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De novo mutations of the voltage-gated sodium channel gene SCN8A have recently been recognized as a cause
of epileptic encephalopathy, which is characterized by refractory seizures with developmental delay and cogni-
tive disability. We previously described the heterozygous SCN8A missense mutation p.Asn1768Asp in a child
with epileptic encephalopathy that included seizures, ataxia, and sudden unexpected death in epilepsy
(SUDEP). The mutation results in increased persistent sodium current and hyperactivity of transfected neurons.
We have characterized a knock-in mouse model expressing this dominant gain-of-function mutation to investi-
gate the pathology of the altered channel in vivo. The mutant channel protein is stable in vivo. Heterozygous
Scn8aN1768D/1 miceexhibit seizuresand SUDEP, confirming thecausality of thedenovomutation in theproband.
Using video/EEG analysis, we detect ictal discharges that coincide with convulsive seizures and myoclonic
jerks. Prior to seizure onset, heterozygous mutants are not defective in motor learning or fear conditioning,
but do exhibit mild impairment of motor coordination and social discrimination. Homozygous mutant
mice exhibit earlier seizure onset than heterozygotes and more rapid progression to death. Analysis of the
intermediate phenotype of functionally hemizygous Scn8aN1768D/2 mice indicates that severity is increased by
a double dose of mutant protein and reduced by the presence of wild-type protein. Scn8aN1768D mutant mice
provide a model of epileptic encephalopathy that will be valuable for studying the in vivo effects of hyperactive
Nav1.6 and the response to therapeutic interventions.

INTRODUCTION

Epileptic encephalopathies are characterized by early onset
of refractory seizures and progressive cerebral dysfunction
leading to behavioral and cognitive disabilities (1). These het-
erogeneous disorders are usually diagnosed in infants and chil-
dren and often result from de novo gene mutations (2–5). The
mutations affect genes that function in development, synaptic
transmission, metabolism, and neuronal signaling, including
several voltage-gated sodium channel genes (6,7). More than
80% of individuals with Dravet syndrome carry de novo
mutations of sodium channel SCN1A, and a small number of

SCN2A mutations have also been described (8). A de novo
mutation of SCN8A, p.Asn1768Asp (N1768D), was identified
in 2012 in a child with epileptic encephalopathy (9). The
proband exhibited seizure onset at 6 months followed by devel-
opmental delay, ataxia and sudden unexpected death in epilepsy
(SUDEP) at the age of 15 years. Since the initial report, .18
additional de novo mutations of SCN8A have been described
in this disorder (2,3,10–15), and several others have been
identified.

SCN8A encodes the voltage-gated sodium channel Nav1.6, a
major neuronal sodium channel in the CNS and PNS that is con-
centrated at the axon initial segment and at nodes of Ranvier
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(16–19). Nav1.6 is expressed in both excitatory and inhibitory
neurons and regulates neuronal signaling by controlling the
initiation and propagation of action potentials (20–22). The
SCN8A mutation N1768D is a gain-of-function mutation that
causes a large increase in persistent sodium current leading to
neuronal hyperexcitability (9). Previous mouse models of
Nav1.6 were limited to loss-of-function mutants that reduce
neuronal firing and tend to suppress spontaneous seizures
(reviewed in 12). We generated a knock-in mouse carrying the
N1768D mutation using TALEN technology in combination
with a targeting vector (23), in order to model human epileptic
encephalopathy and study the effects of an Nav1.6 gain-of-
function mutation in vivo.

We now report that the N1768D mutation of SCN8A is
sufficient to induce seizures and SUDEP in knock-in mice.
The mutant mice have convulsive seizures and abnormal
EEG patterns that resemble the human condition. Dosage of
the mutant Scn8a allele is directly correlated with disease
severity in the mice, and the presence of the wild-type allele
partially attenuates the phenotype. Thus Scn8aN1768D mutant
mice provide a robust model of a rare form of severe childhood
epileptic encephalopathy.

RESULTS

Reduced lifespan of Scn8aN1768D mutant mice

The p.Asn1768Asp mutation is located in the last transmem-
brane segment of the Nav1.6 channel (Fig. 1A). The mutated
asparagine residue is evolutionarily conserved in vertebrate
and invertebrate sodium channels (9). To evaluate the viability
of homozygous D/D and heterozygous D/+ mutants, we carried
out crosses between D/+ heterozygotes. (We designate the
mutant allele ‘D’ for aspartate). Offspring were genotyped by
PCR/RFLP using the HincII site that was introduced into the
mutant allele (23). Digestion with HincII cleaves the 327 bp
mutant PCR product into fragments of 209 and 118 bp
(Fig. 1B). The yield of +/+ (6), D/+ (25) and D/D (11)
offspring was consistent with the predicted Mendelian ratio of
1:2:1 (P ¼ 0.25).

Homozygous D/D mice exhibit a fine motor tremor shortly
after birth but are otherwise indistinguishable from wild-type lit-
termates during the first 2 weeks of life. Histological analysis did
not detect any gross brain malformation in D/D mice (Fig. 1C).
At the age of 18–22 days, there is a precipitous decline of motor
function in D/D mice that begins with abnormal gait and pro-
gresses to uncoordinated limb movements and loss of righting
reflex as shown in the video included in Supplementary Material.
Within 24 h, these motor deficits are followed by seizure onset
and a single, terminal tonic–clonic seizure. The median age
at seizure-induced death is 3 weeks for D/D homozygotes
(Fig. 1E).

Heterozygous D/+ mice appear phenotypically normal for
the first 2–3 months of age. After seizure onset, D/+ mice
experience up to three seizures per day and progress to SUDEP
within 1 month (Fig. 1E). The seizure phenotype demonstrates
incomplete penetrance, and 50% of D/+ mice show no evidence
of seizures within the first 6 months (Fig. 1E). Among the D/+
mice that develop seizures, the median age of death is 4

months. The features of seizure onset and progression in D/D
and D/+ mice are summarized in Table 1.

The brief severe generalized tonic–clonic seizures in D/+
and D/D mice are usually ,1 min in duration. Seizures begin
with tonic hindlimb extension and limb clonus (Fig. 2A–C). Sei-
zures are often followed by short periods of immobility and rapid
breathing lasting 15–45 s. After the seizure, mice may recover
quickly and regain normal mobility. Alternatively, prolonged
behavioral arrest like that shown in Figure 2D may precede or
follow a convulsive seizure. Episodes of ataxia and Straub tail
are common after onset of seizures (Fig. 2E and F). Video record-
ings of representative seizures in D/+ and D/D mice are pro-
vided as Supplementary Material.

Figure 1. (A) The mutationp.Asn1768Asp in sodium channelNav1.6 is located at
the cytoplasmic end of transmembrane segment D4S6 in domain 4 of the channel
(star). (B) PCR/RFLP genotyping of heterozygous and homozygous mutants,
using the introduced HincII site. The number of offspring with each genotype
obtained by intercrossing D/+ heterozygotes is indicated below the lane. D/D
and D/+ mice were obtained at frequencies consistent with the Mendelian pre-
diction of 1:2:1 (P ¼ 0.25). (C) Sagittal section of D/D brain at P21 with
normal gross morphology. (D) Western blot of brain membrane protein
(50 mg) from wild-type and homozygousmutant demonstrates comparable abun-
dance of Nav1.6 protein. (E) Survival of Scn8a mutant mice with genotypes D/D,
D/+ and D/2. The number of mice of each genotype is indicated. The survival of
wild-type littermates is shown.
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These data demonstrate that heterozygosity or homozygosity
for the N1768D allele of Scn8a is sufficient to cause early onset
of an epileptic encephalopathy-like syndrome in the mouse.

Normal abundance of Nav1.6 protein in brain of homozygous
D/D mice

Analysis of brain extracts from homozygous D/D mice at post-
natal day 18 enabled us to assess the level of N1768D protein
without the presence of wild-type channel. We carried out
western blotting of brain membrane proteins followed by immu-
nostaining to compare the abundance of Nav1.6 in wild-type
(+/+) and D/D brain. The intensity of immunostaining did
not differ between +/+ and D/D samples (Fig. 1D). The
N1768D mutation thus does not impair in vivo stability of the
channel protein. This result is consistent with the model that
the seizure phenotype is the result of the hyperactivity gain of
function previously demonstrated in neurons transfected with
the mutant channel (9).

Effects of dosage of mutant and wild-type Nav1.6

The earlier onset and increased mortality observed in D/D mice
compared with D/+ mice could result from the double dose of
the mutant allele and/or from the absence of a functional wild-
type channel in the homozygous mutant. To separately evaluate

these mechanisms, we generated D/2 mice carrying a single
copy of the mutant allele but lacking wild-type Nav1.6. Hetero-
zygous D/+ mice were crossed with +/2 mice carrying the null
allele Scn8amedtg that does not produce Nav1.6 protein due to an
intragenic insertion (24,25). Offspring with the four predicted
Scn8a genotypes were obtained in the predicted Mendelian
ratio of 1:1:1:1 [+/+ (14), D/+ (12), +/2 (10) and D/2 (16)
(P ¼ 0.67)]. Analysis of the D/2 mice revealed a less severe
phenotype than D/D homozygotes, with later age of seizure
onset (8 weeks for D/2 compared with 3 weeks for D/D),
slower progression (weeks rather than hours), and longer
average survival (3 months for D/2 compared with 3 weeks
for D/D) (Fig. 1E and Table 1). Thus, in the absence of wild-type
Nav1.6, two copies of the mutant allele in D/D mice are more
deleterious than the single copy in D/2 mice, demonstrating
a direct correlation between dosage of the mutant allele and
severity.

The phenotype of D/2 mice includes fine tremor and mild gait
impairment, and is more severe than D/+ mice. D/2 mice
exhibit as many as 25 seizures in a single day compared with
0–3 seizures per day in D/+ mice (Table 1). D/2 mice
exhibit clusters of generalized tonic–clonic seizures with pro-
gressively shorter latency between seizures. Seizures are fol-
lowed by rapid breathing or gasping eventually leading to
cessation of breathing. In three D/2 mice we observed death
that occurred after a cluster of 18–25 seizures. The appearance
of respiratory distress in the mice is reminiscent of the events
leading to terminal apnea in the MORTEMUS study of epilepsy
patients with SUDEP (26). The later onset and reduced seizure
frequency in D/+ mice compared with D/2 mice demonstrates
that protection is conferred by the presence of the wild-type
Nav1.6 channel (Table 1).

Abnormal EEG activity accompanies behavioral seizures
in Scn8a mutant mice

D/+ and D/2 mice were assessed by video/EEG monitoring
between 6 and 10 weeks of age. Wild-type controls were
recorded simultaneously. Overt EEG abnormalities were not
observed earlier than 7 weeks of age. At 7 weeks, semiperiodic
large biphasic slow wave or sharp wave–slow wave complexes
were observed in all leads. In D/+ mice these discharges
occurred sporadically and were occasionally associated with
myoclonic jerks (,5%). In the D/2 mouse, discharges were
usually accompanied by behavioral myoclonic jerks, typically
involving the hindlimbs, with a frequency of 1–2 per hour, or
by more generalized spasms. These abnormalities were never
seen in wild-type mice. D/+ and D/2 mice also exhibited

Table 1. Seizure onset and progression in mice carrying the Scn8aN1768D mutation

Genotype Preseizure
phenotype

Age at seizure
onset

Seizure progression Terminal events Median age at death
(mean+SD)

% with
SUDEP

D/D Tremor 3 weeks No seizures prior to day
of SUDEP

Sudden failure of motor function,
multiple seizures within 24 h

3 weeks (3+0.6) 100% (9/9)

D/2 Tremor ataxia 8 weeks Multiple seizures per day Impaired motor function, cluster of many
seizures lasting �2 h

9 weeks (12+6) 100% (7/7)

D/+ None 8–16 weeks 0–3 Seizures per day Not observed 14 weeks (15+7) 47% (27/57)

Figure 2. Seizure-associated behaviors in N1768D mutant mice. Severe general-
ized tonic–clonic seizures with hind limb extension in D/D, D/+ and D/2 mice
(A–C). Just before convulsive seizures, and between seizures, the mutant mice
exhibit behavioral arrest lasting several minutes (D), sporadic loss of coordin-
ation with impaired gait (E), and Straub tail (F).
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multiple daily interictal epileptiform discharges consisting of
diffuse polyspikes or single spike-wave discharges that were fre-
quently accompanied by myoclonic jerks (Fig. 3).

Both D/+ and D/2 mice experienced periods of behavioral
arrest and repetitive grooming that were not associated with a
consistent EEG correlate. Each mutant genotype experienced
convulsive seizures associated with ictal electrographic patterns
that were characterized by high-amplitude sharp wave–slow
wave activity followed by diffuse suppression and a buildup of
paroxysmal high-amplitude fast activity (Fig. 4A–C). The sei-
zures continued with repetitive spike-and-wave activity that
transitioned to low-amplitude theta activity. Behaviorally the
mice displayed clonic jerking at the onset of the electrographic
seizure, followed by tonic activity associated with the Straub
tail phenomenon (see example in Fig. 2F). Repetitive move-
ments of the hindlimbs were common. Postictal changes con-
sisted of continuous theta waves interspersed with intermittent
periods of normal activity, large spike-wave discharges and
extended periods of EEG suppression for up to 20 min before
the return of normal background activity. The frequency of
these larger convulsive seizures varied with genotype. The
D/+ mouse whose EEG recording is shown in Figure 4B had
two seizures separated by 7 days. The D/2 mouse (Fig. 4C)
had a cluster of three seizures in a 48 h period, and no further

seizures were captured during 30 days of recording. No seizures
were observed in the wild-type controls.

Most animals were recorded from surface electrodes. In a
subset of D/+ mice, however, we used both surface and depth
electrodes placed in the amygdala and hippocampus to explore
whether seizures originated focally in either of these regions.
We found no evidence of localized onset as ictal discharges
appeared nearly simultaneously in all electrodes (Fig. 4B).

Motor learning and open field behavior

The proband carrying the N1768D mutation experienced ataxia
as well as impaired coordination and balance (9). Visibly
impaired gait was evident in the D/D and D/2 mutant mice,
but the gait of D/+ mice appeared normal. To further evaluate
the motor function of D/+ mice, we examined motor learning
and coordination in mice that had not exhibited visible seizures.
The accelerating rotarod test was employed. On the first trial,
D/+ mice maintained their position on the rotarod for only
50% the length of time of +/+ mice (Fig. 5A). During training,
both +/+ and D/+ mice exhibited motor learning, but the
mutant mice never achieved the wild-type performance level
(Fig. 5A), indicating an intrinsic impairment of motor function.
To determine whether the performance deficit on the rotarod

Figure 3. Interictal EEG recordings from Scn8a mutantmice. Epileptiform discharges were observed in D/+ and D/2 mice (arrows).Spike, sharpwave or spike-wave
discharges were observed in all leads and were often associated with myoclonic jerks. Wild-type mice did not exhibit these waveforms. LF and RF, left and right
frontal; LP and RP, left and right parietal.
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resulted from motor weakness, we assessed grip strength and
performance in the wire-hang test. The grip force of D/+ mice
was 118+ 7 g (n ¼ 5), which did not differ from the wild-type
value of 123+ 6 g (n ¼ 3). Both D/+ mice (n ¼ 3) and +/+
mice (n ¼ 3) were able to hang from the wire mesh for the
full 60 s trial period. These results indicate that the rotarod
performance deficit of D/+ mice does not result from muscle
weakness, but rather from impaired coordination.

In the open field test, D/+ mice did not differ from +/+ mice
with respect to total distance covered or percent of time spent in
the open center area (Fig. 5B and C). These data indicate that
D/+ mice do not exhibit elevated anxiety, in distinction from
our previous report on haploinsufficient Scn8a+/2 mice (27).

Fear conditioning

We assessed associative learning and memory by Pavlovian fear
conditioning using the protocol described in Materials and

Methods. On Day 1, before the first exposure to a paired tone
and shock, there was no freezing behavior in the treatment cage
by D/+ (n ¼ 7) or wild-type (n ¼ 9) mice (Fig. 6A). On Day 2
and Day 3, after training by exposure to paired tone and shock,
mice of both genotypes demonstrated a comparable increase in
freezing behavior in the context of the test cage (Fig. 6A).
When exposed to the context of the test cage in the absence of
tone on Day 4, +/+ and D/+ mice spent equivalent time in freez-
ing behavior (Fig. 6B). On Day 5, in the cued conditioning test,
both +/+ and D/+ mice exhibited significantly more freezing
after exposure to the tone (P , 0.0001) (Fig. 6C). These data
indicate that prior to the onset of seizures, D/+ mice do not
have a deficit in associative learning or memory.

Social interaction

The proband carrying the N1768D mutation exhibited reduced
social interaction and was diagnosed with autistic features at 5

Figure 4. EEG during spontaneous seizures in Scn8a mutant mice. (A) Representative EEG epoch of a wild-type (+/+) mouse. (B and C) Electrographic seizures
recorded from D/+ mice (B) and D/2 mice (C) demonstrate a similar evolution of sharp wave activity (arrows) and suppression (arrowheads), followed by low-
amplitude theta activity (open arrows). LFF 1 Hz, HFF 70 Hz, NF 60 Hz, 30 mV/mm, PS 15 mm/s. LF and RF, left and right frontal; LP and RP, left and right parietal;
dH and dA, hippocampal and amygdala depth electrodes.

Figure 5. Motor coordination and open field behavior of heterozygous N1768D (D/+) mice. (A) Impaired motor coordination on the accelerating rotarod. Each mouse
was given a 5 min trial on five consecutive days. +/+, n ¼ 9; D/+, n ¼ 9. (B) Total distance traveled by D/+ mice (n ¼ 9) in the open field behavior test was not
significantly different from+/+ mice (n ¼ 9). (C) The percent of time spent in the center of the open field by D/+ mice was not significantly different from+/+ mice.
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years of age (9). To determine whether D/+ mice reflect this
aspect of the disorder, we used the three-chambered social inter-
action test to assess sociability and preference for social novelty.
We initially compared the time spent sniffing a novel animal to
the time spent sniffing a novel inanimate object. Both D/+ and
+/+ mice exhibited preference for the novel animal, m1, con-
sistent with normal sociability (Fig. 7A). In the second test,
we compared the time spent sniffing the original animal, now
familiar, with the time spent sniffing an unfamiliar mouse. Wild-
type mice spent significantly more time with the unfamiliar
mouse (m2), indicating a preference for social novelty
(Fig. 7B). The D/+ mice spent equal time sniffing the familiar
and the unfamiliar mouse (Fig. 7B), suggesting an impairment
in social discrimination.

The deficient performance in the social novelty test could be
influenced by impaired cognition or impaired olfaction. To
detect impaired olfaction, we evaluated the ability of D/+
mice to detect buried food. The time required to detect the
buried food was 50+ 14 s for the D/+ mice (n ¼ 7) and 53+
9 s for the wild-type mice (n ¼ 9) (mean+SEM, P ¼ 0.84),
indicating that there is no olfactory deficit in the D/+ mice.

DISCUSSION

SCN8AN1768D was identified as a de novo heterozygous mutation
in a proband with epileptic encephalopathy (9). Since de novo
mutations arise on a genetic background that includes many
rare variants, it is difficult to distinguish between the direct
effects of the mutation and the modifier contributions of inher-
ited variants. Introduction of the Scn8aN1768D mutation into the
mouse genome has generated a disease model that reproduces
several key aspects of the human disorder, including generalized
seizures, epileptiform events on EEG, impaired motor coordin-
ation and SUDEP, confirming the causal role of the de novo
SCN8A mutation in these aspects of the disorder.

In the proband with the gain-of-function mutation in SCN8A,
seizure onset was at 6 months of age, with brief generalized sei-
zures and synchronous clonic jerks of the arms and hands (9).
After learning to walk at 3 years of age, the proband exhibited
ataxia, hypotonia and occasional unresponsiveness similar to
the episodes of loss of motor control in the D/D and D/2
mice; these unusual features may be characteristic of Scn8a dys-
function. At 4.5 years she began to experience epileptic spasms
that persisted until SUDEP at the age of 15 years (9). The fre-
quency of daytime seizures varied from 1 per week to 4 per
week with typical duration of 1–20 min. The response of
patients with different types of sodium channel mutations to
treatment with sodium channel blockers is an important issue
for epilepsy management. In the case of the proband, valproate
monotherapy was started after the initial seizures and reduced
but did not completely eliminate seizures. With the addition of
lamotrigine, seizures were well controlled until the start of epi-
leptic spasms. Improved but incomplete control was achieved
with the addition of clobazam. Both valproate and lamotrigine
act at least in part as sodium channel blockers, suggesting that
these types of AEDs may be useful for some epileptic encephal-
opathies caused by gain-of-function sodium channel mutations.
The Scn8aN1768D knock-in mouse will be a valuable model for
evaluation of treatments for this class of epileptic encephalop-
athy, including drugs that specifically target the persistent
current that is elevated by this mutation.

In comparison to the mutant mice, the onset of seizures in the
proband was closer in developmental stage to the D/D homozy-
gote, but progression was slower and more closely resembled the
D/+ mice. By generating a ‘functionally hemizygous′ mouse
with genotype D/2, we were able to demonstrate that two
factors contribute to greater severity of D/D homozygotes.
First, there is a deleterious effect of the extra copy of the mutant
channel, as demonstrated by the comparison of D/D and D/2
mice (Table 1). Second, the protective effect of the wild-type
channel is demonstrated by the reduced disease severity in
D/+ compared with D/2 mice (Table 1). The severity of epilep-
togenesis may be determined by the abundance of the mutant
channel in the axon initial segment (AIS) where action potentials
are initiated. During postnatal mouse development, the AIS is first
occupied by the Nav1.2 channel, which is gradually displaced by
Nav1.6 between 2 and 3 weeks of age (17,28,29). The predomin-
ance of Nav1.2 at the AIS up to 2 weeks of age may explain the
normal phenotype of D/D mice during the first 2 weeks of life.
Similarly, the movement disorder in Nav1.6 null mice begins
at 2 weeks of age (24,30). The later onset of seizures in D/2
mice at 2 months compared with 3 weeks for D/D mice, may

Figure 6. Fear-conditioning behavior of heterozygous N1768D (D/+) mice. (A)
Normal learning during a 3-day fear-conditioning protocol. +/+ (circle), n ¼ 9;
D/+ (square), n ¼ 7. (B) Normal freezing to context on Day 4 of fear condition-
ing. (C) Normal freezing in response to the cued stimulus (tone).

Figure 7. Social interaction behavior of heterozygous N1768D (D/+) mice. (A)
Sociability. D/+ mice exhibit normal preference for a novel mouse (m1) rather
than an inanimate object (obj) in the three-chamber social interaction task. +/+,
n ¼ 9; D/+, n ¼ 7 (∗P ¼ 0.03, ∗∗P ¼ 0.005). (B) Social discrimination. The
D/+ mutant failed to discriminate between the now-familiar mouse (m1) and a
novel mouse (m2) in the three-chamber social interaction test (∗P ¼ 0.01).
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result from delayed maturation of the AIS due to the reduced
expression of Nav1.6 from a single gene copy. In D/+ mice,
competition by wild-type Nav1.6 may reduce the abundance of
mutant channel at the AIS, resulting in later seizure onset and
progression than in D/2 mice. Nav1.6 is present in interneurons
as well as excitatory neurons (12), yet the overall effect of this
gain-of-function mutation is hyperexcitability, suggesting a
greater impact in excitatory neurons. This may reflect the differ-
ent channel expression profile in these cells, or the complexity of
distributed and local neuronal networks and their synchroniza-
tion. Future analysis of mice with conditional expression of the
mutant in each type of neuron could address the impact on
each directly.

The electrographic seizure and behavioral activity of
Scn8aN1768D/+ mice shared several key features with that of
the patient carrying this mutation (9). The patient exhibited
brief epileptic spasms and tonic seizures with electrographic cor-
relates, as did the mice. The subject and the mouse model both
displayed frequent interictal spikes as well as ictal patterns con-
sisting of high-amplitude discharges followed by background
suppression. The patient experienced SUDEP, and this was a fre-
quent complication in the mouse model. Thus, Scn8a mutant
mice model the clinical and electrographic seizure phenotype
associated with the human SCN8A mutation.

Encephalopathy is an important component of the human dis-
order, and is characterized by developmental delay and cognitive
impairment. To determine whether the mouse model recapitu-
lates this aspect of the disorder, further testing to evaluate dis-
criminative and spatial learning will be required. It will be
especially interesting to compare these functions before and
after the onset of seizures. The normal function of D/+ mice
in fear-conditioning tests demonstrates that D/+ mice retain a
basic level of cognition and memory prior to seizure onset. We
identified minor deficits in tests of motor coordination and
social discrimination; the latter might be accounted for by a
cognitive deficit.

The epileptogenic effect of the gain-of-function N1768D
mutation on SCN8A is different from the effect of loss-
of-function mutations. Although haploinsufficiency of SCN1A
results in spontaneous seizures in human (Dravet Syndrome)
and mouse, haploinsufficiency of SCN8A does not always
lead to spontaneous seizures in either species (12). Haplo-
insufficiency of both SCN1A and SCN8A can impair cognition
in the absence of seizures. For example, conditional inactivation
of Scn1a that was restricted to forebrain neurons resulted in
learning impairment without seizures in rats (31) and mice
(32), and haploinsufficiency of SCN8A led to cognitive impair-
ment in a human family with no history of epilepsy (33).

The N1768D mutant is the first mouse model with a gain-
of-function mutation of Scn8a. Homozygosity for previously
studied Scn8a alleles with partial- or complete- loss-of-function
results in movement disorders (11). The severity of these disor-
ders is proportional to the extent of Nav1.6 deficiency. Loss of
90% of Nav1.6 protein results in chronic dystonia (34,35),
while loss of 100% of protein leads to paralysis and juvenile
lethality (24). A depolarizing shift in voltage dependence of
activation of Nav1.6, which is opposite in effect to the N1768D
mutation, results in recessively inherited ataxia (25,36). None
of the loss-of-function alleles result in spontaneous seizures
even in homozygous animals, and Scn8a+/2 haploinsufficient

mice are more resistant to seizure induction by electrical, chem-
ical and genetic causes (37–39). These data are consistent with
the role of Nav1.6 in initiation of action potentials at the axon
initial segment and support the view that hyperactivity of
Nav1.6 is epileptogenic while hypoactivity can be protective.
Gain-of-function in a second epileptogenic mutation of SCN8A
is consistent with this model (11). However, loss-of-function
of Nav1.6 may contribute to seizure susceptibility in certain
genetic contexts. Thus, on certain strain backgrounds, haploin-
sufficient Scn8a+/2 mice exhibit spontaneous spike-wave
discharges (40). These considerations demonstrate the import-
ance of functional evaluation of newly identified SCN8A muta-
tions to clarify underlying pathogenic mechanisms and aid in
developing rational antiepileptic therapies.

In summary, we have developed a novel knock-in mouse
model of human epileptic encephalopathy caused by a dominant,
gain-of-function missense mutation in Scn8a. The Scn8aN1768D

mouse will be valuable for further delineation of the molecular
and physiological consequences of Nav1.6 hyperactivity, the
pathogenesis of epileptic encephalopathy, and the response
to therapeutic interventions.

MATERIALS AND METHODS

Animals

The Scn8aN1768D knock-in allele was generated by TALEN tar-
geting of (C57BL/6JXSJL)F2 eggs at the University of Mich-
igan Transgenic Animal Model Core as previously described
(23). The line was propagated by backcrossing N1768D/+
heterozygotes to C57BL/6J wild-type mice (The Jackson La-
boratory, Bar Harbor, ME). Mice were housed and cared for in
accordance with NIH guidelines. Experiments were approved
by the University of Michigan Committee on the Use and Care
of Animals. Mice used for behavioral experiments were from
the N3 generation. Compound heterozygous mice carrying one
N1768D allele and one null allele were generated by crossing
Scn8aN1768D/+ mice to heterozygous congenic B6.medtg mice
carrying the null allele Scn8amedtg on strain C57BL/6J (24).

Genotyping

DNA was isolated from tail biopsies by digestion with 1 mg/ml
proteinase K in buffer containing 50 mM KCl, 10 mM Tris–
HCl pH8.0, and 0.1% Triton X-100. Genotyping was performed
as previously described, using the introduced HincII site in the
mutant allele (23). A 327 bp genomic fragment of Scn8a con-
taining 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 a 2%
agarose gel stained with ethidium bromide. The wild-type
allele generates a single fragment of 327 bp and the mutant
allele generates two fragments of 209 and 118 bp.

Western blotting

Membrane proteins were isolated from whole brain as previous-
ly described (41). Briefly, brain tissue from mice at postnatal day
18 (P18) was homogenized and centrifuged at 3500 g for 10 min,
and membrane proteins were pelleted from the supernatant at
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100 000 g for 30 min. Protein concentration was measured with
the BCA assay (Thermo-Fisher, Waltham, MA). Samples con-
taining 50 mg of protein were incubated at 378C for 20 min in
sample loading buffer prior to electrophoresis on 4–15% gradi-
ent SDS-PAGE gels (Bio-Rad, Hercules, CA). After transfer,
filters were cut and incubated with polyclonal antibody to
Nav1.6 (ASC-009, 1:100; Alomone Labs, Jerusalem, Israel), or
with monoclonal antibody to a-tubulin (CLT9002, 1:1000,
Cedarlane Labs, Burlington, Canada) as a loading control.

Histology

The brain was removed from a P21 N1768D/N1768D homozy-
gote and immersion fixed for 24 h at 48C in phosphate-buffered
10% formalin and then in 70% ethanol for an additional 24 h at
48C. Paraffin embedding and Hematoxylin and eosin staining
were carried out at Histoserv Inc. (Bethesda, MD).

Video/EEG monitoring

Animals were kept under a constant 12 h light/dark cycle with
access to food and water ad libitum. Procedures for affixing
subdural electrodes were performed as previously described
(42,43). Mice were anesthetized with a ketamine/xylazine
mixture and placed in a stereotaxic mouse adaptor (Stoelting,
Wood Dale, IL). Six holes were made into the skull using a #56
gauge steel bit. Electrodes were positioned and fastened (left
and right frontal, left and right parietal, one cerebellar andone ref-
erence over the sinus cavity) using mounting screws (E363/20;
PlasticsOne, Roanoke, VA). For the acquisition of local field
potentials, the left and right parietal electrodes were replaced
with multichannel depth electrodes (E363/1/SPC; PlasticsOne,
Roanoke, VA). Each depth electrode was stereotactically posi-
tioned, one in the left hippocampus (AP 22.0, ML 1.6, DV
21.5) and one in the right amygdala (AP 21.2, ML 3.0, DV
24.5). The sockets were fitted into a 6-pin electrode pedestal
and the entire apparatus was secured with dental cement (Stoelt-
ing). Animals received buprenorphine subcutaneously for three
days and then were monitored for up to 30 days, in 10 day incre-
ments, by continuous video/EEG recording (Ceegraph Vision;
Bio-logic System Corporation). Recordings were sampled at
256 Hz and concurrent video was analyzed offline and synced
with EEG data. Seizures and epileptiform activity were assessed
manually by an observer blinded to the genotypes. Interictal epi-
leptiform discharges (IEDs) were defined as paroxysmal activity,
distinct from background, and consisting of waveforms lasting
20–200 ms. Seizures were categorized into two groups: (i) myo-
clonic jerk-like events identified as high-amplitude (.
700 microvolts) spike-wave, sharp wave-slow wave or biphasic
slow wave discharges seen in all leads and associated with brief
paroxysmal motor behavior; (ii) more complex convulsive
events associated with paroxysmally appearing rhythmic wave-
forms (slow waves, sharp waves or high-amplitude theta activity)
that persisted for a minimum of 10 s and displayed an unequivo-
cal evolution in frequency and morphology, followed by postictal
alterations prior to recovery of baseline activity.

Behavioral assessment of Scn8aN1768D/1 mice

D/+ heterozygotes (n ¼ 9) and wild-type littermates (n ¼ 9)
were used for behavioral testing beginning at 8 weeks of age.

Behavioral tests were carried out in the following order: social
interaction, open field, rotarod and fear conditioning. Behavioral
testing was carried out blind to genotype.

Accelerating rotarod

Assessment of motor coordination and motor learning was per-
formed as previously described (27). Wild-type (n ¼ 9) and
D/+ (n ¼ 7) mice were placed on the rotating drum of an accel-
erating rotarod (Ugo Basile, Comerio, Italy). Rotation was accel-
erated from 4 to 40 rpm during the test period of 5 min. Mice
were given one trial per day on five successive days. Latency
to fall or to first passive rotation was recorded. Experimenters
were blind to genotype throughout the testing.

Grip strength

Grip strength was measured using a grip strength meter (Chatil-
lon E-DFE-002; Columbus, OH) with a metallic grid (12 ×
10 cm). Mice were held by the tail and lowered over the center
of the grid to permit grasping by forelimbs and hindlimbs.
With the body parallel to the grid, the mouse was pulled steadily
backward until grip was released. The lateral force (grip force)
exerted on the gauge at the time of release was recorded as
peak tension (grams of force). Assays were repeated three
times each day for four consecutive days; mean values for
each animal were calculated from the 12 measurements.

Open field

Assessment of mouse behavior in an open field was performed as
previously described (27). Individual mice (n ¼ 9 for each geno-
type) were placed at the center of a white acrylic chamber (71 ×
71 × 30 cm) lit by indirect white light (200 lux at center of
chamber) and allowed to explore for 5 min. The open field was
divided into an 8 × 8 grid with a center zone (53.25 ×
53.25 cm) and a peripheral zone (the outer 8.875 cm on all
sides). Total distance traveled in the center zone was measured
by video signals from digital cameras sent to a desktop PC and
processed online with Actimetrics LIMELIGHT software.
Experimenters were blind to genotype throughout.

Pavlovian fear conditioning

The Pavlovian fear-conditioning apparatus (Med Associates
Inc., St. Albans, VT) was previously described (27). Fear was
assessed by measuring freezing behavior, defined as the
absence of movement except that associated with respiration,
and was measured by subjecting the video signal to a sensitive
global motion detection algorithm (FREEZEFRAME version
2.04 and FREEZEVIEW version 2.1 software; Actimetrics,
Wilmette, IL). Data are presented as percent freezing, the
amount of time an individual animal spent freezing divided by
the duration of the trial and multiplied by 100. Wild-type mice
(n ¼ 9) and D/+ mice (n ¼ 7) received three training trials
(one per day) in which a 3 min baseline was followed by a 30 s
tone that co-terminated with a 2 s, 0.75 mA foot shock delivered
through the grid floor. Mice were removed from the chambers
after an additional 80 s. Twenty-four hours after the last training
trial, on Day 4, context conditioning was assayed by returning
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mice to the chambers and assessing freezing during a 5 min trial
in the absence of tone or shock. On Day 5, cued conditioning was
assessed by measurement of response to a 3 min tone in the con-
ditioning chambers that were reconfigured as described (27).
Experimenters were blind to genotype throughout the testing.

Social interaction

Evaluation of sociability and preference for social novelty was
performed using a three-chamber social interaction test (44).
Wild-type (n ¼ 9) and D/+ (n ¼ 9) mice (male and female)
were habituated to the three-chambered arena for 10 min on
Day 1. On Day 2, each experimental mouse was habituated
again for 5 min and then placed in a holding cage. To test for
sociability, an empty woven metal container was placed in one
of the side chambers, and an unfamiliar mouse was placed
under a woven metal container in the other side chamber. The
unfamiliar mouse was a naı̈ve, 2–3-month-old C57BL/6J mouse
of the same sex as the experimental mouse. The experimental
mouse was placed in the center chamber that was open to both
sides and allowed to explore for 5 min. To test for preference
for social novelty, the experimental mouse was again placed
in a holding cage while a different unfamiliar mouse with the
characteristics described above was placed under the empty
woven metal container. The experimental mouse was placed in
the center chamber that was open to both sides and allowed to
explore for 5 min. Video signals from digital cameras were
sent to a desktop PC and processed online with Actimetrics
LIMELIGHT software. The videos were scored by an observer
blind to genotype. Time spent in each chamber and time spent
sniffing the empty woven metal container or the mice in the
containers was recorded.

NOTE ADDED IN PROOF

Two de novo loss-of-function mutations in SCN8A have recently
been described (45, 46).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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