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Abstract

SCN8A is a novel causal gene for early infantile epileptic encephalopathy. It is well accepted that 

gain-of-function mutations in SCN8A underlie the disorder, but the remarkable heterogeneity of 

its clinical presentation and poor treatment response demand for better understanding of the 

disease mechanisms. Here, we characterize a new epilepsy-related SCN8A mutation, R850Q, in 

human Nav1.6. We show that it is a gain-of-function mutation, with a hyperpolarizing shift in 

voltage dependence of activation, a 2-fold increase of persistent current and a slowed decay of 

resurgent current. We systematically compare its biophysics with three other SCN8A epilepsy 

mutations, T767I, R1617Q and R1872Q, in the human Nav1.6 channel. Although all of these 

mutations are gain-of-function, the mutations affect different aspects of channel properties. One 

commonality we discovered is an alteration of resurgent current kinetics, but the mechanisms by 

which resurgent currents are augmented is not yet clear for all of the mutations. Computational 

simulations predict increased excitability of neurons carrying these mutations with differential 

enhancement by open channel block.

Keywords

epilepsy; SCN8A; resurgent current; computational model

1. Introduction

Early infantile epileptic encephalopathy (EIEE) is a heterogeneous group of disorders 

characterized by early onset epileptic seizures and developmental delays. The majority of 

Author contributions
YP and TRC planned the study. YP performed molecular biology and electrophysiology experiments and computer simulations. YP 
analyzed the data. YP and TRC interpreted the data and wrote the manuscript together. All authors have approved the final version of 
the manuscript submitted for publication. The authors agree to be accountable for all aspects of the work in ensuring that questions 
related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All persons designated as 
authors qualify for authorship, and all those who qualify for authorship are listed.

Competing interests
The authors declare that they have no competing interests.

HHS Public Access
Author manuscript
J Physiol. Author manuscript; available in PMC 2021 January 01.

Published in final edited form as:
J Physiol. 2020 January ; 598(2): 381–401. doi:10.1113/JP278952.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EIEE patients are resistant to seizure control treatments. Important causes for EIEEs include 

mutations in voltage-gated sodium channel (Nav) genes SCN1A, SCN2A and SCN8A. 

Among them, SCN8A is a relatively novel EIEE gene with the first case reported in 2012 

(Veeramah et al., 2012). The number of SCN8A mutations and clinical cases have been 

growing rapidly with the advances of whole genome / exome sequencing as well as the 

inclusion of SCN8A in the diagnostic panels for infantile epileptic encephalopathy (Meisler 

et al., 2016). These patients have seizure onset within 18 months of life (5 months on 

average), after which development delay or regression is typical. Moderate to severe 

intellectual disability is common and motor deficits are found in 50% of affected 

individuals. 10% of the published cases reported sudden unexpected death in epilepsy 

(SUDEP) (Meisler et al., 2016).

SCN8A encodes Nav1.6, one of the brain isoforms of voltage-gated sodium channel in 

human, along with Nav1.1 (SCN1A), Nav1.2 (SCN2A) and Nav1.3 (SCN3A). Nav1.6 is 

ubiquitously expressed in almost all neurons throughout the central nervous system (CNS) 

and the peripheral nervous system (PNS), contrasting with the region- and cell type-

restricted distribution of other Navs. Developmentally, Nav1.6 replaces Nav1.2 as the major 

isoform at the axon initial segment (AIS) and the nodes of Ranvier in myelinated excitatory 

neurons (Boiko et al., 2001; Boiko et al., 2003; Van Wart & Matthews, 2006a), where it 

plays a dominating role in action potential initiation and propagation (Hu et al., 2009). 

Nav1.6 is also found at the AIS of some inhibitory interneurons (Ogiwara et al., 2007; 

Lorincz & Nusser, 2008; Makinson et al., 2017), although Nav1.1 is considered to be the 

primary driving force for action potential initiation, and thus for excitability of most 

inhibitory neurons. The functional significance of Nav1.6 in inhibitory interneurons is 

largely unclear. Although some evidence indicates a role for Nav1.6 in establishing synaptic 

inhibition in the thalamic network (Makinson et al., 2017), conditional expression of the 

R1872W mutation in mouse inhibitory neurons did not induce seizures but expression in 

excitatory neurons did (Bunton-Stasyshyn et al., 2019).

Nav1.6 is unique in its biophysical properties. It activates at more hyperpolarized voltages 

than Nav1.1 (Spampanato et al., 2001) and Nav1.2 (Rush et al., 2005), allowing a lower 

threshold for action potential generation. It can conduct higher levels of persistent current 

(Smith et al., 1998; Maurice et al., 2001) and resurgent current (Raman et al., 1997; Jarecki 

et al., 2010b). Persistent currents often reflect incomplete inactivation. While incomplete 

inactivation can lead to enhanced resurgent currents, resurgent currents also reflect the 

activity of an open channel blocker. Substantial evidence indicates that in many neurons an 

open channel blocker can mimic the normal inactivation process, but if the open channel 

blocker unbinds during repolarization sodium flux through the channel can resurge, leading 

to increased action potential firing (Raman & Bean, 2001; Khaliq et al., 2003). The 

intracellular segment of the Navβ4 subunit has been implicated in resurgent current 

induction by behaving similar to an open channel blocker and Nav1.6 has been identified as 

a predominant generator of resurgent currents in neurons (Grieco et al., 2005; Bant & 

Raman, 2010; Jarecki et al., 2010a; Barbosa et al., 2015; Patel et al., 2015; Xie et al., 2016). 

Moreover, Nav1.6 is more resistant to use-dependent inactivation during high-frequency 

firing compared to Nav1.1 and Nav1.2 (Spampanato et al., 2001; Rush et al., 2005; Patel et 
al., 2016). The combination of these features makes Nav1.6 a favorable isoform to support 
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high frequency, repetitive firing in a wide range of neurons in CNS and PNS (Maurice et al., 
2001; Khaliq et al., 2003; Do & Bean, 2004; Van Wart & Matthews, 2006b; Enomoto et al., 
2007; Mercer et al., 2007; Royeck et al., 2008).

More than 150 epilepsy-related mutations have been identified in SCN8A (Meisler et al., 
2016). Most of these are de novo missense mutations. To date, only about 20 mutations have 

been functionally characterized. 15 of them are gain-of-function, highlighting Nav1.6 as a 

potent contributor to neural excitation. Indeed, SCN8A expression was increased in 

chemical and electrical induced seizure models (Blumenfeld et al., 2009; Hargus et al., 
2013; Sun et al., 2013), while reducing SCN8A activity conferred seizure protection (Martin 

et al., 2007; Makinson et al., 2014; Wong et al., 2018). Importantly, the seizure phenotypes 

presented in SCN1A epilepsy mouse models can be rescued by an additional introduction of 

loss-of-function mutations in SCN8A, presumably by tuning down excitation in the 

inhibition-defected network (Martin et al., 2007; Hawkins et al., 2011). Moreover, the 

SCN8A-N1768D knockin mouse, carrying the gain-of-function epilepsy mutation, 

recapitulated the main features in the human disease (Wagnon et al., 2014).

The molecular mechanisms and phenotypic outcomes of SCN8A epilepsy mutations are 

highly heterogeneous, in part due to the various location of these mutations in the channel. 

Voltage-gated sodium channels consist of four domains (DI-DIV), with each containing six 

transmembrane segments (S1-S6) (Fig.1). S1-S4 are the voltage sensors, while the S5-S6 

regions form the ion conducting pore. These highly conserved regions are critical for normal 

channel functions, and thus are the frequent targets of disease mutations.

In this study, we aimed to characterize a novel SCN8A epilepsy mutation R850Q and to 

identify potential commonalities among different SCN8A epilepsy mutations in the human 

Nav1.6 (hNav1.6) channel. We systematically compared R850Q to three other SCN8A 
epilepsy mutants in hNav1.6 and discovered that although all of them were gain-of-function, 

they affected various aspects of channel functions. Interestingly, all the evaluated mutant 

channels presented distinct kinetics of resurgent currents compared to the WT channel. 

Using computational simulations, we demonstrated increased excitability of both modeled 

Purkinje neurons and modeled cortical pyramidal neurons harboring these mutant channels.

2. Material and methods

2.1 SCN8A channel constructs

Our optimized human cDNA construct for wild-type (WT) Nav1.6 was designed in-house 

(Patel et al., 2016), encoding for the amino acid sequence corresponding to the accession 

number NP_055006.1 in the NCBI database. A Y371S amino acid substitution was 

introduced into the construct, rendering the channel resistant to tetrodotoxin (TTX) block. 

Mutations R850Q, T767I, R1617Q and R1872Q were introduced into the WT construct 

using QuikChange® II XL site-directed mutagenesis kit from Agilent Technologies 

according to the manufacturer’s instructions. Mutant channel constructs were fully 

sequenced (ACGT, Inc.) to confirm the presence of the correct mutation and the absence of 

additional mutations.

Pan and Cummins Page 3

J Physiol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2 Cell culture and transfection

The neuronal cell line ND7/23 was used to express WT and mutant hNav1.6 channels for 

functional characterization. The cells were grown under standard tissue culture conditions 

and transiently transfected using Invitrogen Lipofectamine 2000 Transfection Reagent 

according to the manufacturer’s instructions. Briefly, lipid-DNA mixture [5μg channel 

construct and 0.5μg enhanced green fluorescent protein (EGFP) construct] in Opti-MEM 

medium was added to cells for 4h, after which transfected cells were split onto 35mm dish 

with fresh medium. Transfected cells were incubated at 30°C overnight to increase channel 

surface expression. 24–32h after transfection, whole-cell voltage-clamp recordings were 

performed. Transfected cells were identified by EGFP expression under a fluorescent 

microscope.

2.3 Whole-cell voltage-clamp recordings

All recordings were obtained at room temperature (~22°C) using a HEKA EPC-10 amplifier 

and the PatchMaster program (v2×73.2, HEKA Electronic). Electrodes were fabricated from 

1.7mm capillary glass and fire-polished to a resistance of 0.8–1.0 MΩ using a Sutter P-1000 

Micropipette puller (Sutter Instrument Company). The series of recording protocols was 

started 3 min after break-in for each cell, which controlled for time-dependent shifts in 

channel properties. For resurgent current recording, the protocol was started 5 min after 

break-in to allow sufficient time for Navβ4 peptide diffusion. Cells were not considered for 

analysis if the initial seal resistance was < 1 GΩ or if they had a series resistance > 3 MΩ. 

Voltage errors were minimized using 80% series resistance compensation and passive leak 

currents were cancelled by subtraction. The extracellular solution contained (in mM): 140 

NaCl, 20 TEA-Cl, 3 KCl, 1 MgCl2, 1 CaCl2, and 10 HEPES, adjusted to a pH of 7.30 with 

NaOH. 500nM TTX was added to the extracellular solution to block endogenous sodium 

currents and isolate TTX-resistant current generated by transfected channels. The 

intracellular solution contained (in mM): 140 CsF, 10 NaCl, 1.1 EGTA, and 10 HEPES, 

adjusted to a pH of 7.30 with CsOH. Osmolarity of all solutions was adjusted to 300 mOsm. 

To induce resurgent currents in ND7/23 cells, 200μM Navβ4 peptide (KKLITFILKKTREK-

OH) (Biopeptide Co), a peptide that corresponds to part of the C-terminal tail of the full-

length Navβ4 subunit, was included in the intracellular solution.

2.4 Voltage protocols and data analysis

2.4.1 Activation protocol.—Transient sodium current (INaT) was measured during a 

50ms depolarizing step (–80mV to +45mV; 5mV increment) from a holding potential of –

120mV (Fig.10D upper). The current density was calculated by dividing the measured INaT 

by the capacitance of the cell. Persistent sodium current (INaP) was measured at the last 1ms 

during the depolarizing steps and presented as a percentage normalized to the maximal INaT 

of each cell. Sodium current conductance (GNa) was converted from INaT using the equation

GNa =  INaT/  V − Vrev ,
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where Vrev is the reversal potential of Na+ obtained in FitMaster (v2×73.5, HEKA 

Electronic) for each cell. Activation curves were generated by plotting normalized GNa 

against depolarizing potentials and fitting it with the Boltzmann function in the form of

GNa/ Gmax =  1 /  1  +  exp V50, act −  V  / kact ,

where Gmax is the maximal GNa, V50,act is the potential at which activation is half-maximal, 

V is the depolarizing potential, and kact is the slope factor. Rate of decay (τNaT) for INaT was 

obtained in FitMaster by fitting the current traces 1ms into the depolarizing steps with a 

single exponential function.

2.4.2 Steady-state inactivation.—Availability of sodium channels was measured by 

the peak sodium current during a 20ms test pulse at 0mV following a 500ms prepulse (–

140mV to +10mV; 10mV increment) that allows channels to enter equilibrium states 

(Fig.10D lower). Steady-state inactivation curves were generated by plotting normalized 

sodium current against prepulse potentials and fitting it with the Boltzmann function in the 

form of

I / Imax =  1 /  1  +  exp V50, inact −  V  / kinact ,

where Imax is the maximal sodium current obtained in this protocol, V50,inact is the potential 

at which half of the sodium channels are available for activation, V is the prepulse potential, 

and kinact is the slope factor.

2.4.3 Recovery from inactivation.—A 20ms depolarization prepulse at 0mV was 

applied to allow channel activation and subsequent inactivation, which was followed by a 

repolarizing step to –80mV for durations ranging from 0ms to 50ms with 2ms increment. 

The non-inactivated sodium currents were measured during a subsequent 20ms test pulse at 

0mV and normalized to the maximum current obtained in this protocol. The normalized 

non-inactivated sodium current was plotted against the duration of repolarizing step and 

fitted with a single exponential function.

2.4.4 Resurgent current.—Resurgent currents (INaR) were recorded with 200μM 

Navβ4 peptide in the intracellular solution and elicited by a protocol (Fig.4D top) with a 

step depolarization from –120 mV to +60 mV for 20 ms to open channels, allowing them to 

undergo open-channel block and subsequently repolarizing to a series of potentials (+25mV 

to –80mV; 5mV decrement) for 50 ms to allow the blocker to unbind, generating the 

resurgent current. INaR was presented as a percentage normalized to the maximal INaT 

obtained from the activation protocol and plotted against the repolarization potentials. Rate 

of decay (τrsg) for resurgent current was obtained in FitMaster by fitting the decay phase of 

the resurgent current traces, starting at 3ms (or 6.5ms for R1617Q due to its extremely slow 

resurgent current kinetics) in the repolarizing steps of the resurgent current protocol with a 

single exponential function.
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2.5 Simulations

Computational modeling of sodium currents and simulation of action potential firing were 

conducted in NEURON v7.5 (Hines & Carnevale, 1997). The sodium current model was 

based on a Markov state model described in detail previously (Khaliq et al., 2003) with 

minor modifications to partially segregate the coupling of voltage dependence of activation 

and inactivation (Fig.2). To model WT Nav1.6 current, the kinetic parameters remained 

identical to the original model, except for Oon, the rate constant for the O→I6 transition 

(INaT decay), was modified from 0.75 to 1.132 to match our experimental result. Mutant 

Nav1.6 currents were modeled as changes relative to this baseline. Quantitative analysis and 

curve fitting were performed to reconcile experimental and modelled data. ε, the rate 

constant for O→OB was not altered for experiments with open channel block (resurgent 

current) implemented, while it was set to 0 otherwise. All modified parameters were 

reported in Table 2.

Simulations of neuronal activities were performed in a single compartment model of a 

Purkinje neuron (Khaliq et al., 2003) and a multi-compartment model of a cortical pyramidal 

neuron (Ben-Shalom et al., 2017). To simulate action potential firing of the Purkinje neuron, 

sodium conductance in the original model (Khaliq et al., 2003) was replaced by our modeled 

Nav1.6 current. For the simulation in the cortical pyramidal neuron model (Ben-Shalom et 
al., 2017), the sodium conductance that represents Nav1.6 current was replaced by our 

modeled Nav1.6 current. To simulate heterozygous mutant conditions in both models, 50% 

of the modelled WT Nav1.6 conductance was replaced by the modelled mutant Nav1.6 

conductance. Neuronal morphology, channel distributions and kinetics of other channels 

remained the same as the original models.

2.6 Statistics

GraphPad Prism (v 6.00, GraphPad Software) was used for statistical analysis and curve 

fitting. The ROUT method in GraphPad Prism was used to identify outliers, which were then 

excluded from plotting and analysis. D’Agostino & Pearson omnibus normality test was 

used to confirm normal distribution of the data. Nonlinear least-squares minimization 

method was used for curve fitting. All data are presented as mean ± standard error of mean 

(SEM) of the indicated number of cells (n). Electrophysiological data for the WT group was 

collected along with each mutant group to eliminate potential differences in cell batch and in 

transfection efficiency. We found some significant difference of INaT current density, but not 

any other channel properties, between the various WT groups from different batches. 

Therefore, for comparisons of INaT current density, data from different WT batches was not 

pooled for comparison to mutants, and thus was presented with different number of cells (n). 

For comparisons of INaT current density, INaP percentage, INaR percentage, rate of decay for 

INaT, and rate of decay for INaR, two-way ANOVA with Sidak’s multiple comparisons test 

was performed between WT and mutants. For comparisons of V50,act, kact, V50,inact, kinact, 

and recovery rate, Student’s t test was performed on the parameters extrapolated from curve 

fitting.

Pan and Cummins Page 6

J Physiol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

3.1 R850Q

R850 is the third charged residue in the voltage-sensing fourth transmembrane segment (S4) 

in the second domain (DII) of Nav1.6 (Fig.1). Substitution of this Arg with an uncharged 

Gln is predicted to impair channel activation and can potentially generate gating pore 

current. Fig.3A shows the representative traces of transient current from hNav1.6 WT and 

R850Q. The peak current density (Fig.3B) and rate of decay for the transient current 

(Fig.3C) were not significantly changed by the R850Q mutation (Table 1). However, R850Q 

exhibited altered channel activation as predicted, with a midpoint voltage 4.5mV more 

negative than the WT channel (V50 = −25.61 ± 0.67 mV in R850Q vs V50 = −21.07 ± 0.79 

mV in WT, P < 0.0001) (Fig.3D). This shift indicated premature opening of the mutant 

channel, while the voltage-dependence of steady-state inactivation remained unchanged 

(Fig.3E) (Table 1). Collectively, this resulted in larger window currents in the mutant 

channel as demonstrated in Fig.3F. Fig.4A shows the normalized current traces of WT and 

R850Q, revealing an increased percentage of persistent current from the mutant channel 

(1.33 ± 0.06 % in R850Q vs. 0.52 ± 0.03 % in WT, P < 0.0001) (Fig.4B). Compared to WT, 

R850Q did not have a significant change in its rate of recovery from inactivation (Fig.4C) 

(Table 1). However, the resurgent current amplitude of R850Q increased (7.40 ± 0.53 % in 

R850Q vs. 5.50 ± 0.23 % in WT, P < 0.0001) (Fig.4E), and the decay of the resurgent 

current was slower compared to the WT channel (at −35mV repolarization step, 11.35 ± 

0.44 ms in R850Q vs. 7.25 ± 0.09 ms in WT, P < 0.0001) (Fig.4F) (Table 1).

3.2 T767I

T767 is located in the first transmembrane segment of DII (Fig.1). The mutation from Thr to 

Ile has been shown to disrupt channel activation in mouse Nav1.6 (Estacion et al., 2014). 

Representative current traces of hNav1.6 WT and T767I are shown in Fig.5A. The current 

density (Fig.5B) and rate of decay for transient current (Fig.5C) of T767I in hNav1.6 were 

not significantly different from the WT channel (Table 1). In agreement with previous 

literature, T767I displayed a 10mV hyperpolarizing shift in the voltage-dependence of 

activation (V50 = −31.68 ± 0.81 mV vs V50 = −21.07 ± 0.79 mV in WT, P < 0.0001) 

(Fig.5D), indicative of premature channel opening, while it did not alter the steady-state 

inactivation (Fig.5E) (Table 1). As a result, larger window currents were observed (Fig.5F). 

The normalized current traces of WT and T767I shown in Fig.6A demonstrates an increased 

percentage of persistent current in the mutant channel (1.21 ± 0.06 % in T767I vs. 0.52 ± 

0.03 % in WT, P = 0.0012) (Fig.6B). Compared to WT, T767I had no significant change in 

the rate of recovery from inactivation (Fig.6C) (Table 1). Fig.6D shows the representative 

traces of resurgent current generated by WT and T767I. Similar to R850Q, T767I showed 

significant increase in resurgent current amplitude (7.91 ± 0.42 % in T767I vs. 5.50 ± 0.23 

% in WT, P < 0.0001) (Fig.6E), and the resurgent currents displayed slower decay kinetics 

(at −35mV repolarization step, 11.24 ± 0.29 ms in T767I vs. 7.25 ± 0.09 ms in WT, P < 

0.0001) (Fig.6F) (Table 1).
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3.3 R1617Q

R1617 is the first positively charged arginine in DIV S4 (Fig.1). Loss of the positive charge 

is predicted to and has been shown to affect channel inactivation in mouse Nav1.6 (Wagnon 

et al., 2016). Representative current traces of hNav1.6 WT and R1617Q are shown in 

Fig.7A. The transient current of R1617Q was not significantly different from WT in current 

density (Fig.7B) (Table 1). However, it decayed far slower with a time constant about 3.5 

times larger than that of the WT channel (τ = 3.49 ± 0.15 in R1617Q vs. τ = 0.89 ± 0.03 in 

WT, P < 0.0001) (Fig.7C). Voltage-dependence of activation of R1617Q remained 

unchanged (Fig.7D), while steady-state inactivation had a shallower slope (k = 10.07 ± 0.67) 

compared to WT (k = 5.30 ± 0.38) (P < 0.0001), but was unaltered in midpoint voltage 

(Fig.7E), in contrast to the 9 mV depolarizing shift seen by Wagnon et al. with the mouse 

orthologue (Table 1). Fig.7F shows the larger window currents of R1617Q due to the change 

of inactivation time constant. The normalized current traces of WT and R1617Q in Fig.8A 

demonstrates an increase of persistent current in the mutant channel (2.68 ± 0.20% in 

R1617Q vs. 0.52 ± 0.03 % in WT, P < 0.0001) (Fig.8B). Compared to WT, R1617Q had 

faster recovery from inactivation with a time constant of 5.33 ± 0.20 ms compared to 13.2 ± 

0.72 ms in WT (P < 0.0001) (Fig.8C). Fig.8D shows the representative resurgent current 

traces from WT and R1617Q, demonstrating larger resurgent current amplitude generated by 

R1617Q (14.13 ± 0.72 % in R1617Q vs. 5.50 ± 0.23 % in WT, P < 0.0001) (Fig.8E). In 

addition, the R1617Q resurgent current also displayed slower decay kinetics (at −10mV 

repolarization step, 25.87 ± 1.26 ms in R1617Q vs. 10.46 ± 0.43 ms in WT, P < 0.0001) 

(Fig.8F) (Table 1).

3.4 R1872Q

R1872 locates near the center of the cytoplasmic c-terminal domain (Fig.1). The loss of the 

positively charged Arg in this region is predicted to interfere with channel inactivation due to 

its presumed interaction with the channel inactivation gate. Representative traces of hNav1.6 

WT and R1872Q are shown in Fig.9A. Fig.9B shows that R1872Q generated larger hNav1.6 

current, with a current density of −861.00 ± 97.40 pA/pF compared to −498.10 ± 95.49 

pA/pF of WT (P = 0.016). Interestingly, the R1872Q transient current decayed slower, 

particularly at more negative voltages (1.52 ± 0.06 ms in R1872Q vs. 0.89 ± 0.03 ms in WT, 

P < 0.0001) (Fig.9C). This is clearly shown in Fig.10A, where the decay of R1872Q was 

almost indistinguishable from WT at −10mV, but was dramatically slower at −35mV. This 

voltage-dependent change of current decay likely contributed to a peculiar pattern of the 

persistent current-voltage plot (Fig.10B), showing significantly larger percentage of 

persistent current only at depolarizing voltages ranging from −40mV to −10mV. Important 

to note, this pattern was not observed when persistent current was measure at 500ms of the 

prepulse depolarization step in the steady-state inactivation protocol (Fig.10DE). We 

reasoned that the increased persistent current observed with the 50ms stimulation protocol 

was due to the slow decay at more negative voltages, instead of a non-inactivating 

component of the transient current. The voltage-dependence of activation and stead-state 

inactivation of R1872Q were shifted in opposite directions: a hyperpolarizing shift in 

activation (V50 = −25.5 ± 0.83 mV in R1872Q vs V50 = −21.07 ± 0.79 mV in WT, P = 

0.0004) and a depolarizing shift in steady-state inactivation (V50 = −61.69 ± 0.61 mV in 

R1872Q vs. V50 = −67 ± 0.66 mV in WT, P < 0.0001) (Fig.9DE) (Table 1). As a result, 
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R1872Q displayed larger window currents (Fig.9F). R1872Q had no significant change in 

recovery from inactivation (Fig.10C) (Table 1). Fig.10F shows the representative resurgent 

current traces from WT and R1872Q. The resurgent current of R1872Q had no significant 

change in amplitude (Fig.10G), but exhibited a substantially slower rate of decay (at −35mV 

repolarization step, 17.52 ± 1.29 ms in R1872Q vs. 7.25 ± 0.09 ms in WT, P < 0.0001) 

(Fig.10H) (Table 1).

3.5 Simulation

To explore how Nav1.6 epilepsy mutations affect neuronal excitability, we simulated action 

potential firing in a single compartment model of Purkinje neuron (Khaliq et al., 2003) and a 

multi-compartment model of cortical pyramidal neuron (Ben-Shalom et al., 2017). We began 

by modeling the WT and mutant Nav1.6 currents based on the Markov state sodium channel 

model (Khaliq et al., 2003) with minor modifications. Voltage-clamp simulations validated 

that the modelled R850Q, T767I and R1872Q channels successfully recapitulated all the 

functional alterations observed in our experimental data (Fig.11). The modelled R1617Q 

channel, however, under represented the experimental changes of the slope of steady-state 

inactivation curve and the increase of resurgent current amplitude. A summary of the 

biophysical properties of modeled channels are reported in Table 3.

To simulate spontaneous and evoked activities of Purkinje neurons, the total sodium 

conductance of the Khaliq model was replaced by our modeled hNav1.6. To represent 

heterozygous conditions, 50% of our Nav1.6 sodium conductance was replaced by the 

modeled mutant channels. Fig.12A shows the spontaneous action potential (AP) firing from 

WT and mutant Purkinje neurons with open channel block implemented. Modeled neurons 

incorporated with R850Q, T767I and R1872Q currents demonstrated increased excitability 

exemplified by a higher frequency of spontaneous (Fig.12AC) as well as evoked APs 

(Fig.12D) (Table 4). The R1617Q neuron was not more excitable than the WT neuron in 

response to lower range of stimulation, but its firing frequency continued increasing in the 

higher stimulation range, showing resistance to depolarization block and reaching a higher 

maximal AP frequency. This enables the R1617Q neuron to sustain high-frequency, 

repetitive firing, which is an important characteristic of neurons involved in seizure 

activities. Our simulations demonstrated a differential pattern of excitability outcome caused 

by functional alterations in activation versus inactivation. Premature opening, as 

implemented in R850Q, T767I and R1872Q, has prominent effect on enhancing firing, either 

spontaneous or in response to low intensity stimulation. On the other hand, altered 

inactivation that led to increased channel availability, as exhibited mainly with R1617Q and 

R1872Q, boosts the ability of a neuron to sustain high frequency firing.

In addition, simulations without the open channel block mechanism suggested an important 

role of resurgent current in affecting excitability, especially when mutant channels were 

involved. As shown in Fig.12B and Table 4, all variants are consistently less excitable 

without OB, suggesting that resurgent current is an important contributor to high frequency 

firing associated with epilepsy mutations. Moreover, the WT neuron demonstrated about 

12% reduction of spontaneous AP firing, while the R1617Q, R1872Q, R850Q and T767I 

mutants showed 9%, 34%, 46% and 40% reduction, respectively. This indicated that the 
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excitability of neurons with mutant channels was generally more sensitive to the existence of 

the open channel block. As a result, the R1872Q, R850Q and T767I mutant neurons with 

OB implemented presented larger percentage increase of spontaneous APs (92%, 177%, 

219%) compared to those without OB implemented (43%, 70%, 117%). Therefore, 

resurgent currents can have significant impact on the excitability of neurons with mutant 

Navs, although resurgent currents did not display as remarkable an influence on the 

excitability of WT neurons in our simulations. Intriguingly, the effect size of OB inclusion in 

the model did not correlate with the amplitude of resurgent current (Table 3). For example, 

the excitability of the R850Q-containing model neuron was most affected by the inclusion of 

OB, although the modeled R850Q channel did not exhibit the most prominent increase of 

resurgent current (Fig.11CD). On the contrary, the spontaneous activity of R1617Q was 

unexpectedly reduced by the inclusion of OB, although it had the largest increase of 

resurgent current. This emphasizes that neuronal excitability is an integrated outcome of 

different aspects of channel functions, and such complex integration can potentially be 

extended to the inter-cellular and network levels.

To further investigate the impact of Nav1.6 mutations on the integrated outcome of neuronal 

excitability, we incorporated our modeled Nav1.6 in a more sophisticated cortical pyramidal 

neuron model (Ben-Shalom et al., 2017). This model implemented multiple sodium channel 

isoforms that were differentially distributed in soma, dendrites, axon initial segment, nodes 

of Ranvier and along the myelinated axon. The sodium conductance that represents Nav1.6 

current in the original model was replaced by our modeled hNav1.6 current. Similar to the 

Purkinje neuron model, heterozygous mutations of Nav1.6 R1872Q, R850Q and T767I in 

modeled cortical pyramidal neuron lead to marked increase of excitability with or without 

OB (Fig.13). However, unlike the Purkinje neuron model, the inclusion of the OB 

mechanism did not consistently increase action potential firing across all variants. In 

response to lower range of stimulations, WT and mutant neurons fired more action potentials 

without OB, while in the higher range of stimulations (up to 4nA) the firing rates were 

eventually surpassed by those with OB implemented. This supports the notion that resurgent 

current facilitates but does not guarantee high frequency firing (Lewis & Raman, 2014). 

Therefore, the precise impact of resurgent currents on neuronal excitability also likely 

depends on cellular background.

4. Discussion

A growing number of SCN8A mutations have been associated with EIEE, but the pathogenic 

outcomes are hard to predict without functional characterization. In this study, we report that 

the novel epilepsy mutation R850Q is gain-of-function, consistent with the hypothesis that a 

majority of SCN8A epilepsy mutations primarily lead to enhanced channel function. R850Q 

exhibits multiple aberrant properties, including premature opening, impaired inactivation 

and increased resurgent current. By comparing R850Q with three other SCN8A epilepsy 

mutations that have been previously characterized in mouse Nav1.6 constructs, we show that 

the mutations affect different aspects of the human Nav1.6 channel properties despite all 

being gain-of-function. To our surprise, all the evaluated mutations display enhanced 

resurgent currents, pointing to a potential commonality among gain-of-function SCN8A 
epilepsy mutations. Using computational simulations, we demonstrate that modeled neurons 
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bearing these SCN8A epilepsy mutations are hyperexcitable, further supporting the 

proposed mechanism for SCN8A epilepsy being neuronal over-excitation and the hypothesis 

that altered resurgent currents in hNav1.6 channels likely contribute to increased seizure 

susceptibility.

EIEE with a SCN8A mutation is a devastating condition due to its phenotypic severity and 

resistance to classic anti-epileptic drugs. Additionally, SCN8A cases are highly 

heterogeneous, displaying variable clinical presentation and treatment response. The disease 

mechanism is not well understood and requires functional characterization of a wide range 

of SCN8A mutations for more individualized therapeutic development. However, the 

majority of previous functional analysis of SCN8A mutations were conducted with the 

mouse cDNA construct expressed in heterologous systems. Although these results have 

provided valuable insights for the molecular underpinnings of the disease, the alterations of 

channel functions they presented may differ from the same mutations in human DNA. 

Moreover, most of the previous studies on SCN8A epilepsy mutations did not test the 

involvement of resurgent current, the alteration of which can affect neuronal excitability, as 

it does in many other sodium channelopathies (Jarecki et al., 2010b; Hargus et al., 2011; 

Sittl et al., 2012; Hargus et al., 2013; Tan et al., 2014; Patel et al., 2016; Xiao et al., 2019). In 

our study, we used a human SCN8A cDNA construct (hNav1.6) for functional 

characterization and systematically compare the outcomes with those from previous studies 

using the mouse construct. We observed consistent functional changes for the mutation 

R1872Q, but important functional differences for mutations T767I and R1617Q in the 

human compared to the mouse channel background. For example, the current amplitude 

produced by the T767I mutation in hNav1.6 is similar to the amplitude observed with WT 

hNav1.6 (Fig.5AB), while the T767I mutation was reported to have a 2.5-fold reduction in 

mouse Nav1.6 (Estacion et al., 2014). On the other hand, the hyperpolarizing shift of voltage 

dependence of activation and the increase of persistent current are comparable in both 

backgrounds. As for R1617Q, a similar slowing of current decay and increase of persistent 

currents are observed with both the human and mouse channel background, but there are 

differential effects on the voltage dependence of activation and inactivation (Fig.7,8) 

(Wagnon et al., 2016). In hNav1.6, the R1617Q mutation altered only the slope of steady-

state inactivation, while in the mouse Nav1.6, there is a hyperpolarizing shift of activation 

and a depolarizing shift of inactivation along with a slope change. Such differences may 

seem subtle, but they suggest molecular and functional distinctions between the human and 

mouse channels, which in turn could alter how individual mutations impact intrinsic 

neuronal excitability and even affect their pharmacological responsiveness, and thus could 

have important impact when it comes to therapeutic development and testing.

Although it is generally accepted that SCN8A epilepsy mutations are primarily gain-of-

function, the molecular mechanisms often differ among individual mutations. The 

heterogeneity of SCN8A epilepsy phenotypes likely stems in part from the various locations 

and functional consequences of the mutations. Due to the clear functional segregation of 

channel regions, outcomes of some mutations can be predicted by their location. For 

example, mutations in DI-DIII voltage sensors are likely to alter channel activation. As 

shown in this study, missense mutations at R850 and T767, located in DII S4 and S1 

respectively, result in premature opening, a functional alteration in activation that is highly 
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predicted to lead to hyperactivity. On the other hand, mutations in DIV voltage sensors 

usually disrupt channel inactivation. An Arg to Gln substitution at 1617 in DIV S4 exhibits a 

dramatically slower decay of the transient current, indicating impaired inactivation. 

Although persistent currents and resurgent currents can be related, persistent currents occur 

due to incomplete inactivation. Resurgent currents occur via a distinct mechanism in 

response to an alternative inactivation particle that has been referred to as an open channel 

blocker (Raman & Bean, 2001; Grieco et al., 2005). Since the open channel block competes 

with the IFM (Ile-Phe-Met motif) inactivation gate for channel binding after activation 

(Khaliq et al., 2003; Grieco & Raman, 2004), the slower inactivation kinetics of R1617Q 

and many other disease mutations (Jarecki et al., 2010b) increase the probability of open 

channel block, and thus the generation of larger resurgent currents. Indeed, the slowed 

inactivation induced by R1617Q is associated with a 2-fold increase of resurgent current, the 

mechanism of which involves an open channel block. Nav1.6 resurgent currents flows 

following open channel block when channels reopen during repolarizations before 

undergoing either inactivation or deactivation (Bant & Raman, 2010) . This consequence of 

impaired inactivation applies to R850Q as well as R1617Q. In addition it is interesting to 

note that both R850Q and R1617Q neutralize charged residues in S4 segments. While 

R1617Q may not induce gating pore currents due to its location at the extracellular extreme 

of the S4 segment, R850Q is predicted to induce gating pore current due to the S4 charge 

neutralization (Sokolov et al., 2005). However, because gating pore currents are very small 

and difficult to measure in mammalian expression systems, we were unable to directly 

determine if either of these mutations induced gating pore currents.

In addition to direct lesion to the molecular components responsible for specific channel 

function, mutations located in regions involved in intramolecular interactions can also cause 

predictable functional defects. The C-terminal domain (CTD) has been shown to interact 

with the IFM inactivation gate via static interaction between charged residues (Shen et al., 
2017; Johnson et al., 2018). Removing any of the charges can disrupt the interaction and 

affect normal channel inactivation (Lee & Goldin, 2008; Nguyen & Goldin, 2010; Johnson 

et al., 2018). Indeed, we show that an Arg to Gln mutation at 1872, located near the center of 

CTD, displays abnormal inactivation properties, including shifted voltage dependence of 

inactivation, slower decay of transient current and higher level of persistent current. 

Similarly, Wagnon et al. (2016) demonstrated inactivation-related dysfunctions of two other 

epilepsy mutations at R1872 in mouse Nav1.6, highlighting the functional significance of 

the IFM-CTD interaction for channel inactivation.

The complicated network of sodium channel regulation is another source of heterogeneity 

for EIEE13. As shown in this study, the functional consequences of a single residue 

substitution can impact properties beyond what is predicted based on its location. For 

example, R850Q and T767I in the domain II voltage-sensor both impair inactivation and 

R1872Q in the CTS has premature activation. Most interestingly, R850Q, T767I and 

R1872Q demonstrate slowed resurgent kinetics that are not readily predicted by their 

location. These alterations may be consequences of the complex nature of subtle 

intramolecular interactions within the channel as well as intermolecular interactions between 

the channel and a great variety of regulatory proteins. So far, Nav-β subunits (Hull & Isom, 

2018), calmodulin, fibroblast growth factor homologous factors (FHFs) (Wang et al., 2012; 
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Wang et al., 2014) and ankyrinG (ankG) (Shirahata et al., 2006; Gasser et al., 2012) are 

identified as important interacting partners of Nav channels. They regulate Nav trafficking, 

expression pattern and gating in isoform- and cell type-specific manners (Deschênes et al., 
2002; Herzog et al., 2003; Chichili et al., 2013; Ben-Johny et al., 2014; Barbosa et al., 2017; 

Yan et al., 2017). Mutations within or near the interacting interface on either protein can 

alter the interaction and cause channel dysregulation. Moreover, the wide range of post-

translational modifications of voltage-gated sodium channels (Pei et al., 2017) and the 

existence of modifier genes also likely contribute to the heterogeneity of SCN8A epilepsy 

(Sprunger et al., 1999; Bergren et al., 2005; Rusconi et al., 2007; Bergren et al., 2009; Singh 

et al., 2009).

Due to the vast number of epilepsy mutations and the remarkable complexity of sodium 

channel regulation, it may be impractical to extend functional assays to all combinations of 

mutations and genetic variants appearing in patients. Computational simulation can be of 

great value in this matter. In our study, we perform excitability simulations using two neuron 

models and show predictions of the outcome of allelic epilepsy mutations. To model sodium 

channel kinetics, we adapted a simple Markov state model that included the open channel 

block mechanism (Khaliq et al., 2003) (Fig.2). This feature enables the simulation of 

resurgent sodium currents. Extensive evidence has showed that physiological resurgent 

currents support high-frequency repetitive firing of action potentials by maintaining a 

relatively constant availability of sodium channels (Raman & Bean, 2001). Pathological 

alterations of resurgent current kinetics are involved in a wide range of excitability disorders 

(Jarecki et al., 2010b; Hargus et al., 2011; Sittl et al., 2012; Hargus et al., 2013; Tan et al., 
2014; Patel et al., 2016; Xiao et al., 2019). More importantly, we revealed enhanced 

resurgent current as a commonality among the four Nav1.6 epilepsy mutations in our study. 

Therefore, abnormal resurgent currents found in epilepsy mutant Nav1.6 are likely to 

contribute to neuronal hyperexcitability. Indeed, our simulations demonstrated a cell type- 

and frequency- dependent role of resurgent current in heightening excitability, which in turn 

can lead to uncontrolled, synchronized firing involved in seizure activities.

The computational simulations we performed can be expanded to accommodate variants in 

multiple ion channel genes to predict the integrated effect on neuronal as well as network 

excitability (Klassen et al., 2011). However, such simulations are not without limitations. 

The original sodium channel model (Khaliq et al., 2003) couples the voltage dependence of 

inactivation with activation, which does not necessarily reflect the complex behaviors of a 

voltage-gated sodium channel. As illustrated by the R1872Q mutant channel, where the 

voltage-dependence of activation and inactivation are shifted in opposite directions. Such 

channel behavior is impossible to be represented by a model constrained by activation-

inactivation coupling. Therefore, we partially segregated the coupling to closely mimic 

channel behaviors observed in our experiments. The modified model allowed us to 

accurately simulate the opposite direction shifts in R1872Q, and the depolarizing shifts of 

activation in R850Q and T767I without immensely affecting the voltage dependence of 

inactivation. Nonetheless, we were not able to satisfactorily achieve all functional alterations 

observed in R1617Q. The inability to completely mirror R1617Q channel behavior may 

account for the mild increase of excitability observed in the simulation. Therefore, there is a 

clear need for improved channel models to accurately capture the dynamics of ionic flows in 
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excitable cells in order to produce reliable excitability prediction and assist in individualized 

medicine.

Taken together, our study demonstrates that while many epilepsy-related SCN8A mutations 

are gain-of-function, they can impact multiple gating properties in distinct combinations. 

One commonality among them is an alteration in resurgent current, which can play a critical 

role in determining neuronal excitability and thus seizure activities in patients. We 

demonstrated that computational simulation is a useful tool to explore the influence of 

mutations on excitability. Using the human Nav1.6 channel, our data also indicates that the 

SCN8A mutations can exhibit subtle yet potentially important differences in their 

biophysical consequences in human versus rodent channels. These important distinctions 

could influence how specific mutations are targeted therapeutically.
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Key points

• Mutations in the SCN8A gene cause early infantile epileptic encephalopathy.

• We characterize a new epilepsy-related SCN8A mutation, R850Q, in the 

human SCN8A channel and present gain-of-function properties of the mutant 

channel.

• Systematic comparison of R850Q with three other SCN8A epilepsy 

mutations, T761I, R1617Q, R1872Q, identifies one common dysfunction in 

resurgent current, although these mutations alter distinct properties of the 

channel.

• Computational simulations in two different neuron models predict increased 

excitability of neurons carrying these mutations, which explains the over-

excitation that underlies seizure activities in patients.

• These data provide further insights into the mechanism of SCN8A-related 

epilepsy and reveal subtle but potentially important distinction of functional 

characterization performed in the human vs. rodent channels.
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Figure 1. 
Topology of voltage-gated sodium channel with SCN8A epilepsy mutations.
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Figure 2. Simple Markov state model of the sodium channel.
Modified based on the model described by Khaliq et al. (2003). States of the channel include 

closed (C), inactivated (I), open (O), and open-blocked (OB).
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Figure 3. R850Q displayed altered voltage-dependence of activation.
A, representative current trace families from hNav1.6 WT (left) and R850Q (right) channels 

elicited by an activation protocol. Maximum current traces are highlighted with bolded black 

and red respectively. B, Current density-voltage plot of hNav1.6 WT and R850Q. C, Rate of 

decay for transient sodium current (τNaT) at each depolarization voltages. D,E, activation 

and steady-state inactivation curves fitted with Boltzmann functions. F, window currents 

shown by Boltzmann fitted curves enlarged from DE combined. All values and statistical 

significance are reported in Table1.
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Figure 4. R850Q has increased persistent current, increased resurgent current, and altered 
resurgent current kinetics.
A, representative traces showing persistent current from WT (black) and R850Q (red) 

channels. Traces shown are elicited at 0mV and are presented as the percentage amplitude 

normalized to the maximal transient current during the 50ms activation protocol. B, per cent 

persistent current-voltage plot with persistent current measured during the last 1ms of the 

50ms activation protocol. P < 0.01 from −55mV to 45mV in two-way ANOVA with Sidak 

multiple comparison test. C, recovery from inactivation with recovery duration from 0 to 

50ms. D, resurgent current protocol and representative traces showing resurgent current from 

WT (upper) and R850Q (lower) channels. E, per cent resurgent current plotted against 

repolarization voltages. P < 0.01 from −80mV to −30mV in two-way ANOVA with Sidak 

multiple comparison test. F, Rate of decay for resurgent current (τrsg) at each repolarization 

voltages. P < 0.0001 from −45mV to −35mV and at −15mV in two-way ANOVA with Sidak 

multiple comparison test. All values and statistical significance are reported in Table1.
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Figure 5. T767I displayed depolarized voltage-dependence of activation.
A, representative current trace families from hNav1.6 WT (left) and T767I (right) channels 

elicited by an activation protocol. Maximum current traces are highlighted with bolded black 

and pink respectively. B, Current density-voltage plot of hNav1.6 WT and T767I. C, Rate of 

decay for transient sodium current (τNaT) at each depolarization voltages. D,E, activation 

and steady-state inactivation curves fitted with Boltzmann functions. F, window currents 

shown by Boltzmann fitted curves enlarged from DE combined. All values and statistical 

significance are reported in Table1.
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Figure 6. T767I has increased persistent current, increased resurgent current, and altered 
resurgent current kinetics.
A, representative traces showing persistent current from WT (black) and T767I (pink) 

channels. Traces shown are elicited at 0mV and presented as the percentage amplitude 

normalized to the maximum peak current during the 50ms activation protocol. B, per cent 

persistent current-voltage plot with persistent current measured during the last 1ms of the 

50ms activation protocol. P < 0.0001 from −50mV to 45mV in two-way ANOVA with Sidak 

multiple comparison test. C, recovery from inactivation with recovery duration from 0 to 

50ms. D, representative traces showing resurgent current from WT (top) and T767I (bottom) 

channels. E, per cent resurgent current plotted against repolarization voltage. P < 0.05 from 

−80mV to −30mV in two-way ANOVA with Sidak multiple comparison test. F, Rate of 

decay for resurgent current (τrsg) at each repolarization voltages. P < 0.0001 from −45mV to 

−35mV in two-way ANOVA with Sidak multiple comparison test. All values and statistical 

significance are reported in Table1.
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Figure 7. R1617Q has altered voltage-dependence of inactivation and slower rate of decay for 
transient current.
A, representative current trace families from hNav1.6 WT (left) and R1617Q (right) 

channels elicited by an activation protocol. Maximum current traces are highlighted with 

bolded black and green respectively. B, Current density-voltage plot of hNav1.6 WT and 

R1617Q. C, Rate of decay for transient sodium current (τNaT) at each depolarization 

voltages. P < 0.0001 at all voltages in two-way ANOVA with Sidak multiple comparison 

test. D,E, activation and steady-state inactivation curves fitted with Boltzmann functions. F, 

window currents shown by Boltzmann fitted curves enlarged from DE combined. All values 

and statistical significance are reported in Table1.
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Figure 8. R1617Q has increased persistent current, faster recovery from inactivation, increased 
resurgent current and altered resurgent current kinetics.
A, representative traces showing persistent current from WT (black) and R1617Q (green) 

channels. Traces shown are elicited at 0mV and presented as the percentage amplitude 

normalized to the maximum peak current during the 50ms activation protocol. B, per cent 

persistent current-voltage plot with persistent current measured during the last 1ms of the 

50ms activation protocol. P < 0.0001 from −40mV to 40mV in two-way ANOVA with Sidak 

multiple comparison test. C, recovery from inactivation with recovery time duration from 0 

to 50ms. D, representative traces showing resurgent current from WT (top) and R1617Q 

(bottom) channels. E, per cent resurgent current plotted against repolarization voltage. P < 

0.0001 from −75mV to 0mV in two-way ANOVA with Sidak multiple comparison test. F, 

Rate of decay for resurgent current (τrsg) at each repolarization voltages. P < 0.0001 from 

−25mV to −10mV in two-way ANOVA with Sidak multiple comparison test. All values and 

statistical significance are reported in Table1.
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Figure 9. R1872Q has increased current amplitude, altered voltage-dependence of both 
activation and steady-state inactivation.
A, representative current trace families from hNav1.6 WT (left) and R1872Q (right) 

channels elicited by an activation protocol. Maximum current traces are highlighted with 

bolded black and blue respectively. B, Current density-voltage plot of hNav1.6 WT and 

R1872Q. P < 0.05 from −25mV to +10mV in two-way ANOVA with Sidak multiple 

comparison test. C, Rate of decay for transient sodium current (τNaT) at each depolarization 

voltages. P < 0.0001 from −10mV to 0mV in two-way ANOVA with Sidak multiple 

comparison test. D,E, activation and steady-state inactivation curves fitted with Boltzmann 

functions. F, window currents shown by Boltzmann fitted curves enlarged from DE 

combined. All values and statistical significance are reported in Table1.
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Figure 10. R1872Q has altered pattern of persistent current and enhanced resurgent currents.
A, representative traces showing persistent current from WT (black) and R1872Q (blue) 

channels elicited at 0mV (left) and −35mV (right). Traces shown are presented as the 

percentage amplitude normalized to the maximum peak current during the 50ms activation 

protocol. B, per cent persistent current-voltage plot with persistent current measured during 

the last 1ms of the 50ms activation protocol. P < 0.001 at −45mV and −10mV in two-way 

ANOVA with Sidak multiple comparison test. C, recovery from inactivation with recovery 

time duration from 0 to 50ms. D, persistent current measurement at 50ms (red line) of the 

test pulse in the activation protocol (upper) and at 500ms (red line) of the prepulse of the 

steady-state inactivation protocol. E, per cent persistent current-voltage plot with persistent 

current measured during the last 1ms of the 500ms prepulse in steady-state inactivation 

protocol. P < 0.05 at 10mV in two-way ANOVA with Sidak multiple comparison test. F, 

representative traces showing resurgent current from WT (top) and R1872Q (bottom) 

channels. G, per cent resurgent current plotted against repolarization voltage. H, Rate of 

decay for resurgent current (τrsg) at each repolarization voltages. P < 0.0001 from −40mV to 

−20mV, P < 0.001 at −15mV, P < 0.01 at −10mV in two-way ANOVA with Sidak multiple 

comparison test. All values and statistical significance are reported in Table1.
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Figure 11. Simulation of sodium current generated by modeled WT and mutant Nav1.6.
A, example WT (black) and mutant Nav1.6 currents (red: R850Q, pink: T767I, green: 

R1617Q, blue: R1872Q) generated from modeled neurons without open channel block. B, I-

V/G-V plots showing the voltage dependence of activation and steady-state inactivation of 

the modeled WT and mutant Nav1.6 channels. C, example resurgent currents generated by 

modeled WT and mutant Nav1.6 channels with open channel block. D, per cent resurgent 

currents plotted against repolarization voltages from simulated recordings. Peak resurgent 

currents were measured starting 1.4ms into the repolarization step and normalized to the 

maximum peak current during a 50ms activation protocol. E, recovery from inactivation plot 

with recovery time duration from 0 to 50ms for R1617Q. Values are reported in Table 3.
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Figure 12. Simulation of action potential firing in Purkinje neuron expressing WT or 
heterozygous mutant Nav1.6 channels.
A-B, example traces of spontaneous firing of modeled Purkinje neurons either with 100% 

WT Nav1.6 current or with 50% WT and 50% mutant Nav1.6 currents (black: WT, green: 

R1617Q, blue: R1872Q, pink: T767I, red: R850Q) with OB (A) and without OB (B). C, 

Quantification of the frequency of spontaneous action potentials. Values are reported in 

Table 4. D, Quantification of evoked action potentials.
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Figure 13. Simulation of action potential firing in cortical pyramidal neuron expressing WT or 
heterozygous mutant Nav1.6 channels.
A-B, example traces of action potential firing evoked by 2.3nA current injection in cortical 

pyramidal neuron models either with 100% WT Nav1.6 current or with 50% WT and 50% 

mutant Nav1.6 currents (black: WT, green: R1617Q, blue: R1872Q, pink: T767I, red: 

R850Q) with OB (A) and without OB (B). C, Quantification of evoked action potentials.
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Table 2.

Parameters of modeled sodium channels

WT R850Q T767I R1617Q R1872Q

α 150 85 700 150 330

β 3 0.9 5 3 4

αi 150 126 110 650 80

βi 3 3.4 6 3 6

γ 150 137 94 111 103

Coff 0.5 0.4 0.34 5 0.35

Oon 1.132 1.018 1.213 0.2866 0.656

Ooff 0.005 0.018 0.018 0.005 0.005
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Table 3.

Biophysical properties of modeled WT and mutant SCN8A channel

WT R850Q T767I R1617Q R1872Q

Transient I (pA/pF) −714.6 −713.2 −735.3 −724.5 −716.7

Transient I decay 0.92 1.06 0.85 2.01 1.30

Activation
V1/2(mV) −31.23 −35.78 −40.59 −30.92 −35.59

K 6.90 8.08 6.73 6.45 6.60

Inactivation
V1/2(mV) −55.85 −56.16 −56.41 −53.86 −51.57

K 3.84 3.74 4.00 6.15 3.96

Recovery (ms) 3.30 3.35 3.36 1.68 3.26

Resurgent I (%) 3.50 5.93 5.40 7.43 5.85
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Table 4.

Spontaneous action frequency (Hz) of simulated Purkinje neurons

WT R1617Q R1872Q R850Q T767I

Spontaneous
With OB 26 22 50 72 83

Without OB 23 20 33 39 50

Maximum
With OB 136 150 207 166 196

Without OB 140 146 171 155 199
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