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SCN8A encephalopathy, or early infantile epileptic encephalopathy 13 (EIEE13), is caused predominantly by de novo gain-of-function
mutations in the voltage-gated Na channel Nav1.6. Affected individuals suffer from refractory seizures, developmental delay, cognitive
disability, and elevated risk of sudden unexpected death in epilepsy (SUDEP). A knock-in mouse model carrying the patient mutation
p.Asn1768Asp (N1768D) reproduces many features of the disorder, including spontaneous seizures and SUDEP. We used the mouse
model to examine the effects of the mutation on layer II stellate neurons of the medial entorhinal cortex (mEC), which transmit excitatory
input to the hippocampus. Heterozygous (Scn8a D/�), homozygous (Scn8a D/D )), and WT (Scn8a �/�) littermates were compared at 3
weeks of age, the time of seizure onset for homozygous mice. Heterozygotes remain seizure free for another month. mEC layer II neurons
of heterozygous and homozygous mice were hyperexcitable and generated long-lasting depolarizing potentials with bursts of action
potentials after synaptic stimulation. Recording of Na currents revealed proexcitatory increases in persistent and resurgent currents and
rightward shifts in inactivation parameters, leading to significant increases in the magnitude of window currents. The proexcitatory
changes were more pronounced in homozygous mice than in heterozygotes, consistent with the earlier age of seizure onset in homozy-
gotes. These studies demonstrate that the N1768D mutation increases the excitability of mEC layer II neurons by increasing persistent
and resurgent Na currents and disrupting channel inactivation. The aberrant activities of mEC layer II neurons would provide excessive
excitatory input to the hippocampus and contribute to hyperexcitability of hippocampal neurons in this model of SCN8A encephalopathy.
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Introduction
The voltage-gated Na channel Nav1.6 plays a major role in neu-
ronal excitability (Lorincz and Nusser, 2008; Vacher et al., 2008;

Hu et al., 2009). Nav1.6 is concentrated at the axon initial seg-
ment (AIS), the site of initiation of action potentials (APs), and at
the nodes of Ranvier, responsible for saltatory conduction (Boiko
et al., 2001; Kaplan et al., 2001; Hu et al., 2009; Rasband, 2010).
Nav1.6 contributes to spike threshold and repetitive firing in neu-
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Significance Statement

SCN8A encephalopathy is a devastating neurological disorder that results from de novo mutations in the Na channel Nav1.6. In
addition to seizures, patients suffer from cognitive and developmental delays and are at high risk for sudden unexpected death in
epilepsy (SUDEP). A mouse knock-in model expressing the patient mutation N1768D reproduces several pathological phenotypes,
including spontaneous seizures and sudden death. We demonstrate that medial entorhinal cortex (mEC) neurons from the mouse
model exhibit proexcitatory alterations in Na channel activity, some of which were not seen in hippocampal or cortical neurons,
and resulting in neuronal hyperexcitability. Because mEC neurons regulate the activity of the hippocampus, which plays an
important role in seizure onset, we propose that these profound changes in mEC neuron excitability associated with the gain-of-
function mutation of Nav1.6 may increase excitatory drive into the hippocampus, culminating in seizure activity and SUDEP.
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rons (Raman et al., 1997; Levin et al., 2006; Royeck et al., 2008;
Hargus et al., 2011). The endogenous properties and expression
patterns of Nav1.6 make this channel a prime candidate for facil-
itating the neuronal hyperexcitability that is associated with epi-
lepsy. Proexcitatory alterations in Na channel activity contribute
to seizure initiation and propagation in human patients (Vreugden-
hil et al., 2004) and animal models of epilepsy (Kearney et al.,
2001; Blumenfeld et al., 2009; Hargus et al., 2011, 2013; Lopez-
Santiago et al., 2017), whereas decreased Nav1.6 activity reduces
the development of seizures (Martin et al., 2007; Blumenfeld et
al., 2009).

De novo mutations of SCN8A, encoding Nav1.6, are responsi-
ble for early infantile epileptic encephalopathy 13 (EIEE13), also
referred to as SCN8A encephalopathy (OMIM #614558) (Wa-
gnon and Meisler, 2015; Meisler et al., 2016). To date, �100 de
novo mutations of SCN8A have been identified. Nine of the 11
mutations that have been electrophysiologically evaluated dis-
play gain-of-function features, including impaired inactivation
and premature channel opening (Wagnon and Meisler, 2015;
Wagnon et al., 2016; Barker et al., 2016). Patients with EIEE13
experience seizure onset between birth and 18 months of age and
in utero seizures have been reported (Singh et al., 2015). Patients
also suffer from mild to severe intellectual disability and move-
ment disorders (Hammer et al., 2016). SUDEP has been reported
in 10% of EIEE13 patients (Veeramah et al., 2012; Kong et al.,
2015; Larsen et al., 2015; Wagnon and Meisler, 2015).

The first described SCN8A encephalopathy mutation,
p.Asn1768Asp (N1768D), was identified in a child who had on-
set of refractory epilepsy at 6 months of age, intellectual disability,
ataxia, and SUDEP at 15 years (Veeramah et al., 2012). Studies of
the mutant channel in transfected cells revealed gain-of-function
characteristics including increased persistent Na currents, dis-
ruptions in channel inactivation, and increased resurgent current
(Veeramah et al., 2012; Patel et al., 2016). Expression of the
mutant channel in cultured hippocampal neurons resulted in
elevated rates of spontaneous firing (Veeramah et al., 2012). A
knock-in mouse carrying the N1768D mutation (Jones and
Meisler, 2014) exhibits many pathological phenotypes seen in the
patient, including spontaneous seizures and sudden death (Wa-
gnon et al., 2015). In homozygous mutant mice, seizures begin
at 3 weeks of age and progress to death within 24 h of onset. In
heterozygous mutant mice, seizures begin between 2 and 4 months
of age and progress to death within days (Wagnon et al., 2015).
Due to incomplete penetrance, �50% of heterozygous mice re-
main seizure free. Electrophysiological studies of CA1, CA3, and
cortex layer 2/3 neurons of heterozygous mice revealed region-
specific increases in persistent sodium current (INaP) in excitatory
and inhibitory neurons, with CA1 pyramidal neurons being most
affected (Lopez-Santiago et al., 2017). Although spike frequen-
cies were not increased, CA1 neurons did exhibit early after
depolarization-like events and there was spontaneous firing of
CA1 and CA3 neurons that was not seen in the WT controls.
Interestingly, Na channel activation and inactivation gating pa-
rameters were not altered in any of the neurons tested.

In the present study, we evaluated the effects of the Nav1.6-
N1768D mutation in layer II stellate neurons of the medial ento-
rhinal cortex (mEC) and extended the studies to include both
heterozygous and homozygous mutant mice. mEC layer II stel-
late neurons provide excitatory input to the dentate gyrus and
CA3 neurons and elevate circuit excitability in animal models of
temporal lobe epilepsy (Kobayashi et al., 2003; Hargus et al.,
2011). We observed increased rates of AP firing and proexcitatory
changes in Na channel properties of mEC neurons, with larger

effects in homozygous mice than in heterozygotes. Changes were
observed in neurons from heterozygous mice �1 month before
seizure onset. These studies provide insight into the mechanisms
by which a gain-of-function mutation in Nav1.6 leads to in-
creased neuronal excitability. Our studies provide support for the
region specificity of alterations and suggest that the profound
proexcitatory changes observed in mEC neurons increase net-
work drive into the hippocampus, contributing to the develop-
ment of spontaneous recurrent seizures.

Materials and Methods
Animals. Scn8a N1768D knock-in mice were generated as described previ-
ously (Jones and Meisler, 2014; Wagnon et al., 2015). All animal experi-
ments were conducted in accordance with the guidelines established by
the National Institutes of Health’s Guide for the Care and Use of Labora-
tory Animals and were approved by the University of Virginia’s Institute
of Animal Care and Use Committee. The line was maintained by back-
crossing to C57BL/6J WT mice (The Jackson Laboratory catalog #JAX:
000664, RRID:IMSR_JAX:000664). Experiments were performed on male
and female homozygous D/D mice (Scn8aN1768D/N1768D), heterozygous
D/� mice (Scn8a N1768D/�), and WT �/� littermates at 3 weeks of age.
The genotyping assay (Wagnon et al., 2015) was performed as follows.
DNA was isolated from tail biopsies by digestion with 1 mg/ml proteinase
K in buffer containing 50 mM KCl, 10 mM Tris-HCl, pH 8.0, and 0.1%
Triton X-100. Genotyping used the introduced HincII site in the mutant
allele (Jones and Meisler, 2014). A 327 bp genomic fragment of Scn8a
containing the mutation was amplified by PCR with the primers Tar-F
(5�-TGACT GCAGC TTGGA CAAGG AGC-3�) and Tar-R (5�-TCGAT
GGTGT TGGGC TTGGG TAC-3�). PCR products were digested with
HincII and analyzed on 2% agarose gels stained with ethidium bromide.
The WT allele generates a single fragment of 327 bp and the mutant allele
generates two fragments of 209 and 118 bp.

Brain slice preparation and AP recordings. Horizontal brain slices
(300 �m) were prepared from D/D, D/�, and WT (�/�) mice. Mice
were anesthesized with isoflurane, decapitated, and brains rapidly re-
moved and placed in chilled (4°C) artificial CSF (ACSF) containing the
following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2,
0.5 L-ascorbic acid, 10 glucose, 25 NaHCO3, and 2 pyruvate oxygenated
with 95% O2 and 5% CO2. Slices were prepared using a Vibratome 1000
Plus (Vibratome), transferred to a chamber containing oxygenated
ACSF, incubated at 37°C for 35 min, and then stored at room tempera-
ture. For recordings, slices were held in a small chamber superfused with
heated (32°C) oxygenated ACSF. mEC layer II neurons were visually
identified by infrared video microscopy (Hamamatsu) using a Zeiss Ax-
ioscope microscope. Whole-cell voltage and current-clamp recordings
were performed using an Axopatch 700B amplifier (Molecular Devices,
pCLAMP 10 software) and a Digidata 1322A (Molecular Devices). Elec-
trodes were fabricated from borosilicate glass using a Brown-Flaming
puller (Model P97; Sutter Instruments) and had resistances of 3.5– 4.0
M� when filled with an intracellular recording solution containing the
following (in mM): 120 K-gluconate, 10 NaCl, 2 MgCl2, 0.5 K2EGTA, 10
HEPES, 4 Na2ATP, 0.3 NaGTP, pH adjusted to 7.2 with KOH. Currents
were amplified, low-pass filtered (2 kHz) and sampled at 33 kHz. APs
were evoked with a series of current injection steps from �20 pA to 470
pA in 10 pA steps for 300 ms at 5 s interpulse intervals. In some experi-
ments, a brief, 4 ms depolarizing current pulse was used to evoke APs. To
standardize our tests, the resting membrane potential (RMP) was re-
corded and then maintained at �65 mV by injection of DC current. Cell
input resistance (Ri) was calculated by dividing the steady-state voltage
response evoked by varying current injections (�V/�I ) from �20 pA
until the current pulse just before that which evoked an AP. Data points
were then fit with a linear line to determine Ri values. Threshold was
determined as the voltage at which the slope of the AP exceeded �20 V/s.
AP amplitudes were measured from threshold to the AP peak. AP dura-
tion (APD) was measured from threshold to the point at which the AP
returned to the same potential. APD50 and APD90 were determined from
this duration. Upstroke velocity was determined from phase plots using
the maximum of the first derivative (dV/dt). In some experiments, APs
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were evoked using a bipolar platinum iridium stimulating electrode
(WPI) placed in layer III of the mEC �1 mm distant from the mEC layer II
neurons. A 400 �s stimulus of varying current amplitude (1 to 3.2 mA)
was applied every 15 s via a digital stimulator (Digitimer). To evoke APs
consistently, the stimulus amplitude was increased until there were no
failures in spike initiation (1T). Duration of the evoked somatic response
evoked by either electrical stimulation or via short depolarizing current
pulses was determined as the interval between the start of the deviation
from the RMP to the point at which the response returned to the RMP.

Na channel electrophysiology. All Na channel current recordings, ex-
cept for persistent Na current (INaP) and resurgent Na current (INaR),
were recorded using the outside-out recording configuration of the
patch-clamp recording technique. Currents were amplified, low-pass fil-
tered (2 kHz), and sampled at 33 kHz. Glass pipettes had resistance of
1.8 –2.5 m� when filled with the following electrode solution (in mM):
140 CsF, 2 MgCl2, 1 EGTA, 10 HEPES, 4 Na2ATP, and 0.3 NaGTP, pH
adjusted to 7.3 with CsOH, osmolarity adjusted to 310 M� with sucrose.
Outside-out patches were superfused with solution containing the fol-
lowing (in mM): 150 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 0.5
L-ascorbic acid, 2 pyruvate, 10 glucose, 25 NaHCO3, pH adjusted by
bubbling 95% O2 and 5% CO2, osmolarity adjusted to 320 M� with
sucrose. All experiments were performed at 32°C. Capacitive and leak
currents were subtracted using the P/N-4 protocol. The current–voltage
(I–V ) relationship was determined using a 100 ms voltage pulse from
�80 to �40 mV in steps of 5 mV from a holding potential of �120 mV
at 2 s intervals. Conductance as a function of voltage was derived from the
I–V relationship and fitted by a Boltzmann function as described previ-
ously (Hargus et al., 2011).

For steady-state inactivation, neurons were held at �120 mV and test
potentials from �115 mV to �10 mV for 500 ms at 5 mV increments
were applied. The second pulse to �10 mV for 40 ms was used to assess
channel availability. Currents during the second pulse were normalized
for each cell with the largest current as 1.0 and fit to the Boltzmann
function.

INaP was determined in brain slice preparations using voltage ramps
from �100 mV to �10 mV at a rate of 65 mV/s. INaP was recorded in bath
solution containing the following (in mM): 30 NaCl, 120 TEA-Cl, 10
NaHCO3, 1.6 CaCl2, 2 MgCl2, 0.2 CdCl2, and 5 4-AP, 15 glucose, pH 7.4
when oxygenated with 95% O2 and 5% CO2; temperature 32°C, and a
pipette solution containing the following (in mM): 140 CsF, 2 MgCl2, 1
EGTA, 10 HEPES, 4 Na2ATP, and 0.3 NaGTP, pH adjusted to 7.3 with
CsOH, osmolarity adjusted to 310 M� with sucrose. Ramp voltage re-
cordings displayed an inward current that was referred to as INaP. To
determine the peak INaP current, voltage ramp protocols were repeated in
the presence of TTX (1 �M). Traces obtained in the presence of TTX were
subtracted from those obtained in its absence. TTX was reconstituted in
ACSF.

INaR was also recorded in brain slice preparations using a bath solution
containing the following (in mM): 100 NaCl, 26 NaHCO3, 19.5 TEA-Cl, 3
KCl, 2 MgCl2, 2 CaCl2, 2 BaCl2, 0.1 CdCl2, 4 4-AP, and 10 glucose, pH 7.4
when oxygenated with 95% O2 and 5% CO2; temperature 32°C, using the
same pipette solution as that for recording INaP. Neurons were held at
�100 mV and depolarized to �20 mV for 20 ms, followed by either a
single repolarizing step to �30 mV for 100 ms to determine the peak INaR

or a series of repolarizing steps from �100 mV to �10 mV to determine
the voltage dependence of INaR. Protocols were again repeated in the pres-
ence of TTX (1 �M) to determine INaR current amplitudes and gating.

Immunohistochemistry. WT, D/�, and D/D mice (minimum 3 mice
for each genotype) were anesthesized with isoflurane, decapitated, and
brains rapidly removed and placed in chilled (4°C) ACSF. Horizontal
500-�m-thick sections were prepared using a Vibratome and transferred
to a chamber containing oxygenated ACSF at 37°C and incubated for 35
min. Slices were then embedded in optimal cutting temperature com-
pound in cryomolds, snap-frozen on dry-ice-chilled isopentane, and
kept on dry ice. Cryostat sections (16 �m) were prepared and thaw-
mounted onto Superfrost Plus slides (Fisher Scientific) and stored at
�80°C for no longer than 3 days before further processing. Slices were
fixed in an ice-cold acetone– ethanol mixture for 5 min, air-dried,
washed with KPBS, and then placed for 60 min in KPBS blocking solu-

tion (5% fish skin gelatin, 5% normal goat serum, 0.25% Triton X-100,
and 0.65% w/v BSA), followed by incubation in blocking solution con-
taining the pair of primary antibodies for 48 h at 4°C (rabbit anti-Nav1.6,
1:500, Alomone Laboratories, catalog #ASC-009, RRID:AB_2040202),
and monoclonal mouse anti-Ankyrin G (1:500, NeuroMab N106/36,
catalog #MABN466, RRID:AB_10697718). The slides were then washed
with KPBS, incubated in blocking solution containing a pair of secondary
antibodies (Alexa Fluor 488-conjugated goat anti-mouse IgG catalog
#A-11029, RRID:AB_2534088 and Alexa Fluor 555-conjugated goat
anti-rabbit IgG catalog #A-21429, RRID:AB_2535850, both at 1:500,
both Invitrogen). Slides were washed in KPBS, incubated in nuclear blue
(1 drop/ml; Invitrogen), washed, air-dried, and coverslipped in Poly-
mount (Polysciences).

Confocal images were captured of mEC layer II neurons using a Zeiss
LSM 710 confocal microscope with a 63	 oil-immersion objective and
ZEN Zeiss LSM Imaging software. The settings of the laser intensities and
image capture were initially optimized but then not changed during the
scanning of the slides. Quantification and analysis was performed using
ImageJ software (RRID: SCR_003070). For analysis of Nav1.6 and
Ankyrin G immunofluorescence intensity, a line scan representing the
length of the AIS as determined by Ankyrin G labeling was drawn and the
relative optical density (ROD) was determined along the duration of
the AIS. To compare the localization of Nav1.6 in the AIS between geno-
types, plots of ROD along the duration of the AIS for Nav1.6 and Ankyrin
G were compared. Nav1.6 expression was compared between genotypes
by normalizing Nav1.6 immunofluorescence against that of Ankyrin G
for each AIS and the average Nav1.6/Ankyrin G ratio was calculated to
determine channel density.

Data analysis. Electrophysiology data analysis was performed using
Clampfit software version 10 (Molecular Devices) and MATLAB (The
MathWorks, RRID: SCR_001622). All values represent means 
 SEM.
Statistical significance was determined by using either a standard one-
way or two-way ANOVA followed by Tukey’s post hoc test for parametric
data or the rank-sum test for nonparametric data (GraphPad Prism 6.02
software, RRID:SCR_002798).

Results
Aberrant spike frequency in mEC layer II stellate neurons
Membrane properties were recorded from visually identified
mEC layer II stellate neurons (Fig. 1). In comparison with WT
littermates, AP firing frequencies were significantly elevated in
D/D and D/� neurons at current injection steps of 110 pA and
120 pA (Fig. 1D,E). For example, at 110 pA, the AP firing rate was
increased by �3-fold in D/� neurons (7.6 
 1.1 Hz, n � 20: p �
0.05) and by �4-fold in D/D neurons (9.6 
 1.2 Hz, n � 27: p �
0.05) compared with WT neurons (2.2 
 1.2 Hz, n � 20). At the
higher depolarizing current injection steps, we recorded spike
frequency adaptation in D/� and D/D neurons, but not in WT
neurons. For example, at 470 pA, the AP firing frequency was
35.9 
 3.3 Hz (n � 20) in WT neurons and was reduced to 26.9 

3.2 Hz (n � 27: p � 0.05) in D/� and 17.2 
 1.9 Hz (n � 20: p �
0.05) in D/D neurons (Fig. 1D–F). Firing frequencies between
D/D and D/� neurons were only significantly different at current
injection steps of 460 and 470 pA (p � 0.05; Fig. 1F).

Altered neuronal membrane properties
AP spikes elicited from D/� and D/D neurons appeared distinct
from WT neurons. To quantify the apparent differences in the
elicited APs, we measured the membrane properties of the first
three APs evoked at 290 pA, a stimulation intensity that evoked a
similar frequency of APs (�21 Hz) in all genotypes (Fig. 2Ai–Ci).
We measured the maximal negative repolarizing voltage between
AP spikes (Fig. 2E). In WT neurons, the maximal hyperpolarizing
voltages between AP spikes trended toward more negative volt-
ages after the initial AP spike. For D/� and D/D neurons, a
greater depolarized interspike voltage was recorded immediately
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after the first spike and remained significantly elevated for all
subsequent spikes compared with WT (p � 0.05). In addition,
D/D neurons showed a significantly depolarized interspike volt-
age compared with D/� neurons (p � 0.05). These data suggest
an increase in depolarizing current in mutant neurons that likely
accounts for the increase in firing frequency seen with somatic
current injection.

RMP and Ri did not differ between genotypes (Table 1). The
threshold potential for the first AP was not affected by genotype,
but that for the second and third APs was significantly depolar-
ized in D/D neurons compared with WT. Within both the D/�
and D/D genotypes, the AP threshold was significantly depolar-
ized in the second and third APs compared with first AP. In
contrast, thresholds in WT neurons did not change with succes-
sive APs.

The amplitude of the first AP was elevated in D/� and D/D
neurons compared with WT (Fig. 2D, Table 1), but was reduced
in the second AP for the mutant neurons. The amplitude of the
third AP remained significantly reduced in D/D neurons com-
pared with WT neurons. Within each genotype, WT neurons
showed no significant changes in AP amplitude between the suc-
cessive APs (Table 1). D/� and D/D neurons showed a significant
reduction in AP amplitude when comparing the first AP with the
second and third AP spikes. However, when comparing the sec-
ond and third AP spikes from mutant neurons, AP amplitudes of
the third AP were significantly (p � 0.05) increased, likely due to
the increase in interspike intervals, allowing recovery of some
inactivated Na channels. The duration of all three APs measured
at 50% (APD50) and 90% (APD90) was significantly increased in
the mutant neurons compared with WT (p � 0.05: Fig. 2D, Table
1). In addition, APD50 and APD90 were significantly (p � 0.05)
increased in D/D neurons compared with D/� neurons for the
second and third elicited APs. Within the D/� and D/D geno-

types, the durations of the second and third AP spikes were more
prolonged than the first AP (Fig. 2Bii,Cii, Table 1). Again, no
significant changes in AP duration for successive APs were de-
tected in WT neurons.

A surprising finding was the slower upstroke velocities for the
mutant APs compared with WT (Fig. 2Bii,Cii). When comparing
within genotypes, the second and third AP spike upstroke velocities
were significantly reduced compared with the first AP. Downstroke
velocities in mutant neurons were also dramatically slower com-
pared with WT cells for all three elicited APs (Fig. 2Bii,Cii). For all
genotypes, downstroke velocity was significantly decreased in the
second and third APs compared with the first AP.

Phase plots of the first three APs are shown in Figure 2, Aiii–Ciii.
The inflections along the rising segment of the phase plots (ar-
rows) result from the axonally initiated spike, which is followed
by invasion into the soma and the activation of additional chan-
nels there (indicated with a plus sign). In WT neurons, the first
inflection representing the AIS spike was less obvious and was
continuous with the somatic inflection, suggesting an initiation
site close to the soma and a smooth rapid invasion of the spike
into the soma. In contrast, AIS inflections were more pro-
nounced in D/� and D/D neurons, suggesting disrupted back-
propagation into the soma (Fig. 2Aiii–Ciii). Analysis of the first
and second derivatives of the first AP evoked by current injection
into the soma further emphasizes the presence of two prominent,
but smaller peaks representing the AIS and somatic spikes in D/�
and D/D neurons (Fig. 2Biv–Civ). The latency between the two
peaks (tdel) was measured from the second derivative and was
significantly longer in both D/� neurons (0.35 
 0.02 ms p �
0.05; n � 16) and D/D neurons (0.42 
 0.03 ms p � 0.05; n � 17)
compared with WT neurons (0.05 
 0.01 ms; n � 15). A delay in
the axosomatic spike has been suggested previously to indicate a
change in the spike initiation site to more distal sites from the

Figure 1. Neuronal hyperexcitability of mEC layer II stellate neurons from Scn8a N1768D mice. A–C, Representative traces of spikes elicited by 300 ms current injection steps of increasing current
from a holding potential of �65 mV. D, E, Higher firing rates of D/� (n � 20) and D/D (n � 21) neurons compared with WT (n � 20) at stimulation �300 pA. F, Firing rate of D/� neurons is
greater than that of D/D neurons at stimulation �460 pA. Data are shown as means 
 SEM. *p � 0.05, two-way ANOVA with post hoc Tukey’s test for multiple comparisons.
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Figure 2. Aberrant AP morphology in mutant mEC neurons. Ai–Ci, AP morphology elicited by a 300 ms depolarizing current injection of 290 pA. D, Superimposition of the first AP spike elicited
by a depolarizing step to 290 pA from WT, D/�, and D/D neurons demonstrating the increase in AP duration in mutant neurons compared with WT. Note the delay in rising and falling phase of the
AP in D/� and D/D neurons. Aii–Cii, Superimposed traces of the first three AP spikes elicited by injection of 290 pA. The duration of spikes 2 and 3 is extended in the mutant neurons. Solid trace is
the first AP, darker traces are the second AP, and broken lines are the third AP. Aiii–Ciii, Phase plots of dV/dt vs voltage for the first three AP spikes. *AP thresholds. Arrow indicates inflection of the
rising phase of the phase plot indicative of AIS spike initiation; �, maximal conduction velocity as the spike invades the soma. The abrupt rise of dV/dt seen in WT neurons is less pronounced for the
first spike in mutant neurons and further slowed for the second and third spikes. Aiv–Civ, First derivative (dV/dt) derived for the first AP spike. The peak of the first derivative is reduced in mutant
neurons, indicating a slower upstroke velocity of the AP. Latency between spike initiation at the AIS and invasion into the soma was lengthened in mutant neurons, suggesting slower spike
conduction. Second derivatives of the APs (superimposed, green) are also shown. The peaks are clearly discernable for the mutant neurons and are separated by a more pronounced latency. E, Plot
of maximal hyperpolarizing voltages between AP spikes evoked by a 290 pA current injection (WT, n � 20; D/�, n � 20; D/D, n � 21). Fi–Fiii, Left, Nav 1.6 expression along the AIS of WT, D/�,
and D/D neurons (AnkG, green; Nav1.6, red; Merge; yellow). Right, Graphs showing the localization and ROD of AnkG and Nav1.6 (WT, n � 124 from 4 animals; D/�, n � 83 from 3 animals; D/D,
n � 100 from 4 animals) staining along the length of the AIS for WT, D/�, and D/D neurons. Scale bars, 2 �m. Data are shown as mean 
 SEM. *p � 0.05, one-way ANOVA with post hoc Tukey’s
test for multiple comparisons compared with WT; # p � 0.05 one-way ANOVA with post hoc Tukey test for multiple comparisons when D/� were compared with D/D neurons.

Table 1. Membrane properties of WT, D/�, and D/D mEC layer II stellate neurons

RMP, mV Ri , M� Threshold, mV Amplitude, mV APD50 , ms APD90 , ms
Upstroke
velocity, mV/ms

Downstroke
velocity, mV/ms n

1 st AP
WT �65.8 
 1.1 111.8 
 10.9 �40.4 
 1.4 42.1 
 1.7 0.8 
 0.1 2.5 
 0.1 268.0 
 9.1 �77.5 
 3.5 20
D/� �66.1 
 1.2 112.6 
 11.2 �41.3 
 4.2 47.3 
 1.4a 2.5 
 0.2a 7.1 
 0.7a 190.2 
 19.4a �34.6 
 2.2a 20
D/D �65.7 
 2.1 110.7 
 13.2 �41.6 
 1.2 46.4 
 1.3a 3.3 
 0.2a,b 9.6 
 1.2a 168.6 
 5.8a,b �21.4 
 2.7a,b 21

2 nd AP
WT �37.4 
 0.9 40.9 
 0.9 1.4 
 0.1 2.9 
 0.1 218.0 
 10.2c �48.6 
 2.5c 20
D/� �36.5 
 1.1c 33.6 
 2.9a,c 4.8 
 0.8a,c 8.7 
 0.7a,c 100.2 
 22.0a,c �19.2 
 2.9a,c 20
D/D �32.8 
 1.8a,c 25.4 
 0.9a,b,c 7.7 
 0.5a,b,c 14.4 
 1.2a,b,c 55.6 
 7.1a,b,c �12.8 
 2.6a,b,c 21

3 rd AP
WT �37.9 
 0.9 41.4 
 2.7 1.3 
 0.8 2.9 
 0.2 229.7 
 11.8c �59.3 
 1.2c 20
D/� �35.9 
 1.7c 38.3 
 1.8c,d 5.2 
 0.6a,c 9.7 
 1.7a,c 98.5 
 17.9a,c �19.0 
 1.9a,c 20
D/D �31.1 
 1.1a,b,c 32.9 
 1.1a,b,c,d 8.2 
 1.7a,b,c 14.1 
 1.8a,b,c 53.7 
 7.1a,b,c �13.0 
 3.5a,b,c 21

Values represent mean 
 SEM. n � number of cells.
ap � 0.05 versus WT neurons.
bp � 0.05 D/� versus D/D.
cp � 0.05 1 st AP versus 2 nd and 3 rd APs within the same genotype.
dp � 0.05 2 nd versus 3 rd AP within the same genotype.
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soma (Royeck et al., 2008). To determine whether Nav1.6 expres-
sion along the AIS was different in the mutant neurons compared
with WT, immunofluorescence experiments were performed
(Fig. 2Fi–Fiii). Robust Nav1.6 staining was observed at the AIS
and was colocalized with Ankyrin G staining, a marker for the
AIS. No differences in staining pattern were detected between any
of the genotypes along the AIS, suggesting a similar expression
profile of Nav1.6 in all three genotypes.

Synaptically evoked AP bursting in N1768D mutant mice
Brief stimulation of the deep layers of the mEC evoked a single AP
spike in mEC layer II stellate neurons of all three genotypes (1T;
Fig. 3A–C). However, increasing the stimulation intensity above
AP threshold to twofold (2T) or threefold (3T) evoked multiple
AP spikes in D/� neurons (n � 21) and D/D neurons (n � 20),
but not in WT neurons (n � 20; Fig. 3A–D). Significantly
more spikes were evoked in D/D neurons than in D/� neurons
( p � 0.05).

In addition to bursting, synaptically evoked responses pro-
duced longer depolarizations in D/� and D/D neurons than in

WT neurons. Analysis of evoked APs revealed an increase in the
duration of the depolarizing event from 59.6 
 5.9 ms (n � 20) in
WT neurons to 110.7 
 6.1 ms (n � 21: p � 0.05) in D/�
neurons and further to 176.1 
 11.5 ms (n � 20: p � 0.05) in D/D
neurons. The evoked responses in D/D neurons had significantly
longer durations than those in D/� neurons. Analysis of the area
under the evoked response curve (AUC) at T1 revealed a 2-fold to
4-fold increase in D/� neurons (n � 21: p � 0.05) and D/D
neurons (n � 20: p � 0.05) compared with WT (n � 20) (Fig.
3E). D/D neurons also had a significant increase in AUC at T1
stimulation compared with D/� cells (p � 0.05). Similar in-
creases in mutant neurons were also seen at T2 and T3 stimula-
tion (data not shown).

INaP and INaR currents are elevated in mutant neurons
INaP currents are thought to be major contributors to the gener-
ation of high-frequency AP firing. Elevated INaP has been re-
corded in neurons from human patients and animal models of
epilepsy (Vreugdenhil et al., 2004; Stafstrom, 2007; Hargus et al.,
2011, 2013) and the N1768D channel generates elevated persis-

Figure 3. Synaptic stimulation of mutant mEC neurons elicits burst firing and prolonged depolarization. A–C, mEC deep layers were briefly stimulated at the AP threshold (1T), at twice the
threshold value (2T), and at three times the threshold (3T). AP firing was measured in WT (n � 20), D/� (n � 21), and D/D neurons (n � 22). Bursts of APs were elicited in the mutant neurons in
response to 2T and 3T stimulation. D, AP frequency in response to increasing stimulation intensity. E, AUC for APs evoked at 1T stimulation is greater for D/D neurons than for D/� or WT neurons.
Data are shown as mean 
 SEM. *p � 0.05, one-way ANOVA with post hoc Tukey’s test for multiple comparisons.
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tent current in transfected cells (Veeramah et al., 2012) and in
hippocampal neurons (Lopez-Santiago et al., 2017). To deter-
mine whether INaP currents were increased in mEC layer II stel-
late neurons from the N1768D mutant mice, voltage ramps were
applied in brain slice preparations. Ramp voltage recordings dis-
played an inward current that was completely abolished by the
application of 1 �M TTX (Fig. 4A–C). The peak INaP current
amplitude was determined by subtracting traces obtained in the
presence of TTX from those obtained in its absence. INaP currents
in WT littermates had amplitudes of �247 
 14 pA (n � 10).
Amplitudes were significantly higher in both D/� neurons
(�834 
 6 pA; n � 10: p � 0.05) and D/D neurons (�1037 
 12
pA; n � 10: p � 0.05). INaP currents were larger in D/D than in
D/� neurons (p � 0.05) (Fig. 4D, I). Conductance plots of INaP

currents revealed no significant differences in activation param-
eters (data not shown).

INaR currents are slow inactivating depolarizing currents that
can contribute to increased AP frequency and burst firing (Ra-
man and Bean, 1997). Peak INaR currents were significantly ele-
vated in D/� neurons (�1522 
 22 pA; n � 9: p � 0.05) and D/D
neurons (�1936 
 34 pA; n � 9: p � 0.05) compared with WT

(�847 
 27 pA; n � 10; Fig. 4E–H, J). In a similar manner to INaP

currents, INaR current amplitudes were also larger in D/D than in
D/� neurons (p � 0.05; Fig. 4H, J), demonstrating the greater
deleterious effect of two copies of the mutant channel and the
absence of WT channel. The properties of INaR activation were
not altered in any of the mice (Fig. 4K).

Effects of TTX (30 nM) on INaR and INaP currents
Elevated INaR and INaP currents could account for increased firing
frequencies, AP burst firing upon synaptic stimulation and
greater depolarized inter spike voltages observed in D/� and D/D
neurons. Low concentrations of TTX have been shown to reduce
spike afterdepolarized potentials (ADPs) without affecting
properties of the fast spike (Yue et al., 2005). To test the specific
contributions of INaR and INaP to the aberrant AP morphology
observed in mutant neurons, we first determined the effects of 30
nM TTX on INaR and INaP currents (Fig. 5) and then determined
the effects of reducing INaR and INaP currents on AP spikes (Fig.
6). TTX (30 nM) caused a small decrease in INaP peak current in
WT neurons, but this did not reach significance (Fig. 5A,D). In
contrast, TTX (30 nM) caused a significant reduction in both D/�

Figure 4. INaP and INaR Na channel currents are increased in N1768D mutant mEC layer II stellate neurons. Using recording solutions designed to reduce other types of inward and outward currents,
voltage ramps were applied at a rate of 65 mV/s (inset) to elicit INaP currents. All INaP currents were abolished in the presence of 1 �M TTX (gray traces). Amplitudes of INaP currents were obtained by
taking the original trace and subtracting from it the trace recorded in the presence of TTX (1 �M). A–C, INaP recordings from WT, D/�, and D/D mEC neurons. D, Superimposition of TTX subtracted
INaP amplitudes for the three genotypes. E–G, INaR recordings from WT, D/�, and D/D mEC neurons. INaR currents were recorded using the indicated voltage protocol. Traces shown were obtained
after subtracting traces recorded in the presence of TTX (1 �M). H, Superimposition of INaR of the three genotypes. I, Peak INaP currents in WT (n � 10), D/� (n � 10), and D/D (n � 10) mEC neurons.
J, Peak INaR currents in WT (n � 8), D/� (n � 9), and D/D (n � 9) mEC neurons. K, Voltage dependence of INaR activation revealed no significant shifts in V1/2 or k. Smooth lines correspond to the
least-squares fit when average data were fit to a single Boltzmann equation. Data are shown as mean 
 SEM. *p � 0.05, one-way ANOVA with post hoc Tukey’s test for multiple comparisons.
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(by 47%) and D/D (by 35%) INaP peak currents (Fig. 5B–D). In
the presence of TTX, INaP currents remained significantly (p � 0.05)
increased in D/� and D/D neurons compared with WT and be-
tween D/� and D/D neurons (p � 0.05). For INaR currents, TTX
(30 nM) significantly reduced INaR peak currents in all three ge-
notypes (p � 0.05; Fig. 5E–H). In the presence of TTX, INaR

currents were not significantly different between WT and mutant
neurons.

Effects of TTX (30 nM) on AP spikes
To determine the effects of reducing INaP and INaR currents on AP
spike properties, we applied low concentrations of TTX (30 nM)
and examined APs evoked at a current injection step of 290 pA, a
level in which all three genotypes fire spikes at the same fre-
quency. TTX (30 nM) had no effect on AP firing frequency in WT
or D/� neurons, but did significantly increase firing frequency of
D/D neurons at current injection steps at 460 and 470 pA, reduc-
ing the extent of spike frequency adaptation (data not shown).
TTX also had no effect on WT AP spike properties (Table 2). In
contrast, TTX resulted in a more negative maximal repolarizing
voltage potential between AP spikes of D/� and D/D neurons,
but many voltage potentials remained significantly more depo-
larized than WT (Fig. 6Bii,Cii). Furthermore, TTX increased the
upstroke and downstroke velocities of the first and second AP
spikes elicited in D/� and D/D mEC neurons, reducing AP du-
ration (Fig. 6Biii–Ciii, Table 2). AP amplitudes were also in-

creased in the second AP spike for both D/� and D/D neurons.
Phase plots of the effects of TTX on all three genotypes are shown
in Figure 6, Aiv–Civ, where a small, but significant rescue of AP
morphology can be seen in D/� and D/D neurons.

Low-concentration TTX has been shown to reduce ADPs that
drive spike bursting in CA1 neurons (Yue et al., 2005). We evoked
AP spikes using a brief, 4 ms suprathreshold current injection
pulse (Fig. 6D–F). In WT neurons, the brief pulse elicited a single
AP spike. In contrast, the brief pulse elicited burst firing in D/�
and D/D neurons. TTX (30 nM) had no effect on AP spikes in WT
neurons, but eliminated burst firing in D/� and D/D neurons,
resulting in only a single AP being elicited in response to stimu-
lation. Analysis of the AUC for spikes evoked showed significant
decreases after application of TTX (30 nM; Fig. 2G), further sup-
porting a major role for Na channel currents in driving burst
epileptiform activity in these neurons.

Altered Na channel physiology
Previous evaluation of N1768D in transfected cells overexpress-
ing the mutant channel revealed altered Na channel gating prop-
erties (Veeramah et al., 2012). To determine whether these
alterations are seen when the mutant channel is expressed at a
physiological level in neurons, Na channel currents were re-
corded using outside-out patches from visually identified mEC
layer II stellate neurons in brain slice preparations (Fig. 7). Rep-
resentative macroscopic Na currents are shown in Figure 7A. Na

Figure 5. TTX (30 nM) decreases INaP and INaR currents. A–C, INaP currents were elicited by applying a voltage ramp at a rate of 65 mV/s before (WT, black; D/�, blue; D/D, red) and after application
of TTX (30 nM; purple traces for all genotypes). Traces shown are those obtained after subtracting traces recorded in the presence of TTX (1 �M). D, Scatter plot of INaP peak amplitudes before and after
the application of TTX (30 nM) (WT, n � 5; D/�, n � 5; D/D, n � 5). E–G, INaR measured before (WT, black; D/�, blue; D/D, red) and after the application of TTX (30 nM; purple traces for all the
genotypes). H, Scatter plot of INaR current peak amplitude before and after the presence of TTX (30 nM) (WT, n � 6; D/�, n � 6; D/D, n � 5). Data are shown as mean 
 SEM. *p � 0.05, one-way
ANOVA with post hoc Tukey’s test for multiple comparisons.
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Figure 6. TTX (30 nM) increases upstroke velocity and decreases AP duration in D/� and D/D neurons. Ai–Ci, APs elicited by a 300 ms current injection pulse of 290 pA before (WT, black; D/�,
blue; D/D, red) and after application of TTX (30 nM; purple traces for all genotypes). Aii–Cii, Plot of maximal hyperpolarizing voltages between AP spikes evoked by a 290 pA current injection before
and after the application of TTX (30 nM) (WT, n � 10; D/�, n � 11; D/D, n � 13). Aiii–Ciii, Superimposed traces of the first two AP spikes elicited by injection of 290 pA (WT, black; D/�, blue; D/D,
red) and after application of TTX (30 nM; purple traces for all genotypes). Aiv–Civ, Superimposed phase plots of the first two elicited APs before (WT, black; D/�, blue; D/D, red) and after application
of TTX (30 nM; purple traces for all genotypes). Di–Fi, AP spikes elicited by a brief (4 ms) injection of suprathreshold current injection before (WT, black; D/�, blue; D/D, red) and after application of
TTX (30; purple traces for all genotypes). Dii–Fii, Superimposed traces of AP spikes shown in Di–Fi. G, Scatter plot showing the AUC for AP spikes elicited by a brief (4 ms) current injection pulse before
and after the application of TTX (30 nM) (WT, n � 5; D/�, n � 5; D/D, n � 5). Data are shown as mean 
 SEM. *p � 0.05, one-way ANOVA with post hoc Tukey’s test for multiple comparisons
comparing with the pre-TTX condition. �p � 0.05, one-way ANOVA with post hoc Tukey’s test for multiple comparisons comparing D/D � TTX with D/�� TTX. #p � 0.05, one-way ANOVA with
post hoc Tukey’s test for multiple comparisons comparing WT � TTX.

Table 2. Effects of TTX (30 nM) on AP spikes

RMP, mV Ri , M� Threshold, mV Amplitude, mV APD50 , ms APD90 , ms
Upstroke
velocity, mV/ms

Downstroke
velocity, mV/ms n

1st AP
WT �66.9 
 1.1 113.8 
 11.2 �41.3 
 1.3 43.5 
 1.8 1.1 
 0.2 2.4 
 0.5 266.0 
 7.0 �78.1 
 1.2 10
�TTX �65.3 
 2.1 109.8 
 10.2 �42.0 
 1.0 44.0 
 1.7 1.2 
 0.1 2.3 
 0.2 262.9 
 2.8 �75.3 
 1.9 10
D/� �65.1 
 1.0 110.4 
 10.2 �42.6 
 5.5 46.3 
 1.5 2.8 
 0.5 7.8 
 0.2 185.5 
 5.5 �40.5 
 1.2 11
�TTX �65.4 
 1.0 114.6 
 12.1 �43.5 
 1.2 45.5 
 0.8 1.9 
 0.1a 4.5 
 0.5a 199.0 
 2.1a �51.2 
 1.0a 11
D/D �64.8 
 1.2 111.8 
 12.2 �40.9 
 1.0 47.1 
 2.1 4.0 
 1.0 10.8 
 0.1 156.8 
 1.3 �20.1 
 1.7 13
�TTX �65.8 
 1.2 109.7 
 9.2 �42.0 
 2.1 46.9 
 2.1 2.7 
 0.1b 6.5 
 1.0b 198.1 
 1.1b �41.1 
 1.0b 13

2nd AP
WT �38.2 
 1.0 41.0 
 0.9 1.6 
 0.5 3.0 
 1.2 210.2 
 5.2 �44.9 
 1.0 10
�TTX �38.5 
 1.5 41.2 
 1.9 1.5 
 0.2 3.1 
 0.3 209.9 
 7.2 �43.8 
 1.2 10
D/� �35.5 
 2.6 30.9 
 1.0 4.0 
 0.5 9.5 
 1.3 99.1 
 12.0 �18.3 
 0.5 11
�TTX �37.5 
 1.9 38.9 
 1.0a 2.7 
 0.1a 7.0 
 1.1a 150.1 
 8.0a �29.0 
 0.8a 11
D/D �30.8 
 1.2 22.1 
 1.8 6.5 
 1.3 16.8 
 1.4 45.9 
 1.9 �10.9 
 0.5 13
�TTX �36.8 
 1.0b 38.1 
 2.3b 3.5 
 0.3b 8.5 
 0.4b 142.9 
 2.6b �20.9 
 0.3b 13

Values represent mean 
 SEM. n � number of cells.
ap � 0.05 D/� versus D/� in presence of 30 nm TTX.
bp � 0.05 D/D versus D/D in presence of 30 nm TTX.
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channel current densities from outside-out recordings were not
significantly different between genotypes (Fig. 7B). Analysis of
I–V curves revealed no significant shifts in the voltage at half-
maximal activation (V1/2) or the slope factor (k) (Fig. 7C, Table
3). A frequent feature of Nav1.6 gain-of-function mutations is the
presence of a persistent/noninactivating Na current after pro-
longed depolarizations (Veeramah et al., 2012; Wagnon and
Meisler, 2015; Wagnon et al., 2016; Meisler et al., 2016). Both
D/� and D/D neurons had significantly elevated persistent/
noninactivating Na channel currents after a prolonged depo-

larization step from �100 mV to �10 mV for 100 ms (Fig.
7 D, E, Table 3).

In contrast to the normal activation gating parameters, a sig-
nificant depolarizing shift in the V1/2 of steady-state inactivation
was detected in D/� (12.9 mV) and D/D (17.3 mV) neurons
compared with WT (Fig. 7F,G, Table 3). k was also significantly
increased in D/� and D/D neurons (Table 3). Window currents
were determined from the area under the overlapping normal-
ized activation and inactivation curves (Fig. 7H). Window cur-
rents for D/� and D/D neurons were increased by 7-fold and

Figure 7. Altered Na channel currents in mutant mEC neurons. A, Representative current traces recorded using the outside-out patch-clamp configuration for WT, D/�, and D/D mEC layer II
stellate neurons. B, Scatter plot of peak INa current from WT (n � 9), D/� (n � 8), and D/D (n � 8) mEC neurons. C, Voltage dependence of channel activation for WT (n � 9), D/� (n � 7), and
D/D (n � 6) mEC neurons. Lines correspond to the least-squares fit when average data were fit to a single Boltzmann equation. D, Representative normalized current traces recorded during a 100
ms depolarizing pulse from a holding potential of �120 mV to �10 mV demonstrates elevated persistent Na current in mutant neurons. E, Ratio of IPersistent/Ipeak current 100 ms after stimulation
in WT (n � 9), D/� (n � 7), and D/D (n � 6) mEC neurons. F, Voltage dependence of channel inactivation for WT (n � 7), D/� (n � 7), and D/D (n � 9) neurons. Lines correspond to the
least-squares fit when average data were fit to a single Boltzmann equation. G, Representative steady-state inactivation traces elicited after prepulses to �110 mV, �80 mV, and �70
mV. Note the delay in channel inactivation for D/� and D/D neurons compared with WT, indicating severe impairment of channel inactivation. H, Window current obtained by
overlapping normalized activation and inactivation curves. Window current is elevated in D/� (blue shaded area) and D/D (red checkered area) compared with WT (black shaded area)
neurons. The voltage range for the window current is also shifted in a depolarizing direction. Data are shown as mean 
 SEM. *p � 0.05, one-way ANOVA with post hoc Tukey’s test for
multiple comparisons.

Table 3. Na channel physiology in WT, D/�, and D/D mEC layer II stellate neurons

Activation Inactivation Persistent current

V1/2 k n V1/2 k n Ratio (Ipersistent/Ipeak )% n

WT �30.4 
 1.4 �7.3 
 0.2 9 �75.5 
 1.5 6.1 
 0.3 7 1.1 
 0.5 9
D/� �31.0 
 2.3 �7.8 
 0.7 7 �62.6 
 2.3a 13.5 
 1.3a 7 31.1 
 0.5a 7
D/D �30.5 
 1.4 �7.9 
 0.4 6 �58.2 
 1.9a,b 17.6 
 1.3a,b 9 32.1 
 0.1a 6

Values represent mean 
 SEM. n � number of cells.
ap � 0.05 versus WT.
bp � 0.05 D/� versus D/D neurons.
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12-fold, respectively, and were persistent over a greater voltage
range than WT.

Discussion
In this study, we investigated the mechanisms by which the
Nav1.6 gain-of-function mutation N1768D leads to neuronal hy-
perexcitability, the hallmark of spontaneous seizures. Our studies
reveal several new findings. First, we show that mEC layer II
stellate neurons in D/� and D/D mice are hyperexcitable, firing
a greater number of AP spikes upon current injection than WT
littermates, which is not the case for hippocampal or neocortical
neurons (Lopez-Santiago et al., 2017). For D/� mice, the in-
crease in excitability of mEC neurons precedes the onset of sei-
zures by �1 month.

Second, AP spike morphology was strikingly aberrant in D/�
and D/D mEC neurons, a finding that was not observed when the
mutation was overexpressed in cultured hippocampal neurons
(Veeramah et al., 2012) or in CA3 and cortex layer 2/3 neurons
of D/� mice (Lopez-Santiago et al., 2017). The most obvious
abnormality was the increased spike width and slower upstroke
velocity in mutant neurons. Sodium entry occurs mainly during
the upstroke of the AP, with much less entry during the repolar-
ization phase (Carter and Bean, 2009). The incomplete Na chan-
nel inactivation during the falling phase of the AP in mutant
neurons would have three effects: (1) continued Na entry into the
cell, increasing as the membrane potential moved further from
the equilibrium potential for Na and thus providing a sustained
depolarizing current during spike trains; (2) opposition to repo-
larizing potassium currents, thus lengthening the refractory pe-
riod; and (3) accumulation of inactivated Na channels with
subsequent spikes as a result of a greater depolarized interspike
voltages. We report here that AP duration was significantly in-
creased in both D/� and D/D mEC neurons compared with WT,
a finding that was also seen in CA1 neurons, but not in CA3 or
neocortex neurons (Lopez-Santiago et al., 2017). Application of
low-concentration TTX (30 nM) significantly reduced the inter-
spike repolarization voltages, increased upstroke velocity, and
reduced AP duration in mutant neurons. A likely explanation for
these observations is that block of Na channel currents, particu-
larly INaP and INaR currents, reduces persistent depolarizing cur-
rent, hyperpolarizes the interspike voltage potentials, and allows
recovery of Na channels inactivated after the first spike. These
channels would be available and contribute to increasing up-
stroke velocity of the second and third spikes. A reduction in the
depolarizing Na current due to TTX inhibition would also pro-
vide less opposition to repolarizing potassium currents, further
enhancing repolarization and reducing AP duration.

Third, we show for the first time that neuronal resurgent
(INaR) currents are increased as a result of the gain-of-function
mutation in Nav1.6. INaR currents are slow-inactivating currents
that contribute to enhanced firing frequency and the generation
of burst firing. INaR currents generate strong regenerative depo-
larizing currents that contribute to elevated spike frequency (Ra-
man and Bean, 1997; Yue et al., 2005). Increased INaR currents are
predicted to provide excessive depolarizing current that would
significantly increase the firing frequency of mutant neurons and
the excitatory drive into neuronal circuits (Yamada-Hanff and
Bean, 2013). An increase in INaR currents was recently reported in
cultured cells expressing two missense mutations of Nav1.6, in-
cluding N1768D (Patel et al., 2016), further supporting the im-
portance of this current in epilepsy.

We evoked APs either by somatic depolarization or stimula-
tion of presynaptic inputs. Somatic depolarization caused pre-

mature AP initiation and increased frequency of AP firing at
lower current injection steps in mutant neurons. At greater de-
polarizations, a reduction in AP frequency was observed in the
mutant neurons, likely due to an accumulation of noninacti-
vating Na channels and the impaired recovery of completely
inactivated channels as interspike membrane voltages remained de-
polarized. In support of this, low concentrations of TTX (30 nM)
increased firing frequencies of D/D neurons at high stimulation
intensities (460 and 470 pA). A surprising finding was the similar
firing frequency of D/� and D/D neurons except at very high
current injection levels, where adaptation was more pronounced
in D/D neurons. This was unexpected because INaP and INaR cur-
rents recorded from the soma were larger in D/D than in D/�
neurons and the greater rightward shift in the inactivation curve
produced larger window currents in D/D neurons. Together,
these events significantly increase the availability of a depolariz-
ing current for spike initiation at earlier depolarizing steps in D/D
neurons. However, a consequence of sustained depolarizations at
greater depolarizing steps is the increase in the proportion of
completely inactivated Na channels that would limit Na channel
availability for spike initiation at high firing frequencies. In con-
trast, synaptically evoked responses were significantly different,
with D/D neurons evoking longer depolarizing events and greater
bursts of AP spikes than D/� neurons. WT neurons fired only
single spikes even at high stimulation intensities. The presence of
mutant Nav1.6 channels in dendrites (Caldwell et al., 2000) may
account for these differences. Activation of the inactivation-
deficient mutant channel along dendrites would amplify synaptic
events, initiating regenerative spikes and increasing the probabil-
ity of reaching spike threshold at the AIS.

A striking feature of neurons expressing the Nav1.6 gain-of-
function mutation is the profound increase in INaP and INaR, both
of which are important in the regulation of firing frequency and
burst firing (Raman and Bean, 1997; Yue et al., 2005). Increases in
INaP and INaR have been reported in neurons from human pa-
tients (Vreugdenhil et al., 2004) and animal models of acquired
epilepsy (Hargus et al., 2011, 2013). Several studies of EIEE13
mutations in cultured cells reported increased noninactivating
persistent Na current after prolonged depolarizations (Veeramah
et al., 2012; Estacion et al., 2014; Wagnon et al., 2016). Increased
persistent currents were recently reported in hippocampal inhib-
itory and excitatory neurons of D/� mice (Lopez-Santiago et al.,
2017). We observed a clear, sustained increase in persistent
current after prolonged depolarization of mutant neurons. An
increase in INaP and INaR currents could cause proexcitatory
changes in AP morphology, driving intrinsic bursting and sus-

Table 4. Different effects of the SCN8A-N1768D mutation in three classes of
excitatory neurons

mEC CA1 CA3 Cortex 2/3

INaP 1 1 1 ND
INaR 1 ND ND ND
Inactivation V1/2 1 � � �
Maximum firing frequency 1 2 � �
Synaptic evoked 1 ND ND ND
Spontaneous firing � 1 1 �
Upstroke velocity 2 � � �
AP amplitude 1 � � �
AP threshold 2 � � �
AP duration 1 1 � �

Properties of heterozygous mutant neurons are compared with WT cells. Hippocampal and cortical layer 2/3 data
are from Lopez-Santiago et al. (2017).

1, Increased;2, decreased; �, not changed; ND, not done.
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taining neuronal hyperexcitability in mutant mice. Low concen-
trations of TTX inhibited both INaP and INaR and ameliorated
abnormal AP morphology in D/� and D/D neurons, as well as
inhibiting AP burst firing elicited by brief stimulation pulses.
These findings further support the importance of these currents
in driving spike bursting (Yue et al., 2005).

We focused on mEC layer II stellate neurons because of their
role in the excitation of hippocampal neurons. They have also
been implicated in the initiation and propagation of epileptic
seizures in models of temporal lobe epilepsy (Kobayashi et al.,
2003). We observed profound proexcitatory alterations in mEC
neurons, including increased spike amplitudes, slower upstroke
velocities, and depolarizing shifts in Na channel inactivation
parameters, all of which were not reported in hippocampal or
neocortical neurons (Lopez-Santiago et al., 2017), further sup-
porting brain region- and circuit-level specificity of the effects of
this gain-of-function mutation. The properties of four classes of
excitatory neurons from the D/� mouse are compared in Table
4. Because mEC neurons relay excitatory inputs to the dentate
gyrus and CA3 via the perforant and temporoammonic pathways
(Witter et al., 1989), increased spiking frequency of mEC neurons
would provide excessive excitatory input into the dentate gyrus
and CA3 and further exacerbate an already hyperexcitable hip-
pocampal circuit (Kobayashi et al., 2003).

The axon initial segment is the site of AP initiation (Rasband,
2010). During early mouse development, the AIS is first occupied
by Nav1.2, which is replaced by Nav1.6 between 2 and 3 weeks of
age (Boiko et al., 2001). This developmental profile may account
for the onset of seizures in D/D mice at 3 weeks of age. Seizure
onset in patients with SCN8A mutations ranges from 0 to 18
months and in utero seizures have been reported, suggesting that
human Nav1.6 may populate the AIS before birth (Singh et al.,
2015).

A surprising finding was the observation of proexcitatory al-
terations in mEC neurons from D/� mice more than a month
before the onset of seizures. The delay may be explained by a
requirement for activation of additional neurons and circuits that
require additional time to mature into an epileptic state. Alterna-
tively, seizure onset may require the higher levels of INaP, INaR,
and window currents in mEC neurons that occur earlier in D/D
mice to prime the epileptic circuit for seizure initiation. Further
studies to explore epileptogenic circuits and key sites of seizure
onset in this model of EIEE13 will be informative.

The N1768D mutation was identified in a heterozygous indi-
vidual with EIEE13 and was first characterized using ND7/23 cells
and cultured hippocampal neurons (Veeramah et al., 2012). We
demonstrate that mutant neurons from the knock-in mouse
model exhibit several of the abnormalities described in the trans-
fected cells, including impaired channel inactivation, increased
persistent current, and elevated firing rates. Our studies also pro-
vide new mechanistic information. The significant increases in
two major Na channel currents critical in controlling neuronal
excitability, INaP and INaR, add to the accumulating evidence of
the importance of these currents in the pathology of the disease.
We provide evidence of early proepileptiform behavior of mEC
layer II stellate neurons in EIEE13. Because these proexcitatory
changes precede the onset of spontaneous seizures in heterozygous
mice, we propose that early neuronal hyperexcitability gradually
increases the excitability of key cerebral circuits, culminating in
the initiation of spontaneous seizures in this model of SCN8A
encephalopathy.
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