UC Irvine
UC Irvine Previously Published Works

Title

Autistic-like behavior, spontaneous seizures, and increased neuronal excitability in a
Scn8a mouse model

Permalink
https://escholarship.org/uc/item/32c2w99m|
Journal

Neuropsychopharmacology, 46(11)

ISSN
0893-133X

Authors

Wong, Jennifer C
Grieco, Steven F
Dutt, Karoni

Publication Date
2021-10-01

DOI
10.1038/s41386-021-00985-9

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,

availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/32c2w99m
https://escholarship.org/uc/item/32c2w99m#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Neuropsychopharmacology

ARTICLE

www.nature.com/npp

q

Check for
updates

Autistic-like behavior, spontaneous seizures, and increased
neuronal excitability in a Scn8a mouse model

Jennifer C. Wong

!, Steven F. Grieco?, Karoni Dutt?, Lujia Chen?, Jacquelyn T. Thelin', George Andrew S. Inglis’, Shangrila Parvin @&,

Sandra M. Garraway @, Xiangmin Xu?, Alan L. Goldin @® and Andrew Escayg’

Patients with SCN8A epileptic encephalopathy exhibit a range of clinical features, including multiple seizure types, movement
disorders, and behavioral abnormalities, such as developmental delay, mild-to-severe intellectual disability, and autism. Recently,
the de novo heterozygous SCN8A R1620L mutation was identified in an individual with autism, intellectual disability, and behavioral
seizures without accompanying electrographic seizure activity. To date, the effects of SCN8A mutations that are primarily associated
with behavioral abnormalities have not been studied in a mouse model. To better understand the phenotypic and functional
consequences of the R1620L mutation, we used CRISPR/Cas9 technology to generate mice expressing the corresponding SCN8A
amino acid substitution. Homozygous mutants exhibit tremors and a maximum lifespan of 22 days, while heterozygous mutants
(RL/+) exhibit autistic-like behaviors, such as hyperactivity and learning and social deficits, increased seizure susceptibility, and
spontaneous seizures. Current clamp analyses revealed a reduced threshold for firing action potentials in heterozygous CA3
pyramidal neurons and reduced firing frequency, suggesting that the R1620L mutation has both gain- and loss-of-function effects.
In vivo calcium imaging using miniscopes in freely moving RL/4+ mutants showed hyperexcitability of cortical excitatory neurons
that is likely to increase seizure susceptibility. Finally, we found that oxcarbazepine and Huperzine A, a sodium channel blocker and
reversible acetylcholinesterase inhibitor, respectively, were capable of conferring robust protection against induced seizures in RL/
-+ mutants. This mouse line will provide the opportunity to better understand the range of clinical phenotypes associated with
SCN8A mutations and to develop new therapeutic approaches.

Neuropsychopharmacology (2021) 46:2011-2020; https://doi.org/10.1038/541386-021-00985-9

INTRODUCTION
SCN8A, encoding the voltage-gated sodium channel Na,1.6, is
expressed in both excitatory and inhibitory neurons, and Na,1.6
channels are highly concentrated in axon initial segments and
nodes of Ranvier [1-3]. Furthermore, Na, 1.6 is a critical mediator of
neuronal excitability, playing an important role in the initiation and
propagation of action potentials (APs) [4]. Persistent and resurgent
currents have also been shown to be mediated by Na,1.6 [5, 6].
We previously demonstrated that mice with heterozygous loss-
of-function Scn8a mutations, or alleles with reduced activity,
exhibit increased resistance to electrically and chemically induced
seizures [7-9], and that the coexpression of such alleles in mouse
models of SCN1A-derived epilepsy can ameliorate seizure pheno-
types and increase lifespan [7, 8]. We also demonstrated that
selective reduction of Scn8a expression in the hippocampus is
sufficient to prevent the development of spontaneous seizures
and ameliorate hyperactive behavior in a mouse model of mesial
temporal lobe epilepsy [10]. However, depending on the genetic
background, spike-wave discharges, a hallmark of absence
epilepsy, have been observed in mice with loss-of-function Scn8a
alleles [11]. Recently, reduced Scn8a expression in the reticular
thalamic nucleus was shown to lead to disruption in cell intrinsic
excitability and impaired synaptic inhibition, resulting in spike-
wave discharges [12].

The first human SCN8A epilepsy-associated mutation, N1768D,
was reported in 2012 [13], and since then over 200 primarily de
novo missense mutations have been identified [14, 15] accounting
for ~1% of epileptic encephalopathy cases (https://ghr.nim.nih.
gov [16]). More recently, the N1768D mutation was knocked into
the mouse Scn8a gene (Scn8a™'7%8P), providing the first Scn8a
mouse model of epileptic encephalopathy [17]. Heterozygous
mutant mice recapitulated many of the clinical features observed
in the SCN8AN78P proband, including spontaneous seizures,
interictal spiking, and sudden unexpected death in epilepsy
(SUDEP) [17]. Behavioral analysis of these mutant mice also
revealed normal sociability but deficits in social discrimination[17].
A subset of the de novo missense mutations in SCN8A are
recurrent, including R850Q and R1872W [14]. Recently, a condi-
tional mouse with knock-in of the SCN8A R1872W mutation was
generated, and it was shown that expression of this mutation in
forebrain excitatory neurons was sufficient to cause premature
lethality and spontaneous seizures [18]. Behavioral analysis was
not conducted in the conditional R1872W mutants.

Patients with SCN8A mutations present with a spectrum of
clinical features, including multiple seizure types, movement
disorders, and behavioral abnormalities, such as developmental
delay, mild-to-severe intellectual disability, and autism [15, 19].
Using a diagnostic exome sequencing approach in individuals
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Fig. 1 Generation and characterization of the R1620L line. A The R1620L mutation is located in the S4 segment of the DIV transmembrane

domain. B Gel electrophoresis image of the digested PCR product (left), confirmed by Sanger sequencing (right). Tag 1 digestion of the PCR
product yielded two fragments (610 and 176 bp) from the mutant allele, while the WT allele was identified by the uncut 786 bp PCR product
(Fig. 1B). € Homozygous mutants die by postnatal day 22 (P22). Approximately 20% of heterozygous mutants die by P60. D Na, 1.6 protein
levels were not significantly different between WT littermates, RL/+ mutants, and RL/RL mutants; Kruskal-Wallis test followed by Dunn’s
multiple comparisons test. Data are presented as normalized to WT levels with the average WT density = 1. N =5-7/genotype. Data are

presented as mean + SEM.

with autism or intellectual disability, the de novo heterozygous
SCN8A R1620L mutation was found in an individual who
presented with a range of behavioral abnormalities, including
autism, attention deficit hyperactivity disorder, dyskinesia, aggres-
sion, and social behavior deficits [20, 21]. Behavioral seizures
without accompanying electrographic seizure activity were also
noted [21]. To date, the R1620L mutation has only been found in
one patient [20, 21]. We used CRISPR/Cas9 technology to
introduce the R1620L mutation into the mouse Scn8a gene. We
observed alterations in behavior, including hyperactivity, impaired
learning and memory, and social behavior deficits. We also
observed increased seizure susceptibility and spontaneous
seizures in RL/4+ mutants. Furthermore, we observed reduced
neuronal firing frequency yet increased neuronal firing amplitude
in the RL/+ mutants. Finally, we demonstrated that oxcarbazepine
and Huperzine A were capable of conferring robust seizure
protection. Compared to the Scn8a"'7%®®* and conditional
R1872W mutants (expressed globally or in excitatory neurons),
RL/+ mutants exhibit a normal lifespan, a wide range of
behavioral abnormalities, and increased seizure susceptibility,
thus providing insight into the broad spectrum of phenotypes
associated with SCN8A dysfunction and opportunities for therapy
development.

MATERIALS AND METHODS

Animals

Using CRISPR/Cas9 technology, we introduced the human R1620L
mutation into the equivalent location of the mouse Scn8a gene
(R1618 in the mouse) on the C57BL/6J background (Fig. 1A,
Supplementary Fig. 1A). Cas9 protein was used for the mutagen-
esis since it has been shown to initiate editing in embryos more
rapidly than Cas9 mRNA. Furthermore, Cas9 protein provides high
editing efficiency, lower off-target effects, and reduced mosaicism
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compared to Cas9 mRNA [22, 23]. Two silent substitutions were
also introduced in order to create a Taqg 1 restriction enzyme site.
Taqg 1 digestion of the PCR product yielded two fragments (610
and 176 bp) from the mutant allele, while the wild-type (WT) allele
was identified by the uncut 786bp PCR product (Fig. 1B).
Heterozygous mice (RL/+) were backcrossed to C57BL/6J mice
(Strain: 000664, Jackson Laboratories) for four generations to
eliminate off-target substitutions. To identify possible off-target
substitutions, whole-genome sequencing was performed on 2 RL/
+ mutants and 1 WT littermate at the N4 generation (PerkinElmer
Genomics). Sequence data from all chromosomes were examined
for coding variants that differed between the mutant and WT
mice. The only observed nucleotide change that resulted in an
amino acid substitution in the RL/4+ mutants but not the WT
littermates corresponded to the engineered mutation in Scn8a.
We also performed Sanger sequencing of all Scn8a exons in a RL/
+ mutant and confirmed the absence of unwanted substitutions.
All mice were housed on a 12-h light/dark cycle with food and
water available ad libitum. All experiments were performed in
accordance with the guidelines of the Institutional Animal Care
and Use Committee of Emory University.

Behavioral assessment of RL/+mice

Behavioral analyses were conducted in male RL/+ mutants and
WT littermates (3—4 months old, N = 9-10/genotype) as previously
described [10, 24-27]. The same cohort of mice was used
sequentially for all behavioral assessments, with one week to
recover between behavioral tests. A separate cohort of mice (N =
10/genotype) were used for pain analyses and nerve conduction
velocity (N = 5-6/genotype). Behavior was assessed using several
behavioral tasks with the most stressful task performed last: open
field, novel object recognition, rotarod, three-chamber social
interaction, light/dark box, novel cage, reciprocal interaction, and
fear conditioning. All mice were transported to the behavior room
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at 7a.m. and allowed to acclimate for 2h prior to testing. All
behavior testing was performed and completed between 9 a.m.
and 2 p.m.

Assessment of seizure susceptibility

Seizure susceptibility was evaluated using four seizure induction
paradigms: 6Hz, flurothyl, pentylenetetrazole (PTZ), and
hyperthermia as previously described [24, 26-30]. Male and
female RL/4+ mutants and WT littermates (2-4 months old) were
used for all seizure induction paradigms (except hyperthermia
induction) and spontaneous seizure detection.

EEG analyses

One month of continuous EEG/video recording was obtained for
each mouse, and EEG/EMG signals were collected and analyzed
with Stellate Harmonie rodent EEG software [10, 24, 28]. A high-
pass filter of 5 Hz, a low-pass filter of 70 Hz, and a notch filter of 60
Hz was used to analyze EEG/EMG signals. Seizures were
characterized by high frequency and amplitude EEG signals that
lasted for at least 3 s and were at least twice the background. The
experimenter was blind to genotype when manually examining
EEG traces and scoring seizure frequency and duration. Behavioral
seizures were confirmed by simultaneous video recordings.

Assessment of electrophysiological properties

Electrophysiological recordings were obtained using a MultiClamp
700B amplifier (Molecular Devices, Union City, CA), digitized with a
Digidata 1322A digitizer (Molecular Devices), and data were
acquired and analyzed with pClamp 10.2 software (Molecular
Devices). Cells were visualized using infrared DIC illumination
under 40x magnification. Firing patterns were recorded in
response to 2-s depolarizing current injections in 20-pA incre-
ments, from —30 to 130 pA. Firing properties, such as threshold,
half-width, height, and latency, were measured for the first action
potential (AP) fired during current clamp step protocol with
increasing current injections (—10 to 130 pA).

Miniscope calcium imaging
In vivo GCaMPé6f-based calcium imaging of population bV1
neurons was performed in awake, freely behaving male mice (N
= 3/genotype; WT =432 neurons, RL/+ =420 neurons). Beha-
vioral recordings were performed by tracking the location of the
LED on the miniscope through the experimental sessions. Calcium
imaging was recorded during 5 min of baseline behavior prior to
PTZ administration (30 mg/kg, s.c., N=2/genotype; WT =289
neurons, RL/+ =289 neurons); recordings continued for 15 min
after PTZ.

Additional “Materials and methods” can be found in the
Supplementary Materials and methods.

STATISTICS

Data in this study are expressed as mean + SEM with P <0.05
considered as statistically significant. All statistical analyses were
performed with Prism 8.0 (GraphPad Software, San Diego, CA) and
IBM SPSS version 26 (Armonk, NY). A description of the statistical
analysis for each behavioral assessment, susceptibility to induced
seizures, and electrophysiology can be found in Tables S1, S2, and
S3, respectively. A Levene’s test and Shapiro-Wilk test were used
to determine the homogeneity of variance and normality for each
task, respectively. A Chi-square test was used to compare the
observed number of offspring of each genotype to the expected
Mendelian ratio. A Kruskal-Wallis test was used to compare Na, 1.6
protein levels between homozygous RL/RL mutants, heterozygous
RL/+ mutants, and WT littermates. An unpaired Student’s t test
was used to compare distance traveled, average speed, and time
spent in the center of the apparatus between RL/+ mutants and
WT littermates in the open field paradigm. An unpaired Student’s t
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test was used to compare the discrimination ratio between RL/+
mutants and WT littermates in the novel object recognition
paradigm. A two-way rANOVA was used to compare the latency to
fall from the rotarod between RL/+ mutants and WT littermates. In
the three-chamber paradigm, a two-way ANOVA was used to
compare the time spent interacting with (1) the empty cage or
stranger mouse and (2) a familiar and stranger mouse between
RL/4+ mutants and WT littermates. In the reciprocal interaction
paradigm, a Mann-Whitney test was used to compare the latency
to interact and time interacting between pairs of RL/+ mutants
and WT littermates. An unpaired Student's t test was used to
compare the total time spent in the lit side of the light/dark box
between RL/+ mutants and WT littermates. In the novel cage
paradigm, a Mann-Whitney test was used to compare the time
spent sniffing, digging, grooming, and jumping between RL/+
mutants and WT littermates. A two-way rANOVA followed by
Sidak’s multiple comparisons test was used to compare percent
freezing across the three trials on Day 1 between RL/4+ mutants
and WT littermates for the fear conditioning paradigm. A
Mann-Whitney test was used to compare percent freezing on
Day 2 and Day 3 between RL/+ mutants and WT littermates. An
unpaired Student’s t test was used to compare mechanical and
thermal sensitivity, peripheral edema, and the effect of CFA on
mechanical sensitivity between RL/+ mutants and WT littermates.
A Kruskal-Wallis test was used to compare conduction velocity
between homozygous RL/RL mutants, heterozygous RL/+
mutants, and WT littermates.

A Mann-Whitney test was used to compare Racine scores
following 6 Hz-induced seizures between RL/+ mutants and WT
littermates. A Mann-Whitney test was used to compare the time
to recover from a 6 Hz-induced seizure in female RL/4+ mutants
and WT littermates. A Mann-Whitney test was used to compare
the latency to the myoclonic jerk and generalized tonic-clonic
seizure (GTCS) following flurothyl in male RL/+ mutants and WT
littermates. An unpaired Student’s t test was used to compare the
latency to the myoclonic jerk and GTCS following flurothyl
between female RL/+ mutants and WT littermates. An unpaired
Student'’s t test and Mann-Whitney test were used to compare the
latency to the MJ and GTCS following PTZ administration between
female RL/4+ mutants and WT littermates, respectively. A log-rank
(Mantel-Cox) test was used to compare temperature curves
between RL/+ mutants and WT littermates following hyperther-
mia induction. A Friedman's test was used to compare firing
frequency between WT littermates and RL/+ mutants. A
Mann-Whitney test was used to compare amplitude and intrinsic
properties of CA3 hippocampal neurons between WT littermates
and RL/4 mutants. A Mann-Whitney test was used to compare
neuron firing frequency and amplitude of bV1 neurons between
WT and RL/+ mutants. A Kruskal-Wallis test followed by Dunn’s
multiple comparisons test was used to compare the effect of OXC
on 6 Hz-induced seizures in RL/+ mutants. A Friedman’s test was
used to compare Racine scores after Hup A treatment in RL/+
mutants and WT littermates. A log-rank (Mantel-Cox) test was
used to compare the curves for the percentage of RL/+ mutants
and WT littermates exhibiting a PTZ-induced GTCS after OXC or
Hup A treatment. For all experiments, the experimenter was blind
to genotype and treatment.

RESULTS

RL/+ mutants exhibit reduced lifespan

Male and female RL/+ mutants were crossed to generate
homozygous RL/RL, heterozygous RL/+, and WT littermates. From
a total of 15 litters, we observed WT (44), RL/+ (74), and RL/RL (33)
offspring, which is consistent with the predicted 1:2:1 Mendelian
ratio (P=0.44). A tremor involving the forelimbs and hindlimbs
was observed in the RL/RL mutants beginning around P15, which
progressively worsened until they could no longer maintain an
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Fig.2 RL/+ mutants exhibit abnormal behaviors. A, B RL/4+ mutants traveled significantly farther and faster than WT littermates in the open
field paradigm; unpaired student’s t test. C RL/+ mutants and WT littermates spent similar lengths of time in the center of the open field;
unpaired student’s t test. D RL/4+ mutants and WT littermates spent similar amounts of time in the lit side of the light/dark box; unpaired
student’s t test. E Motor learning is comparable between RL/+ mutants and WT littermates; two-way rANOVA. F RL/4+ mutants exhibit
impaired learning and memory in the novel object recognition paradigm; unpaired student’s t test. G RL/+ mutants exhibit significantly less
freezing behavior during the training (Day 1), context (Day 2), and cue (Day 3) sessions of the fear conditioning paradigm; two-way rANOVA
followed by Sidak’s multiple comparisons test and Mann-Whitney test. A-G N = 9-10/genotype. H RL/+ mutants and WT littermates spent
more time exploring the stranger mouse than the empty cage. | WT littermates spent more time exploring the stranger vs. familiar mouse
while RL/+ mutants spent similar lengths of time exploring the stranger and familiar mouse. H, I, N=9-10/genotype; two-way ANOVA
followed by Sidak’s multiple comparisons test. J RL/4+ mutants exhibit a significantly longer latency to interact and K interact significantly less
compared to WT littermates in the reciprocal interaction paradigm. J, K, N =4-5 pairs/genotype; Mann-Whitney test. *P < 0.05, **P < 0.01,
**P<0.001, ****P < 0.0001. Data are presented as mean + SEM.

upright position (P19-20). Weight gain was normal until P15, after
which RL/RL mutants began to lose weight regardless of sex
(Fig. S1B, C) and a maximum lifespan of 22 days was observed
(Fig. 1C). EEG analyses in 2 RL/RL mutants (P19) confirmed that the
observed shaking behavior was not associated with abnormal
electrographic activity (Supplemental Video 1). It is possible the
RL/RL mutants exhibit early mortality due to reduced muscle tone
which would affect mobility, feeding behavior, or respiration. The
mechanism underlying early death in the RL/RL mutants is
therefore likely to be distinct from the factors that lead to SUDEP.

Normal Na,1.6 protein levels in RL/4+ mutant mice

Brains were extracted from WT, RL/+, and RL/RL mice (P21-22),
and protein was isolated for western blot analysis. Comparable
levels of Na,1.6 were observed for all genotypes (Fig. 1D and
Fig. S2), demonstrating that the R1620L mutation does not
significantly alter protein levels.

RL/4 mutants are hyperactive

Since the proband with the SCN8A R1620L mutation was reported
to exhibit a range of behavioral abnormalities [20, 21], we
conducted a comprehensive behavioral comparison of male RL/+
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mutants and WT littermates. In the open field paradigm, RL/+
mutants traveled significantly farther and faster than WT
littermates (Fig. 2A, B, P<0.01), suggesting that the mutants are
hyperactive. The time spent in the center of the open field was not
significantly different between RL/4+ mutants and WT littermates,
suggesting a normal level of anxiety (Fig. 2C).

RL/+ mutants exhibit normal anxiety levels

Anxiety-like behavior was also evaluated using the light/dark box.
Consistent with our measure of time spent in the center of the
open field apparatus, there were no significant differences
between the WT littermates and RL/+ mutants in the time spent
in the lit side of the light/dark box, demonstrating normal anxiety
levels (Fig. 2D, Table S1).

In the novel cage paradigm, we found that the RL/+ mutants
and WT littermates spent comparable lengths of time grooming,
digging, and sniffing (Fig. S3A-C). Although not statistically
significant, we did observe repetitive jumping behavior in 40%
(4 of 10) of RL/+ mutants (Fig. S3D). This behavior was
characterized by the mutant mice jumping up and down in the
same spot for periods of 15-30s. This behavior was absent in the
WT littermates.

Neuropsychopharmacology (2021) 46:2011-2020



RL/4+ mutants display normal motor learning

We evaluated motor learning and coordination using an accel-
erating rotarod. RL/+ mutants and WT littermates exhibited
comparable motor coordination and motor learning (Fig. 2E). We
also examined nerve conduction velocity (P14-15) as previous
studies reported reduced nerve conduction velocity in some mice
expressing mutant Scn8a alleles [27, 31, 32]. No difference in nerve
conduction velocity was observed across genotypes (Fig. S4).

RL/+ mutants exhibit impaired learning and memory

In the novel object recognition paradigm, as expected, the WT
littermates spent significantly more time exploring the novel
object compared to the familiar object (Fig. 2F). However, the RL/
-+ mutants failed to discriminate between the novel and familiar
objects, suggesting a deficit in long-term learning and memory
(Fig. 2F). We used the fear conditioning paradigm to evaluate
associative learning and memory [25]. On Day 1, the WT
littermates spent significantly more time freezing after each
exposure to the tone compared to the RL/+ mutants. During both
the context (Day 2) and cue trials (Day 3), the RL/+ mutants
exhibited significantly less freezing behavior compared to the WT
littermates (Fig. 2G), suggesting impaired associative learning and
memory. However, this result should be interpreted with caution
as the RL/+ mutants and WT littermates did not display
comparable freezing behavior during the training sessions
(Fig. 2G).

RL/+ mutants and WT littermates have comparable mechanical
and thermal sensitivities

No significant differences in mechanical threshold and thermal
sensitivity between RL/4+ mutants and WT littermates (N =10/
genotype) were observed (Table S1). Furthermore, following
injection of complete Freund’s adjuvant (CFA), mechanical
sensitivity (von Frey) and paw diameter (swelling of the paw after
CFA) were not significantly different between genotypes
(Table S1). These findings indicate that peripheral and central
pain responses are comparable between RL/4+ mutants and WT
littermates.

RL/4+ mutants may have impaired social behavior

Social behavior was compared between RL/+ mutants and WT
littermates using the three-chamber social interaction paradigm
and the reciprocal interaction task. In the three-chamber social
interaction paradigm, there were no significant differences in the
time exploring the empty cage vs. stranger mouse between WT
littermates and RL/+ mutants (Table S1). Both the WT littermates
(P<0.01) and RL/4+ mutants (P<0.05) spent significantly more
time interacting with the stranger mouse compared to the empty
wire cage, demonstrating normal sociability (Fig. 2H). As a
measure of social discrimination, the time spent exploring a
familiar vs. stranger mouse was compared (Table S1). No
significant difference in exploration times was observed between
WT littermates and RL/+ mutants (Fig. 2I). However, while WT
littermates spent significantly more time interacting with the
stranger mouse compared to the familiar mouse (P < 0.01), the RL/
+ mutants spent similar lengths of time (P=0.37). It is possible
that the learning and memory deficits identified in the RL/+
mutants, based on performance in the novel object recognition
paradigm, could have influenced the ability of the RL/4+ mutants
to learn and remember the familiar mouse and therefore may
have confounded their ability to discriminate between a familiar
and stranger mouse.

To further examine whether the RL/4+ mutants have an
impairment in social behavior, we performed the reciprocal
interaction task. In this paradigm, pairs of stranger mice of the
same genotype were placed in a novel mouse cage and observed
for 10 min. RL/4+ mutants exhibited a greater latency to interact
(Fig. 2J), and spent less time interacting compared to WT
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littermates (Fig. 2K). Both of these differences were statistically
significant (P < 0.05), suggesting the RL/4+ mutants may have an
impairment in social interaction. Fighting was not observed.

RL/4 mutants exhibit increased susceptibility to induced seizures
We first compared susceptibility to 6 Hz-induced seizures between
RL/4 mutants and WT littermates at a current intensity of 16 mA.
Seizures occurred in all male RL/4+ mutants, while seizures were
not observed in the male WT littermates (Fig. 3A, P<0.0001).
Seizures were similarly observed in all female RL/+ mutants and 5/
11 female WT littermates (Fig. 3B, P <0.01). To determine whether
we could achieve more separation between female RL/+ mutants
and WT littermates, we repeated the 6 Hz paradigm at a lower
current (14 mA) in a separate cohort of female mice (Fig. 3C, P<
0.0001). All female RL/+ mutants exhibited a seizure at the lower
current, while most of the female WT littermates did not seize. We
also found that female RL/+ mutants took longer to recover from
a 6 Hz-induced seizure compared to the WT littermates that seized
(Fig. 3D, P<0.05, N=18/genotype). Recovery time was not
determined for male mice since seizures were not observed in
male WT littermates.

We next evaluated susceptibility to the chemoconvulsant
flurothyl. Regardless of sex, we observed a reduced latency to
the first myoclonic jerk (MJ) and GTCS in RL/4+ mutants compared
to WT littermates (Fig. 3E-H). Consistent with the flurothyl results,
we also observed increased susceptibility to PTZ in RL/+ mutants
compared to WT littermates (Fig. S5).

Finally, we evaluated susceptibility to hyperthermia-induced
seizures in two cohorts of mice: Cohort 1: RL/RL mutants, RL/+
mutants, and WT littermates (P13-14) and Cohort 2: RL/+ mutants
and WT littermates (P21-23). As core body temperature was
raised, myoclonic jerks were observed in all RL/4+ mutants from
both Cohorts and all RL/RL mutants in Cohort 1, but not in the WT
littermates. In Cohort 1, 14/17 RL/+ mutants and 8/8 RL/RL
mutants exhibited a GTCS. The average temperature at GTCS
onset was significantly lower in RL/RL mutants compared to RL/+
mutants (P < 0.0001) and compared to 42.5 °C (maximum tempera-
ture of the WT littermates, Fig. 31, P < 0.001). In Cohort 2, 5 of 7 RL/
+ mutants exhibited a GTCS (Fig. 3J, P<0.01). None of the WT
littermates in either cohort exhibited a GTCS following hyperther-
mia induction.

RL/4+ mutants have spontaneous seizures

One month of continuous video/EEG recordings were obtained
from RL/+ mutants (N =10) and WT littermates (N = 3). Interictal
spiking was only observed in the RL/+ mutants (Fig. S6A).
Furthermore, spontaneous seizures were observed in 6/7 male RL/
+ mutants and 2/3 female RL/+ mutants, with the total number of
seizures ranging from 1-66 seizures/mouse during the recording
period (Fig. S6B, C). No seizures were observed in the three WT
littermates.

Pyramidal neurons in the hippocampal CA3 region of RL/+
mutants exhibit decreased firing frequency but a lower firing
threshold

We compared the firing properties of CA3 pyramidal neurons from
RL/+ and WT mice at current injections from —10 to 130 pA.
Figure 4A shows an example of intrinsic firing by WT and RL/+
CA3 pyramidal neurons injected with 10 and 70 pA current. In
pyramidal neurons from WT mice, the maximum average
frequency was ~26 Hz (Fig. 4A, B). Compared to WT littermates,
RL/+ neurons fired significantly fewer action potentials (APs) at all
current injections, reaching a maximum average frequency of ~12
Hz (Fig. 4B, Z=—-6.939, P<0.0001). Although the maximum
number of APs was reduced, the threshold for firing the first AP
was significantly lower in pyramidal neurons from RL/4+ mutants
compared to WT littermates (Table S4, P < 0.05). This reduction in
firing threshold is predicted to increase neural excitability. In
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Fig. 3 RL/+ mutants exhibit greater susceptibility to induced seizures. Male (A) and female (B) RL/+ mutants are significantly more
susceptible to 6 Hz-induced seizures compared to WT littermates (16 mA). A, B N =8-11/genotype/sex; Mann-Whitney test. C Greater
separation between female RL/4+ mutants and WT littermates was observed at 14 mA. D Female RL/+ mutants take a significantly longer time
to recover following a 6 Hz-induced seizure compared to WT littermates, C, D N = 18/genotype; Mann-Whitney test. E Male RL/+ mutants
exhibit a significantly shorter latency to the first myoclonic jerk (MJ) and F generalized-tonic—clonic seizure (GTCS) compared to WT
littermates. E, F N = 8-10/genotype; Mann-Whitney test. G Female RL/+ mutants exhibit a significantly shorter latency to the first MJ and H
GTCS compared to WT littermates. G, H N = 10/genotype; unpaired student’s t test. | All P13-P14 homozygous RL/RL mutants (8/8) exhibited a
GTCS, compared to 14/17 (82%) of RL/4+ mutants and 0/6 WT littermates. GTCS generation also occurred at lower average temperatures in RL/
RL compared to RL/+ mutants. N = 6-17/genotype. *compared to WT, *compared to RL/+ ; log-rank (Mantel-Cox) test. J In an older cohort of
mice (P21-P23), all heterozygous RL/+ mutants exhibited a MJ, and 5/7 (71%) of these mutants had a GTCS. WT littermates were taken to the
maximum temperature (42.5 °C) but did not exhibit either a MJ or GTCS. N = 7-8/genotype. *compared to WT; log-rank (Mantel-Cox) test. *P <
0.05, **P < 0.01, ***P <0.001, ****P < 0.0001. Data are presented as mean + SEM.

addition, the AP half-width was significantly higher in RL/+ there were no differences in neural firing frequency and amplitude

neurons compared to WT neurons (Table S4, P<0.001), which in WT littermates after PTZ administration. PTZ treatment in the
suggests that the neurons would spend more time in a RL/4+ mutants elicited behavioral seizures which were not
depolarized state, consistent with increased excitability. observed in the WT littermates.

Calcium imaging reveals reduced firing frequency but increased Oxcarbazepine and Huperzine A protect against induced seizures
firing amplitude in excitatory neurons of RL/+ mutants in RL/4+ mutants

Extending hip{)ocampal slice recordings to in vivo physiology, we Oxcarbazepine (OXC), a sodium channel blocker, has previously

performed Ca*" imaging experiments in the visual cortex of freely been used in patients with SCN8A epileptic encephalopathy [37].
moving animals (Fig. 4C, D). The visual cortex is routinely studied We generated a dose-response curve using the 6Hz seizure
in epilepsy [33-35] and offers the advantage of imaging induction paradigm and found that OXC (10-50 mg/kg) was
population neurons at single cell resolution below the brain capable of increasing resistance against 6 Hz-induced seizures
surface without surgical damage. Furthermore, imaging of visual (Fig. 5A). We did not observe any adverse effects in the WT
cortical responses is preferred as the cortex does not display the littermates at any of the OXC doses tested. Regardless of
place specific activity that is known to occur in the hippocampus, genotype, we found that OXC (50 mg/kg) significantly increased
thus facilitating data analysis [36]. At baseline, excitatory neurons the latency to the first GTCS following PTZ administration (Fig. 5B).
in the visual cortex of RL/4+ mutants exhibited significantly In addition, 5/9 OXC-treated WT littermates did not exhibit a GTCS;

reduced firing frequency compared to WT littermates (Fig. 4G, P < however, all RL/4+ mutants regardless of treatment exhibited a
0.001). However, firing amplitudes were significantly larger in RL/+ GTCS (Fig. 5B).
mutants compared to WT littermates, suggesting increased neural We previously demonstrated that Huperzine A (Hup A) provided

excitability in the mutants (Fig. 4H, P < 0.001). Following low-dose robust protection against induced seizures in Scnla mouse
PTZ administration (30 mg/kg), RL/+ mutants exhibited signifi- models of Dravet syndrome and GEFS+ [29]. To establish whether
cantly increased neural firing frequency and amplitude compared Hup A could be similarly protective in SCN8A-derived epilepsy,
to baseline (Fig. 4K, L, P <0.001, Supplemental Video 2), whereas we examined the effect of Hup A administration (1 mg/kg)
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Fig. 4 RL/+ mutants exhibit significantly increased neural excitability and seizure susceptibility. A Representative action potential firing
pattern in WT (left) and RL/+ (right) neurons observed during injection of 10 and 70 pA. B The number of action potentials fired during a 2-s
current injection is plotted against the corresponding level of current. RL/+ mutants had significantly less firing compared to WT; Friedman'’s
test. C Cartoon depicting viral injection (AAV-CAMK2a-GCaMPé6f) into visual cortex and placement of GRIN lens at the injection site to allow for
miniscope recordings. D Experimental timeline. Recordings were first conducted at baseline (data shown in E-H). One week later, mice were
subjected to 5 min of baseline recordings followed by PTZ administration. Recordings continued for 15 min after PTZ (data shown in I-L). E
Representative raster plot of neural calcium response of three WT littermates (432 total number of neurons), and F 3 RL/+ mutants (420 total
number of neurons). G Distribution of single cell firing rates (WT: mean + SD = 0.28 + 0.11 Hz, RL/+ : mean + SD = 0.25 + 0.08 Hz). Firing rate is
calculated by (total number of calcium peaks)/(total time); Mann-Whitney test. H Distribution of single cell sum peak amplitudes (WT: mean +
SD =6.02 £ 3.26 dF/F, RL/+ : mean + SD = 11.82 £ 5.35 dF/F); Mann-Whitney test. |, J Raster plots of neural calcium response from two WT
(289 total number of neurons) and two RL/+ mice (289 total number of neurons) before and after PTZ administration (vertical red dotted line).
J RL/4 mutants exhibited large synchronous neural responses during seizures (white arrow heads). K Distribution of single cell firing rates
during baseline or PTZ sessions for RL/+ mutants. RL/+ baseline: mean + SD = 0.16 +0.12 Hz, RL/+ PTZ: mean + SD =0.21 £0.0811 Hz. WT
littermates did not show significantly increased firing rates after PTZ treatment; Mann-Whitney test. L Distribution of single cell sum peak
amplitudes in baseline or PTZ sessions for RL/+ mice; RL/+ baseline: mean + SD = 7.89 + 5.10 Hz, RL/+ PTZ: mean + SD = 11.15+5.98 Hz. WT
littermates did not exhibit significantly increased amplitudes after PTZ administration; Mann-Whitney test. ***P < 0.001, ****P < (0.0001. Data
are presented as mean + SD.

PTZ-induced GTCS in both the mutants and WT littermates
(Fig. 5D). Interestingly, while all OXC-treated mutants exhibited a

on susceptibility to 6Hz- and PTZ-induced seizures in RL/+
mutants and WT littermates. All Hup A-treated RL/+ mutants

were completely protected against 6 Hz-induced seizures,
whereas all vehicle-treated RL/+ mutants seized (Fig. 5C, P<
0.0001). Hup A also significantly increased the latency to the first

Neuropsychopharmacology (2021) 46:2011 - 2020

PTZ-induced GTCS, 5 of 8 Hup A-treated RL/+ mutants did not,
suggesting that Hup A might provide more robust seizure
protection.
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Fig. 5 Oxcarbazepine and Huperzine A increase resistance to 6 Hz- and PTZ-induced seizures in RL/+ mutants. A OXC significantly
increases resistance to 6 Hz-induced seizures in the RL/4+ mutants. N=9-13/group; Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. B OXC (50 mg/kg) significantly increases the latency to PTZ-induced GTCS in RL/+ mutants and WT littermates; however, the
number of RL/+ mutants exhibiting a GTCS was comparable to vehicle-treated mutants. N = 8-9/group; log-rank (Mantel-Cox) test. C Hup A
(1 mg/kg) confers robust protection against 6 Hz-induced seizures in RL/4+ mutants. N = 9-10/group; Friedman’s test. D Hup A (1 mg/
kg) significantly increased the latency to PTZ-induced GTCS in RL/+ mutants and WT littermates and reduced the number of mutants and WT
littermates that exhibited a GTCS. N = 7-8/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean + SEM.

DISCUSSION

SCN8A R1620L, located in the DIVS4, was identified as a de novo
heterozygous mutation in an individual diagnosed with autism
spectrum disorder, other behavioral abnormalities, and behavioral
seizures without accompanying electrographic seizure activity
[20, 21]. Patients with autism often have deficits in social behavior.
In the mouse, the reciprocal interaction task and the three-
chamber social interaction paradigm are used as measures of
social behavior. Less interaction was observed between pairs of
RL/4 mutants in the reciprocal interaction test, and the mutants
did not show a preference for the stranger mouse during the
social discrimination component of the three-chamber social
interaction paradigm. These results suggest that social behavior
may be impaired in the RL/+ mutants. Patients with autism may
also exhibit other behavioral abnormalities, including hyperactiv-
ity, increased anxiety, and learning and memory deficits [38]
which was congruent with our observations in the RL/+ mutants.
The autistic-like behavioral characteristics observed in RL/+
mutants, and the similarity of these abnormalities to the clinical
presentation of the R1620L patient [20, 21], indicate that RL/+
mutants are a good model to evaluate SCN8A-associated
behavioral abnormalities (see Table S5 for a comparison of RL/+
mutants and other published Scn8a mouse models).

RL/4+ mutants were found to exhibit significant impairment in
long-term learning and memory, suggesting altered hippocampal
function [39]. To evaluate whether other aspects of learning and
memory are impaired in RL/4+ mutants, we also attempted to
examine associative learning using the fear conditioning para-
digm. While the WT littermates showed the anticipated freezing
response during the training period, RL/4+ mutants unexpectedly
exhibited significantly less freezing behavior (Fig. 2G). There are
several potential explanations for the reduced freezing behavior in
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the RL/+ mutants. First, previous studies have demonstrated that
lesions of the amygdala can result in a lack of freezing behavior in
the fear conditioning paradigm [40, 41], raising the possibility that
RL/+ mutants may have altered amygdala function. Second, it is
conceivable that the reduced freezing behavior was due to the
hyperactivity of the RL/+ mutants; however, hyperactivity has
previously been observed in Scn7a™~ mutants that model Dravet
syndrome, yet Scnia‘’" mutants displayed levels of freezing
behavior comparable to their WT littermates during the training
session of the fear conditioning paradigm [42]. Finally, it is
possible RL/4+ mutants have diminished sensitivity to the foot
shock. In support of this, siRNA knockdown of Na,1.6 has been
shown to reduce pain-associated behaviors in a rat model of
neuropathic pain [43]. However, our results demonstrated that RL/
+ mutants have normal peripheral and central pain responses. To
date, there is no reported sex difference in the clinical
presentation of SCN8A-associated disease; however, it would be
important to conduct behavioral analyses in female RL/+ mutants
and WT littermates in future studies.

Patients with SCNTA mutations often exhibit febrile seizures
(FSs) [44], which is modeled by the increased susceptibility of
Scnla mutants to hyperthermia-induced seizures [29, 30, 45, 46].
While patients with SCN8A mutations do not typically exhibit FSs,
there have been some reports of FSs in these patients [37, 47-49].
Interestingly, RL/RL and RL/4+ mutants exhibited increased
susceptibility to hyperthermia-induced seizures compared to WT
littermates. However, based on our observations, RL/+ mutants
are less susceptible to hyperthermia-induced seizures compared
to heterozygous Scnia mutants [29, 30, 45], consistent with the
less prominent role for FSs in SCN8A-associated disease.

Analyses of SCN8A mutations in heterologous systems have
revealed varying effects of different mutations on hyperexcitability

Neuropsychopharmacology (2021) 46:2011-2020



[13, 21]. Two mutations found in patients with behavioral
abnormalities but without severe epilepsy (A1622D and R1620L)
exhibited in vitro alterations consistent with both gain- and loss-
of-function effects. Compared to WT neurons, reduced peak
current density, faster inactivation, and faster recovery from
inactivation was observed when the R1620L mutation was
expressed in rodent neuroblastoma ND7/23 cells [21]. We
observed fewer APs during current injections into CA3 hippo-
campal pyramidal neurons from RL/+ mutants compared to WT
littermates. We also found a significantly reduced threshold for
firing the first AP and higher AP half-width in RL/4+ mutant
neurons, suggesting a combination of both potential gain- and
loss-of-function effects of the mutation on neuronal excitability. It
has been shown that impairments in CA3-induced network
oscillations may contribute to autistic-like behaviors such as social
interaction and memory deficits [50]. Therefore, it is possible that
the reduced firing of CA3 pyramidal neurons in RL/+ mutants
might contribute to some of the observed behavioral
abnormalities.

To better understand neural circuit differences that underlie
increased seizure susceptibility in the RL/4+ mutants, we
performed calcium imaging in freely behaving animals. At
baseline, we observed decreased firing frequency and increased
neuronal firing amplitude in visual cortex excitatory neurons in RL/
+ mutants compared to WT littermates, again suggesting a
combination of both gain- and loss-of-function effects. Further-
more, consistent with our observation of increased seizure
susceptibility in the RL/+ mutants, PTZ increased both the
amplitude and firing rate of bV1 neurons in the RL/+ mutants
but not in WT mice.

The electrophysiological analyses and calcium imaging results
demonstrate that the R1620L mutation exerts both gain- and loss-
of-function effects on neuronal excitability. The gain-of-function
property of this mutation is also supported by the observation
that OXC, a sodium channel blocker, was able to increase seizure
resistance in the RL/+ mutants. Interestingly, we found that Hup
A, a reversible acetylcholinesterase inhibitor, conferred even
greater protection against induced seizures in RL/+ mutants,
raising the possibility that Hup A may also be beneficial in the
treatment of SCN8A patients. Our observation of both gain- and
loss-of-function effects of the R1620L mutation on neuronal
excitability, and evidence of other SCN8A mutations with similar
combinatorial effects [21], suggests an additional level of
complexity likely underlies the mechanism by which some SCN8A
mutations lead to disease. Given the recent advances in genetic
therapies, these observations highlight the importance of
mechanism-based therapeutic interventions for the treatment of
channelopathies associated with epilepsy.

CONCLUSION

We generated a novel Scn8a mouse model by knocking-in the
human R1620L mutation. RL/+ mutants exhibit a range of
behavioral abnormalities, including hyperactivity, impaired learning
and memory, social deficits, increased seizure susceptibility, and
spontaneous seizures. Hippocampal CA3 pyramidal neurons from
RL/+ mutants demonstrated both gain- and loss-of-function activity,
which may account for the multiple phenotypic effects. Finally, we
also demonstrated that OXC and Hup A confer robust protection
against induced seizures in RL/4+ mutants. This mouse line provides
the opportunity to further evaluate the mechanistic basis for the
range of clinical phenotypes associated with SCN8A mutations and
for the development of new therapeutic approaches.
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