 had a survival probability of roughly 20% at six 

months. This hints at a possible interaction effect that was gained in the initial 50/50 split that 

one mouse genotype obtained while the other did not.   

The increased survival seen in SCN8AD/+ mice was also found in the SCN8AD/D mice. All 

SCN8AD/D mice that were introduced to the 6NJ strain were also progenitors of the #324 founder. 

While, the non-6NJ mice (black line) had a survival curve similar to the current reported survival 

of SCN8AD/D mice (average lifespan of 21 days ± 1.8 days), the survival of the 6NJ/#324 mice 

were significantly increased (Fig. 5) (log-rank p= 4.86 x 10-6). These mice were not dosed or 

handled differently in any way. Due to this phenotypic difference, these long-living SCN8AD/D 

mice were removed from additional survival analyses.   

Due to the heterogeneity of the long-living SCN8AD/D phenotype seen in the 6NJ/#324 

line (Fig. 5 – red line) I investigated whether or not this was due to a mutation (S968F) in 

cytoplasmic FMR interacting protein 2 (Cyfip2). The 6NJ mice are known to have a T base for 

rs240617401, while 6J and C3H mice are known to have a C base. The mutation leads to 

substantial steric hindrance with adjacent residues while the gene itself is widely expressed in the 

brain and had been implicated in regulating cocaine response.16 After sequencing the results of 

the Cyfip2 SNP for short and long living SCN8AD/D mice in the 6NJ/#324 lineages, no pattern 

could be found in the distribution of the C and T allele (Table 1). It was therefore determined 

that the Cyfip2 mutation was likely not the cause behind the heterogeneity seen in survival for 

SCN8AD/D 6NJ/#324 mice.  



154 
 
 

 

 

CBD Impact on SCN8AD/+ and SCN8AD/D Survival. The dosing of SCN8AD/D mice prior to 

wean resulted in SCN8AD/+ littermates being dosed until weaning age as well. Therefore, these 

mice would have received an initial dosing of CBD from 3 days of age until 21/28 days via their 

mother’s milk. After this initial dosing period, SCN8AD/+ mice were not dosed again. Figure 6 

shows the survival curve of these SCN8AD/+ mice treated mice. While there visually appears to 

be some difference in long-term survival, there is no significant difference seen between these 

two groups (log-rank p= 6.39 x 10-2) (CBD treated n= 26; Untreated n=126). It should be noted 

that the p-value does trend towards significance and that the result is likely due to the 

overlapping of the survival curves from day 50-100. During the 50 to100 day window, the CBD 

treated SCN8AD/+ littermates have a worse survival probability as compared with non-treated 

mice. Yet after this period, the survival for the CBD treated mice stabilized around 40% while 

the survival for the non-treated mice continued to drop to roughly 20% by the six-month mark.  

Unlike the SCN8AD/+ mice, SCN8AD/D mice did show a significant positive effect on 

survival with CBD treatment. Focusing only on SCN8AD/D mice that were non-6NJ and 

originated from the #325 founder, there was a significant increase in survival in these SCN8AD/D 

mice (Fig. 7a) (log-rank p=1.31 x 10-2). Interestingly, CBD dosing on the 6NJ/#324 founder 

background produced different results. In fact, there was a single SCN8AD/D mouse that outlived 

all others and was never dosed (Fig. 7b). The survival curves for these two groups are very 

similar and bear no significant difference (log-rank p=6.46 x 10-1).   

To determine whether CBD dosing of the nursing females significantly affected the 

survival of those mothers to other female breeders, their survival was also monitored and 
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documented. For litters that were designated for CBD dosing, nursing mothers were dosed on 

post-natal day 3 until all pups are weaned which was roughly 18-25 days later depending on the 

pups’ size. Once weaned, the mother no longer received a CBD dose until their next designated 

CBD-dosed litter. Figure 8 shows that the CBD dosing of nursing mothers (red line) had no 

effect on overall survival when compared to non-dosed nursing mothers (black line) (log-rank 

p=9.08 x 10-1). Prior to day ~125, the survival of both groups appears to be almost identical, 

however after this time point the CBD-treated mothers plateaued with a six-month survival 

around 63%. For the non-treated mothers however, after this 125-day point the survival 

continues to drop and ends with a six-month survival around 43%.   

 

Tau Reduction Improves Survival of Some SCN8AD/+ and SCN8AD/D Mice. Prior to the 

introduction of the 6NJ background and before the contamination of the Tau-/- line there was 

indication of improved survival in the Tau reduced lines. There is evidence that there was a 

contamination however within the SCN8A x Tau colony due to the increased survival seen in the 

SCN8AD/D mice. The SCN8AD/DTau+/+ mice from the crossed colony did have a significantly 

longer survival (mean 25 days) than the SCN8AD/D mice (mean 21.5 days) that were never 

exposed to the Tau colony (log rank p=4.0 x 10-4) (Fig. 9). Therefore, when examining the 

survival of the other Tau genotypes we only compared them to Tau+/+ littermates where possible.  

When looking at the SCN8AD/D mice and the effect of Tau reduction, both heterozygous 

and homozygous loss of Tau led to an increase in survival (Fig. 10). In fact, there is no 

significant difference between SCN8AD/DTau+/- and SCN8AD/DTau-/- (log rank p=8.0 x 10-1). 

There is however a significant difference comparing the SCN8AD/DTau+/+ mice with the 
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SCN8AD/DTau+/- (log rank p=3.0 x 10-2) and with SCN8AD/DTau-/- (log rank p=1.0 x 10-3). The 

Tau-/- mice have a stronger significance because they are more often seen with higher survival 

than the Tau+/+ mice along the entire curve whereas the Tau+/- curve has a lower survival curve 

between ~12-23 days.   

SCN8AD/+ mice were also examined for the effect of Tau reduction. Unfortunately, since 

we were unaware of when the contamination occurred, SCN8AD/+Tau+/+ mice were never 

retained past wean and survival data was never collected on this population. Therefore, the 

comparisons made in Figure 11 utilize the non-6NJ/#325 SCN8AD/+ mice and not 

SCN8AD/+Tau+/+ littermates. In this figure it is clear that Tau reduction (green line= Tau+/- - log 

rank p=1.2 x 10-3; and blue line= Tau-/- - log rank p=2.0 x 10-3) are leading to an increase in 

overall mouse survival as compared with SCN8AD/+ alone (red line). In addition, there appears to 

be an additive effect of Tau reduction as complete knockout of Tau leads to an even better six-

month survival probability (roughly 60%) than heterozygous expression of Tau (roughly 40%). 

These two curves overlap around 140 days and just meet the criteria for statistical significance 

(log rank p=5.0 x 10-2).  

 

Long-Living Phenotype. As the C3H colony came closer to a pure C3H/HeJ background, a 

unique survival emerged for SCN8AD/D and SCN8AD/+ mice. For the 98.5% C3H SCN8AD/D mice, 

instead of the previously reported 21-day survival, they had a mean survival of 58 days (Fig 12). 

To begin, the survival for the 97% C3H and the 99.25% C3H mice are statistically significantly 

different (log-rank p= 1.0 x 10-3) as the 97% C3H mice have a 2.5-day mean survival increase 

over the 99.25% C3H mice. The 98.5% C3H mice have even better long-term survival than 
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either the 97% C3H mice (log rank p=3.0x10-6) or the 99.25% C3H mice (log rank p=2.0x10-5) 

(Fig 12). In addition to the mice included in the survival curves in Figure 3, there were also 

samples collected for perfusion that included direct F1 progeny of #1594 as well as F2 progeny. 

This included four additional SCN8AD/D mice that lived up to 40 days and were then perfused on 

day 40; therefore, the long-living phenotype appears to have been passed on to the offspring of 

#1594 (these mice were not included in the survival analysis).  

When examining the survival curves for the SCN8AD/+ mice, there is also a long-living 

phenotype present (Fig 13). For these mice, the long-living phenotype is seen in the 99.25% C3H 

mice, not in the 98.5% C3H mice (Fig 13 – red). There is no statistically significant difference 

(log rank p= 1.0 x 10-1) in the survival between the 98.5% C3H (green) and the 97% C3H mice 

(blue). There is however very strong statistical significance seen in the differences between the 

survival curves for 99.25% C3H versus 98.5% C3H (log rank p=3.0x10-5) and versus the 97% 

C3H mice (log rank p=4.0x10-8).  

 

Discussion  
Through a series of backcrossing, the pure C3HeB/FeJ line that was initially received was 

introduced to two other genetic backgrounds. This ultimately created two rather unique lines that 

offer promising mouse lines for future research. However, the creation and future research on 

this line requires meticulous and accurate recording of the lineage to better understand and study 

the colony in the future. 

 

C57Bl/6J versus C57Bl/6NJ. It has been well documented that different background strains of 

mice have been reported to lead to phenotypic differences in areas such as metabolic rates, 



158 
 
 

 

hepatic pathology, inflammation, neuropathic nociception and even drug response.13, 16-19 

Recently it was reported that in SCN1A+/- mice, mice on a 6NJ background were more 

susceptible to hyperthermia-induced seizures, but had milder spontaneous seizures and overall 

improved survival as compared with the 6J mice.20 However, at the time of introducing 6NJ into 

the colony it was unknown that the difference between 6NJ and 6J would result in such a drastic 

phenotypic change. Along the same lines as the SCN1A results, we found that the 6NJ SCN8AD/D 

mice had improved survival, but we did not find the same results for the SCN8AD/+ mice. Instead 

the increased survival we found was traced back to the original founder of our colony and was 

not segregated based on the presence of 6NJ.  

It is possible that the increased SCN8AD/D and SCN8AD/+survival seen in the #324 

progenitor line was not due to a specific mouse but rather due to the interaction between different 

genetic backgrounds. From the start of our experiments, the genetic background of the mouse 

colony has been on an impure and mixed genetic background. Therefore, it is difficult to know 

with certainty whether or not a SCN8AD/D mouse on a pure C57Bl/6NJ background would die at 

21 days. This suggests the possibility that the increase in survival seen could be due to an 

interaction effect resulting from multiple loci on different genetic backgrounds. One locus of 

potential interest is nicotinamide nucleotide transhydrogenase (NNT); this locus has previously 

been shown to be missing in the C57Bl/6J strain, as compared to the C57Bl/6NJ strain which 

retains the normal protein.21 In rat ganglion cells, Nnt activity was found to be the critical link 

between respiration and hydrogen peroxide in brain mitochondria.22 This reduced or hindered 

mitochondria respiration may normally be the cause of the published C57Bl/6J mice survival 

curves and perhaps the introduction of the C57Bl/6NJ genetic background may have caused a 

beneficial interaction resulting in a longer-living mouse. Future work with SCN8A mice should 
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focus on producing a pure bred C57Bl/6NJ mouse to compare overall SCN8AD/D and 

SCN8AD/+survival with the C57Bl/6J mice. This will provide insight into the possible genetic 

interactions that may be at play within our mixed genetic background strain. 

 

CBD Dosing. Given the recent interest and research examining CBD as an add-on therapy to 

reduce seizures in Dravet patients23, I sought to examine its effects on SCN8AD/D survival. The 

SCN8AD/D mice are a valuable resource for drug dosing given their tight and quick mortality 

around 21 days. With such a tight window, and dosing only lasting around 3 weeks, the cost of 

this experiment is much smaller than it would be for SCN8AD/+ mice which don’t experience any 

effects of the variant until around 100 days. I found that CBD does in fact lead to enhanced 

survival for SCN8AD/D mice; while the data for the SCN8AD/+ littermates that were dosed until 

weaning did not have a statistically significant difference in their survival (log rank p=6.39 x 10-

2). However, it was trending towards significance and the end overall survival was still roughly 

20% higher than non-dosed SCN8AD/+ mice. Similarly, female mice that nursed CBD litters and 

therefore received a dose during the 21-day nursing period did not experience any difference in 

survival. These nursing females were no younger than 75 days old before receiving their first 

pellet. This could hint at the possibility that CBD dosing on SCN8AD/+ mice requires an early 

introduction to the drug (similar to what the dosed SCN8AD/+ mice received versus the nursing 

mothers) and require a longer length of time on the drug, especially after weaning.  

There is a sharp drop in survival in the CBD treated SCN8AD/+ littermates that isn’t seen 

in the non-dosed mice (Fig 6) and may suggest that a continued CBD dose during this time 

would help to increase the overall survival of the SCN8AD/+ mice. A very interesting factor 

however is that the enhanced survival seen with the 6NJ/#324 SCN8AD/D mice was not enhanced 
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further with CBD dosing. It is possible that whatever modifier is affecting SCN8AD/D mice on the 

6NJ/#324 background is not affected by CBD dosing because whatever pathway or interaction is 

causing the enhanced survival of the 6NJ/#324 mice falls along the same pathway that CBD acts 

on to enhance the 6NJ survival. Therefore, you don’t see an additive effect between the CBD and 

the background. A key to understanding this would be to determine whether the effects seen in 

the 6NJ/#324 SCN8AD/D mice are caused by specific genetic mutations and/or if certain pathways 

are dysregulated and whether or not the addition of CBD produces a similar dysregulation to 

those pathways.   

 

Tau Reduction. Previous work by Gheyara et al. established that genetic ablation of tau led to 

reduced epileptic activity in a transgenic mouse model of Alzheimer disease.24 Follow-up work 

focused on a SCN1A epileptic mouse model and again tau reduction in these mice was found to 

improve survival and lower epileptic activity and lower overall hyperexcitability. In fact, 

complete tau reduction in the SCN1A mouse model was found to reduce the number of mice with 

seizures 2.7 fold and had no effect on seizure severity or duration in mice that still suffered from 

seizures.24 While the exact mechanism for the reduction in epileptic activity wasn’t discover, it 

was recently shown that tau ablation leads to a decrease in extrasynaptic N-methyl-D-aspartate 

(NMDA) receptor activity.25 These NMDA receptors can facilitate calcium entry into the cell 

which can be toxic and extrasynaptic NMDA receptors have previously been linked to 

excitotoxity.25 Similar to results seen in the SCN1A mouse model24 we also found that Tau 

reduction increased survival for both the SCN8AD/D and SCN8AD/+ mice. Interestingly, a recent 

publication has published data that are contrary to my findings. In their findings they report that 

Tau reduction does not affect survival of SCN8AD/+ mice with survival curves that were 
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overlapping.26 One major difference between these two studies however is that they were 

examining survival at 10 months whereas I stopped my analyses at 6 months. When comparing 

the 6-month survival rate of the SCN8AD/+Tau+/- and Tau-/- they were very similar to my results 

with the SCN8AD/+Tau+/- mice having a six-month survival of roughly 40%, and the SCN8ATau-/- 

with a survival around 60%. The main difference presents with the SCN8AD/DTau+/+ line which 

at six months they have just over 50% and our mice had a six-month survival rate around 25%. It 

is possible that the discrepancy seen here is due to the fact that I am not comparing Tau+/+ 

littermates in my analyses. However, this doesn’t explain why the SCN8AD/D mice do show an 

increased survival with Tau reduction as I was able to compare littermates in that experiment. 

Due to the continued publication of research showing the antiepileptic effects of Tau ablation I 

believe this experiment should be repeated, on a controlled genetic background and with 

littermate comparisons to see if the results are reproducible and if Tau reduction does in fact 

influence SCN8A mouse survival.   

 

C3H Enhances Survival. Current literature reports that seizures in C3H mice do exhibit a rather 

different seizure phenotype (i.e. absence and spike-wave seizures) than the convulsive seizure 

phenotype that has been previously reported for SCN8AD/+ mice.10, 27, 28 Previously, our lab has 

documented the absence seizures and spike-wave discharges in 75% C3H telemetry recorded 

mice (results not reported). In order to investigate if C3H had any influence on overall survival 

of SCN8AN1768D mice I collected survival data as the mice were backcrossed. However, in the N5 

generation (98.5% C3H / 1.5% 6J) the SCN8AD/D mice began to live substantially longer than the 

previous generations (97% C3H) as well as the later generation (99.25% C3H). These mice were 

recorded as having tonic-clonic and absence seizures; however, the seizures appeared to begin 
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later in life. Therefore, there appears to be a delay in seizure onset in these long-living D/D mice. 

To make this even more complex, the SCN8AD/+ mice also had an enhanced survival, however 

this was seen in the 99.25% C3H mice, not in the 98.5% C3H mice. Interestingly, the SCN8AD/D 

mice from this genetic background all returned to a 21-day mean survival. The seizure 

characterization of the SCN8AD/+ mice has not been completed, yet no tonic-clonic seizures have 

been identified.  

Additionally, the fact that two different C3H substrains were introduced into our mouse 

model does add some complexity to this model. The phenotype of these two substrains 

(C3HeB/FeJ and C3H/HeJ) do differ from each other on a number of genetic loci including toll-

like receptor 4 (TLR4) and glutamate ionotropic receptor AMPA type subunit 4 (Gria4). The 

TLR4 gene encodes a signaling protein which is involved in the immune response to a bacterial 

infection; C3HeB/FeJ mice have a normal TLR4 allele, while C3H/HeJ mice carry a mutation in 

TLR4 which resulted in an endotoxin resistant mouse.29 The Gria4 gene encodes an amino-3-

hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptor subunit in the brain which is 

predominantly expressed in the thalamus and defects are expected to alter thalamic excitability.30 

The C3H/HeJ substrain has a retroelement insertion in intron 15 of the Gria4 gene resulting in 

gene expression disruption and result in absence-like seizures while C3HeB/FeJ do not have this 

defect and do not display this same level of absence-like seizures or spike-wave discharges.30 It 

is certainly possible that the genetic differences of TLR4 and Gria4 in the C3H/HeJ substrain 

may account for some of the survival differences we are seeing in the mice. However, because 

the colony is on a mixed genetic background, albeit predominantly C3H/HeJ, it is impossible to 

rule out the possibility that a mouse isn’t carrying a C3HeB/FeJ allele. Because of this, the 

effects that these two genes may have on survival could not be pursued.   
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Future Work. The stability of the long-living phenotype and the seizure characterization of 

these mice are crucial to studying these lines. Moving forward each line needs to be carefully 

documented to ensure that the long-living phenotype isn’t lost in the colony. This can be 

maintained through brother/sister mating and tracking the survival of heterozygous (SCN8AD/+) 

and homozygous (SCN8AD/D) mutant mice.  

Additionally, the seizure profile of both mice needs to be better quantified. Video 

recording and piezoelectric data have been collected on a subset of the SCN8AD/+ and SCN8AD/D 

mice. From preliminary analyses we know that the long-living SCN8AD/D mice are experiencing 

tonic-clonic seizures later in life; yet the total number and the severity of the seizures is still 

unknown. Similarly, for the long-living SCN8AD/+ mice, preliminary analysis of the video 

recorded mice shows no tonic-clonic seizures however, some absence-like seizures were noted.  

Another unanalyzed data set includes the piezoelectric recordings of these mice which 

calculates the amount of sleep that each mouse experiences during its recorded process. Sleep 

has previously been linked with epilepsy with certain stages of sleep allowing for a more 

epileptic diseased state.31 The piezoelectric equipment is able to identify when a mouse enters 

rapid eye movement (REM) sleep and can help answer the question of whether or not reduced 

REM sleep is associated with increased seizure activity in SCN8AD/D and SCN8AD/+ mice. Given 

that the piezoelectric cage can only house a single mouse at a time, and that previous SCN8AD/D 

mice die before they are weaned, the ability to study the REM sleep patterns in SCN8AD/D mice 

was impossible. Now, that a long-living SCN8AD/D line has been established we can now monitor 

these mice, after weaning age, to track the progression of sleep deprivation in these mice. For the 
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SCN8AD/+ mice, since we have yet to identify a tonic-clonic seizure, the piezoelectric equipment 

offers the opportunity to study the sleep effects of absence seizures in SCN8A mice. 

The survival variability within the 98.5% C3H and 99.25% C3H line also presents a 

unique opportunity to study potential SCN8A modifiers in the mouse genome. Given that our 

mouse line is not an inbred strain, it more closely resembles the human disease condition and we 

hypothesize that the spectrum of severity that is seen in SCN8A children may in fact be due to 

genetic modifiers which are unique to each child. Previously I reported that when examining the 

acquisition of developmental milestones in children with a SCN8A variant plus an additional 

reported genetic variant, all correlations and patterns were lost.32 This suggested that these 

additional variants could be influencing the severity of the child’s SCN8A mutation. A similar 

event could be occurring with the SCN8AD/D and SCN8AD/+ mice where their survival variability 

could be the work of modifiers or genetic interactions. In order to test this, whole-genome 

sequencing and transcriptome analyses should be completed on these lines. This would help to 

identify possible modifiers which may point to previously unknown genetic interactions. This 

may also confirm or refute the possible interactions of TLR4 and Gria4 in these mice. Also, this 

may identify pathways that are up- or down-regulated which could be targets of non-invasive 

approaches to controlling the hyperexcitable state of the neuron.   

 

Conclusion. Mice are often sought after and considered a model organism due to the ability to 

inbreed and keep the lines pure and homogeneous. Humans however, do not follow this system 

and obviously therein lies the complexity of human disease. We thought it would be beneficial to 

have these mixed, non-inbred, mice as they more closely represent our mixed patient population. 
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These long-living phenotypes are a useful tool for future research to better understand the genetic 

interactions that SCN8A has and the potential effects this can have on survival. 
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Figures 
 

Figure 1. Breeding breakdown of the C3H colony to demonstrate the backcross process that has 

been utilized to obtain a pure C3H colony. 
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Figure 2. Breeding pair breakdown of the progenitors of the 98.5% line (A), and the 99.25% line 

(B).  
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Figure 3. Kaplan-Meier survival curves for SCN8AD/+ mice between 6NJ and non-6NJ (6J and 

C3H) colonies. 
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Figure 4. Kaplan-Meier survival curves for SCN8AD/+ mice based on original mouse founder. 

(log-rank p=7.03 x 10-3) 
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Figure 5. Kaplan-Meier curves comparing SCN8AD/D mice between non-6NJ/#325 pups and 

6NJ/#324 pups. 
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Figure 6. Kaplan-Meier curves comparing SCN8AD/+ mice that were CBD dosed through their 

mother's milk (red line), versus those that were not (black line). All SCN8AD/+ mice originating 

from #324 were removed from this analysis. 
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Figure 7. Kaplan-Meier curves for CBD-treated SCN8AD/D mice. a. For non-6NJ and #325 

progenitor mice and b. Curves showing CBD treatment in 6NJ background and #324 progenitor 

mice. 
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Figure 8. Kaplan-Meier curves examining CBD treatment on nursing mothers and its effect on 
survival. 
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Figure 9. Kaplan-Meier curves demonstrating the survival difference in SCN8AD/D mice that 

were introduce to the Tau colony(black line) or not (red line). 
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Figure 10. Kaplan-Meier curves examining the effect of Tau reduction on SCN8AD/D mice. 
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Figure 11. Kaplan-Meier curves for SCN8AD/+ mice at increasing reduction of Tau. 
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Figure 12. Kaplan-Meier curve comparing SCN8AD/D survival for varying levels of C3H. 
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Figure 13. Kaplan-Meier curves for SCN8AD/+ mice with varying levels of C3H background.  
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Table  

Table 1.  CYFIP2 sequencing results for short/long-living SCN8AD/D mice on the 6NJ 

background. 
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Supplementary Material 
 

Table S1. List of SNPs considered for sequencing to determine difference between short and 

long living SCN8AD/D mice on a mixed NJ background. 

SNP ID Chr Linked Gene 
Physical 

Position (bp) 
C57Bl/6J 

C57Bl/6

NJ 

C3H/H

eJ 

- 1 Crb1 141133664 G -  

rs212521754 1  16,968,405 C A C 

rs213024334 1  30,167,141 C T C 

rs214254072 1  161,859,644 C T C 

rs215622703 1  142,008,378 C A C 

rs222303818 1  179,503,532 G A G 

rs223540754 1  110,024,886 G C G 

rs227085647 1 Bmpr2 59904011 G A G 

rs227394849 1  19,544,960 A T A 

rs229124202 1  89,861,338 G T G 

rs229911289 1  132,980,179 T A T 

rs232920323 1  21,639,642 C G C 

rs237656339 1  99,547,673 G A G 

rs239017398 1  154,474,620 C T C 

rs244794780 1  40,107,883 T A T 

rs246236360 1  11,996,705 C T C 

rs246490354 1  14,344,561 T A T 

rs249907793 1  61,950,812 C A C 

rs255914894 1  172,611,934 G A G 

rs259683638 1  119,116,297 C T C 
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rs260670033 1  50,146,448 C T C 

rs262282675 1  188,434,376 A T A 

rs265151779 1  83,182,637 G A G 

rs3022796 1  59450217 T T T 

rs3022825 1  87395187 T T C 

rs213376233 2  170,240,435 G A G 

rs214356625 2  96,674,180 G T G 

rs217443774 2  152,781,403 A G A 

rs221521392 2  181,868,891 C T C 

rs224344563 2  102,710,505 A T A 

rs228546410 2  41,205,764 T A T 

rs230600693 2  21,681,174 G T G 

rs242413924 2  140,793,056 T G T 

rs242780245 2  30,188,489 A C A 

rs248280077 2  80,873,138 C T C 

rs251933504 2  112,966,408 T C T 

rs251979693 2  11,214,185 C T C 

rs253212197 2  164,813,748 C T C 

rs254996546 2  51,969,852 C T C 

rs255014110 2  132,432,999 C T C 

rs256541267 2  70,251,451 C T C 

rs258508221 2  122,708,738 T A T 

rs264719247 2  180,149,012 A G A 

rs3022883 2  38454357 A A C 

- 3 Pdzk1 96658480 A G  

rs13474735 3 Ecm1 95538799 T C C 

rs13477019 3 Naaladl2 23723842 T A A 
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rs214801792 3  32,773,111 G C G 

rs222821429 3  66,305,330 C T C 

rs243656799 3  72,616,062 G A G 

rs254145219 3  147,657,255 C T C 

rs256520809 3  8,498,163 G A G 

rs262827930 3  109,597,274 A T A 

rs3022953 3  37274120 T A G 

CHR4:148318468 4 Casz1 148318468 T C  

CHR4:21800831 4 Sfrs18 21800831 C G  

rs219227155 4  19,328,298 T C T 

rs225419060 4 Padi3 140354038 A G A 

rs234702424 4 Hp1bp3 137777588 C T C 

rs235104023 4  56,463,984 C T C 

rs261879287 4  104,973,294 T G T 

rs3022977 4  19716269 C C T 

rs217297994 5  117,118,668 G A G 

rs221990668 5  150,224,989 G T G 

rs229712565 5 Myo18b 112762721 C T C 

rs229712565 5 Myo18b 113191741 C T C 

rs256724446 5  35,701,259 G A G 

rs260260338 5  80,026,465 G A G 

rs262569844 5 Adamts3 89775351 C T C 

rs29502300 5 Tbc1d19 54280548 A G G 

rs3023034 5  6705058 G G T 

rs3023039 5  23047003 A T T 

rs46608930 5 Fras1 97187161 T C C 

rs13478783 6  60641673 A G G 
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rs217544076 6  144,513,005 G C G 

rs224069095 6  74,169,211 C A C 

rs257294810 6  39,971,164 G A G 

rs3023064 6  17557650 G G T 

rs30899669 6 Mkrn1 39350455 T A A 

rs37540455 6  113,159,679 G A G 

- 7 Zp2 127278693 G A  

rs13479522 7  136179208 A G G 

rs212452109 7  16,595,985 A T A 

rs224103578 7  53,390,545 C T C 

rs229340185 7  140,821,590 A T A 

rs239855953 7 Plk1 129311164 C T C 

rs243575509 7 Olfr577 102973309 C T C 

rs3023106 7  3278782 T ? ? 

rs3089205 7  29982856 C ? ? 

rs32310727 7 Acan 86256240 A C C 

rs33895134 7 Nlrp12 3222538 T C C 

rs50155421 7 Herc2 63386662 G A A 

rs211750147 8  118,442,679 G A G 

rs239219835 8  79,117,401 G A G 

rs255341040 8  58,790,625 G A G 

rs256624163 8  94,046,068 G A G 

rs263791105 8  22,903,742 G A G 

rs3023177 8  14808419 C C A 

- 9 Cilp 65127938 G -  

rs13480122 9 Aplp2 309964211 T C C 

rs214490504 9  60,662,109 G A G 
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rs217366063 9 Herpud2 24935069 C G C 

rs243500146 9  116,160,235 C T C 

rs3023203 9  29038629 A A A 

rs3023226 9  100971128 T T C 

rs52003732 9  10,125,248 T C/T T 

CEL-10_58149652 10 Lims1 57865252 G A ? 

rs13480628 10 Jmjd1c 66700922 T C C 

rs13480649 10  57472268 T/G C/G G 

rs13480759 10  108815683 C T T 

rs213583872 10  49,357,252 G T G 

rs219489973 10  41,944,745 G A G 

rs244287559 10 Vmn2r80 78632222 A G A 

rs246274290 10 Pmch 88091833 T C T 

rs3089109 10  87244591 G C C 

rs3089984 10  8622505 T A A 

rs51123066 10  11,070,460 G T G 

rs13481014 11  47930884 T C C 

rs223857079 11  12,253,003 A T A 

rs238893157 11 Stxbp4 90480671 C T C 

rs240617401 11 Cyfip2 46222615 G A G 

rs3023251 11  21034945 T T C 

rs3088673 11  8578280 A G T 

rs217422777 12  70,772,479 C T C 

rs221345442 12  97,702,669 A T A 

rs231656457 12  29,886,947 T G T 

rs3023342 12  24184765 T A G 

CHR13:21560172 13 Nkapl 21560172 A G  
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rs13481734 13  27129019 A G G 

rs226310424 13  41,494,375 G C G 

rs230596409 13 Spata31 64921972 C T C 

rs242991609 13 4833420G17

Rik 

119477808 C A C 

rs251507217 13  101,112,155 A T A 

rs3023381 13  20727552 C G A 

rs3023382 13  43883506 T T G 

rs46190260 13 Cmya5 93833534 C G G 

rs50934341 13 Ndufs6 73465884 A G G 

CEL-14_116404928 14 Fgf14 124509120 G A ? 

rs222607275 14  117,850,332 G A G 

rs235428682 14  75,727,727 G A G 

rs248157600 14 Fam160b2 70586204 G T G 

rs265193270 14  39,164,780 C T C 

rs3091048 14  15811986 T T T 

rs231321125 15  97,760,563 C G C 

rs243245803 15  22,748,238 T G T 

rs243400512 15  55,816,925 C T C 

rs246033409 15 Adamts12 11336383 G T G 

rs3091174 15  32659945 G G A 

rs31919996 15 Apol11b 77468437 A C C 

rs230243864 16  20,458,800 C T C 

rs240948896 16  61,450,798 G A G 

rs258334795 16 Adcy5 35291630 G A G 

rs3023436 16  88734834 A T T 

rs4165065 16 Snap29 17412172 T C C 
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rs13483055 17  60459368 T C C 

rs240067957 17  40,854,409 C T C 

rs259144033 17  69,131,609 C T C 

rs3023442 17  32797083 A A G 

rs3023450 17  32793746 T T C 

rs33079196 17 Guca1a 47537359 T C C 

rs214638331 18  41,344,993 T C T 

rs225963780 18  22,530,101 G T G 

rs255789242 18  59,519,801 C T C 

rs263687961 18  90,448,757 A G A 

rs3089349 18  68546675 G G G 

rs230656170 19  40,364,531 G A G 

rs232414357 19  23,329,888 C T C 

rs3023481 19  19705093 G G G 

rs212226666 X  157,445,480 T A T 

rs246037535 X  84,805,631 C T C 

rs263409146 X Armcx4 131227581 C A C 

rs266019057 X  112,095,948 A G A 

rs3089604 X  53865742 T T T 
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APPENDIX D 
 

R Code: 

Spearman Rank Correlation 

attach(test) #import excel with all variables of interest placed 

side by side in columns 

cor.test(~`variable a`+`variable b` , data=test, method= 

"spearman", continuity= FALSE, conf.level=0.95) 

plot(`dev score`~free, data=correlate, pch=14) 

Cumulative distribution function 

#Determine length of run: 

l<-6015        #number of nucleotides 

case<-198      #number of patients 

controls<-489  #number of healthy 

p0<-case/l     #proportion of sites with cases 

p1<-controls/l #proportion of sites with controls 

t<-1           #tolerance t 

prob0<-function(x) pbinom(t,x,p0)*pbinom(t,x,p1) 

# probability of at most t mutations in a region of length x 

p<-0.01        #target paobability p 

x<-1:100 

which.min(abs(prob0(x)-p)) #find where probability closest to p 

plot(x,prob0(x),type="l")   

abline(h=p,lty=2) 

prob0(65) 

 

thresh<-65 #set it equal to the run length found above 

tolb<-0 #allow how many instances of a hit before stopping a run 

for control cases 
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tolp<-0 #allow how many instances of a hit before stopping a run 

for patient cases 

sitesb<-na.omit(sitesb) 

sitesp<-na.omit(sitesp) 

boundary<-na.omit(boundary) 

total<-max(sitesb,sitesp,boundary) 

   

mutb<-rep(0,total) 

  for (i in 1:length(sitesb)){mutb[sitesb[i]]<-1} 

mutp<-rep(0,total) 

  for (i in 1:length(sitesp)){mutp[sitesp[i]]<-1} 

   

# Plot the cumulative distribution function 

dev.new(width=9, height=5) 

plot(1:total,cumsum(mutp)/sum(mutp),type="s",xlim<-c(-

total/6,total),ylim<-c(0,1.10),ylab="fraction below",xlab="cDNA 

position",col="red",pin=c(width=8, height=5),main=title) 

par(new=TRUE) 

plot(1:total,cumsum(mutb)/sum(mutb),type="s",xlim<-c(-

total/6,total),ylim<-c(0,1.10),ylab="",xlab="",col="black") 

  

legend('bottomleft',col=c("red","black"),legend=c("SCN2A","gnomA

D"),lty=1,lwd=2,cex=.74) 

# Determine the runs (runb, and runp) for each mutation type 

with  

# the given threshold and tolerance. 

check<-numeric(thresh) 

runb<-numeric(total) 

for (i in 1:total){for (j in 1:thresh){bottom<-max(i+j-

thresh,1);top<-min(i+j-1,total);check[j]<-

min(max(sum(mutb[bottom:top])-tolb,0),1)};runb[i]<-min(check)} 
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runp<-numeric(total) 

for (i in 1:total){for (j in 1:thresh){bottom<-max(i+j-

thresh,1);top<-min(i+j-1,total);check[j]<-

min(max(sum(mutp[bottom:top])-tolp,0),1)};runp[i]<-min(check)} 

segments(x0=-total/6,y0=1,x1=total+500,lwd=0.5) 

segments(x0=0,y0=0,x1=total+500,lwd=0.5) 

segments(x0=0,y0=-0.2,y1=1.3,lwd=0.5) 

lines(boundary,rep(1.3,length(boundary)),type="h",lwd=0.2,col="b

rown") 

legend('topleft',col=c("red", "purple","blue", 

"green"),legend=c("lethal", "pathogenic", "complex","benign"), 

lty=1,lwd=1,cex=.66) 

# set up comparisons  

# top are lethal regions (flat-flat) 

# upper are pathogenic regions (steep-flat) 

# lower are complex resions (steep-steep) 

# bottom are toleratied regions (flat-steep) 

lethal<-rep(NA,length(total)) 

  for (i in 1:total){lethal[(runb==0)&(runp==0)]<-1.11} 

  segments(x=1:total,y0=lethal,x1=2:(total+1),lwd=2, col="red") 

   

patho<-rep(NA,length(total)) 

  for (i in 1:total){patho[(runb==0)&(runp==1)]<-1.08} 

  segments(x=1:total,y0=patho,x1=2:(total+1),lwd=2, 

col="purple") 

   

complex<-rep(NA,length(total)) 

  for (i in 1:total){complex[(runb==1)&(runp==1)]<-1.05} 

  segments(x=1:total,y0=complex,x1=2:(total+1),lwd=2,col="blue") 

   

benign<-rep(NA,length(total)) 
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  for (i in 1:total){benign[(runb==1)&(runp==0)]<-1.02} 

  segments(x=1:total,y0=benign,x1=2:(total+1),lwd=2, 

col="green") 

Anderson-Darling Code 

#download data for scn8a - column 1 is mutation frequency, 

column 2 is mutation  

#position 

attach(test) 

length(no8a) 

sum(no8a) 

 

# make vector of mutation positions, repeated accorded to 

frequency 

pos8a<-numeric(0) 

for (i in 1:length(no8a)){pos8a<-c(pos8a,rep(cds8a[i],no8a[i]))} 

pos8a 

# perform 1-sample Anderson Darling test 

# install ADGofTest 

ad.test(no8a/(max(no8a)+1)) 

Fisher 

# add up mutations in the group and place under sum 

# add values for Xa below 

sum1a<-198;sumea<-489 

#N-terminus values 

fisher.test(matrix(c(5,44,sum1a-5,sumea-44),ncol=2)) 

LOESS 

scores <- read.csv("~/Desktop/dravet/scores.csv") 

attach(scores) 

par(mfrow=c(3,1)) 

par(mar=c(2.1,4.1,1.1,2.1)) 
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logodd1<-log((pph2_1+0.0001)/(1.0001-pph2_1)) 

sites1<-1:length(logodd1) 

plot(sites1,logodd1,type="h",ylim=c(-

7,7),lwd=0.02,xlab="",ylab=c("logodds")) 

title(main="SCN1A") 

pph1.lo<-loess(logodd1~sites1,span=0.02) 

ppath1<-predict(pph1.lo,data=sites1) 

par(new=TRUE) 

plot(sites1,ppath1,type="l",ylim=c(-

7,7),xlab="",ylab="",lwd=2,col="purple") 

abline( 

v=c(102,275,334,474,567,702,741,869,976,1136,2041,2220,4606,4779

,4864,5029,5092, 

5228,5269,5400,5508,5650,6041,6217,7814,7986,8080,8268,8312,8466

,8494,8632,8762,8961,9527,9717,10112,10287,10367,10524,10568,107

34,10803,10941,11044,11203,11670,11843,13424), col="green") 

Survival 

#Looking at the difference in survival between two groups 

mut<-read.table("test.csv", header=T, sep=",") #import excel 

with survival data 

attach(mut) 

#create two groups for comparison in this case treat and untreat 

were used 

treat<-(Surv(age[group==1],dead[group==1]))  

untreat<-(Surv(age[group==0],dead[group==0])) 

t.fit<-survfit(treat~1) 

u.fit<-survfit(untreat~1) 

mut$SurvObj<-with(mut,Surv(age,dead==1)) 

km.by.group<-survfit(SurvObj~group, data=mut, conf.type="log-

log") 

km.by.group 
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#plot the data 

col=c(1:3) 

plot(km.by.group,xlim=c(1,180), col=col, main="add title 

here",xlab="Days", ylab="Survival Probability") 

legend("topright", legend=c(“include the group names here”, 

col=c("red","black"), lty=1:1, cex=0.8) 

#rho=0 is for log-rank 

survdiff(Surv(age,dead)~group,rho=0) 
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