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Mutations in the voltage-gated sodium channel gene

SCN1A are responsible for a number of epilepsy disor-

ders, including genetic epilepsy with febrile seizures plus

(GEFS+) and Dravet syndrome. In addition, dysfunction

in SCN1A is increasingly being linked to neuropsychiatric

abnormalities, social deficits and cognitive disabilities.

We have previously reported that mice heterozygous for

the SCN1A R1648H mutation identified in a GEFS+ family

have infrequent spontaneous seizures, increased sus-

ceptibility to chemically and hyperthermia-induced gen-

eralized seizures and sleep abnormalities. In this study,

we characterized the behavior of heterozygous mice

expressing the SCN1A R1648H mutation (Scn1aRH/+)

and the effect of stress on spontaneous and induced

seizures. We also examined the effect of the R1648H

mutation on the hypothalamic–pituitary–adrenal (HPA)

axis response. We confirmed our previous finding that

Scn1aRH/+ mutants are hyperactive, and also identified

deficits in social behavior, spatial memory, cued fear

conditioning, pre-pulse inhibition and risk assessment.

Furthermore, while exposure to a stressor did increase

seizure susceptibility, the effect seen in the Scn1aRH/+

mutants was similar to that seen in wild-type litter-

mates. In addition, Scn1a dysfunction does not appear

to alter HPA axis function in adult animals. Our results

suggest that the behavioral abnormalities associated

with Scn1a dysfunction encompass a wider range of

phenotypes than previously reported and factors such

as stress exposure may alter disease severity in patients

with SCN1A mutations.
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Mutations in the voltage-gated sodium channel (VGSC) gene
SCN1A are responsible for several epilepsy subtypes, includ-
ing Dravet syndrome (DS) (Claes et al. 2001), genetic epilepsy
with febrile seizures plus (GEFS+) (Escayg et al. 2000) and
intractable childhood epilepsy with generalized tonic-clonic
seizures (GTCSs) (Fujiwara 2006; Mulley et al. 2005). The
prevailing hypothesis that these mutations lead to seizure
generation by reducing the excitability of inhibitory interneu-
rons and thereby decreasing overall network inhibition (Mar-
tin et al. 2010; Ragsdale 2008; Tang et al. 2009; Yu et al.
2006) has recently been confirmed by studies directly linking
the activity of Scn1a in parvalbumin interneurons to seizure
susceptibility (Cheah et al. 2012; Dutton et al. 2013; Ogiwara
et al. 2007). DS is characterized by febrile seizures in the
first year of life, with progression to partial and/or general-
ized afebrile epilepsy, moderate to severe intellectual disabil-
ity and ataxia (Fujiwara 2006; Mulley et al. 2005; Wolff et al.
2006). The less severe GEFS+ phenotype includes febrile
seizures that persist beyond 6 years of age and the develop-
ment of afebrile generalized or partial seizures during adult-
hood (Scheffer & Berkovic 1997). Within a GEFS+ family,
affected members with the same mutation exhibit a wide
range of epilepsy subtypes and severities, suggesting that
other genetic, developmental and/or environmental factors
may play a role in the development and expression of GEFS+
(Scheffer & Berkovic 1997). There is anecdotal evidence to
suggest that stress can precipitate seizures in some patients
with GEFS+ (Baulac et al. 2008; Grant & Vazquez 2005), and
the avoidance of stressful situations is recommended for DS
patients (Ceulemans et al. 2004).

In addition to epilepsy, some individuals with SCN1A muta-
tions display neuropsychiatric abnormalities, such as anxiety
and affective disorders and autism (Mahoney et al. 2009;
O’roak et al. 2012; Osaka et al. 2007; Weiss et al. 2003), sug-
gesting that a wider range of phenotypes are associated
with SCN1A mutations. Autism spectrum disorders have
been more broadly linked with deficiencies in inhibitory sig-
naling (Chao et al. 2010; Paluszkiewicz et al. 2011), possi-
bly providing a mechanistic basis for the relationship with
altered SCN1A function. Autistic-like behaviors have also
been described in two loss-of-function Scn1a mouse mutants
that model DS (Han et al. 2012; Ito et al. 2012), providing
further support for a link between SCN1A dysfunction and
autistic-like behaviors.

The SCN1A mutation, R1648H, was identified in a large
family with GEFS+ (Escayg et al. 2000). We previously
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reported the generation of a mouse model of GEFS+ by
knocking in the R1648H mutation into the orthologous
mouse Scn1a gene (Martin et al. 2010). Heterozygous
mutants (Scn1aRH/+) exhibit infrequent spontaneous gen-
eralized seizures and lower thresholds to flurothyl- and
hyperthermia-induced seizures, whereas homozygous
mutants (Scn1aRH/RH) exhibit frequent spontaneous seizures
and premature lethality. We have also observed sleep
abnormalities in the Scn1aRH/+ mutants (Papale et al. 2013),
further expanding the range of clinical phenotypes that
may be associated with SCN1A dysfunction. Previous work
on Scn1aRH/+ mutants was performed in mice on a mixed
129X1/SvJ×C57BL/6J background (N2 generation). To
reduce the influence of the mixed genetic background on
observed phenotypes, we backcrossed the Scn1aRH/+ line
to C57BL/6J for 12 generations (N12) prior to inclusion in
this study.

The goal of this study was threefold. First, we examined
the behavioral characteristics of the Scn1aRH/+ mutants. Sec-
ond, we examined the effect of stress on seizure occurrence
and asked if the Scn1aRH/+ mutation was sufficient to alter
the functioning of the hypothalamic–pituitary–adrenal (HPA)
axis, a key player in the physiological stress response. Finally,
we re-examined the influence of the Scn1a R1648H muta-
tion on seizure threshold and life span in mice at the N12
generation.

Methods

Animals
Scn1aRH mice were generated as previously described (Martin et al.
2010). Scn1aRH/+ males were backcrossed to C57BL/6J females to
advance to the 12th generation on the C57BL/6J background, des-
ignated as N12. Survival and pre-weaning weights were monitored
for one cohort of males and females and then combined after ver-
ifying a lack of sex effects prior to weaning. Additional male mice,
3–4 months old, were used for all other experiments. The same
cohort of male animals was used for object recognition, visual cliff
and mating call experiments (in that order), with 2 weeks separating
each paradigm in order to reduce stress effects. A different cohort of
male animals was used for social interaction, startle/pre-pulse inhi-
bition (PPI) and fear conditioning experiments (in that order), with
2 weeks separating each paradigm. All other experiments were each
completed with different cohorts of male animals. Wild-type (WT) lit-
termates were used as controls for all experiments to minimize varia-
tion. Mice were group-housed after weaning (P21) in ventilated cages
under uniform conditions with a 12/12 h light/dark cycle with lights
on at 0700 h and lights off at 1900 h. Mice remained group-housed
until 1 week prior to testing, at which time they were single-housed.
Food and water were available ad libitum. All testing was performed
between 0800 and 1300 h to minimize variation owing to circadian fac-
tors. All videotaped behaviors and electroencephalogram (EEG) data
were later scored by a single observer for each experiment who was
blind to genotype and condition. All experiments were approved by
the Emory University Institutional Animal Care and Use Committee
(IACUC).

Genotyping
Genotyping of Scn1aRH mutants was performed as previously
described (Martin et al. 2010). Heterozygous Scn1aRH/+ mutants
were identified by the presence of both a WT band and a mutant
band. Homozygous Scn1aRH/RH mutants were identified by the
absence of the WT band.

Life span and weights
To characterize the effect of the Scn1a R1648H mutation on the
C57BL/6J background, 20 WT C57BL/6J females were bred with two
different heterozygous Scn1aRH/+ males (N11 generation) to obtain
20 litters of N12 offspring (n=146 offspring). The litters comprised
on average 7.3 pups per litter, with expected Mendelian ratios for the
offspring. Beginning on postnatal day 2 (P2), all pups were weighed
daily until weaning (P21) and then weekly until postnatal week 8 with
one final weight measurement on postnatal day 90. All mice were
monitored daily from P2 until P90.

Stressor
Mice were placed into adequately ventilated clear polypropylene
restrainers (50-ml conical tubes measuring 9.7 cm in length with
an internal diameter of 2.8 cm) for 20 min. Breathing was carefully
observed to ensure the animals were not compressed.

EEG analysis of spontaneous seizure activity
Under isoflurane anesthesia, eight male Scn1aRH/+ mutants were
surgically implanted with EEG and electromyography (EMG) elec-
trodes for seizure monitoring as previously described (Papale et al.
2010). Following 7 days of recovery, the animals were single-housed
in Plexiglas boxes (20× 20× 30 cm3), and following an additional 24 h
of habituation, continuous EEG and EMG data along with simulta-
neous digital video recording were collected for 7 days. Data were
analyzed for the number of seizures as characterized by polyspike
activity accompanied by stereotypic seizure behaviors and a refrac-
tory period. Specifically, epileptiform activity was characterized by the
onset of sharp waves that increased in frequency and achieved ampli-
tudes that were at least two times the background with detection in all
cortical EEG channels and attenuation of the background rhythm (see
Video S1, Supporting information). Following the 7-day period of base-
line recording, the effect of acute restraint stress on spontaneous
seizure frequency was determined by placing animals into modified
restraint tubes (50-ml conical plastic tube with a 1.5× 1.5 cm2 hole cut
out for EEG headcap placement) for 20 min. Continuous EEG data
were collected during restraint as well as for the 6-day period fol-
lowing the acute restraint. The effect of chronic restraint stress on
spontaneous seizure frequency was then determined by placing the
same animals into modified restraint tubes for 20 min each day over
a 6-day period. EEG data were collected for an additional 4 days after
the completion of stress exposure on the sixth day.

Flurothyl seizure induction
Flurothyl seizure induction was performed as previously described
(Dutton et al. 2011; Martin et al. 2007). Briefly, mice (14 Scn1aRH/+

and 15 WT littermates) were placed into a clear acrylic cham-
ber and exposed to flurothyl (2,2,2-trifluroethylether) (Sigma-Aldrich,
St. Louis, MO, USA) at a rate of 20 μl/min. The latencies to the first
myoclonic jerk (MJ) and to the GTCS were recorded.

Picrotoxin seizure induction
Mice (24 Scn1aRH/+ mutants and 24 WT littermates) were acclimated
in the procedure room 2 h prior to the experiment. Twelve mice of
each genotype were subjected to an acute 20-min restraint stress
just prior to injection, while the other twelve served as unstressed
controls. Mice were injected intraperitoneally with 5 mg/kg picrotoxin
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in 0.9% saline and
videotaped to monitor seizure phenotypes for 1 h post-injection.
Picrotoxin-induced seizure activity was scored based on the follow-
ing criteria recommended for seizures induced by disruption of the
GABAergic system (Veliskova 2006): 0, no behavioral response; 0.5,
abnormal behavior (freezing, staring and orientation problems); 1,
isolated MJs; 2, atypical clonic seizure; 3, fully developed bilateral
forelimb clonus; 3.5, forelimb clonus with a tonic component and
twist of the body; 4, GTCS with a suppressed tonic phase and 5,
fully developed GTCS with hindlimb extension. Because the stages
of seizure activity owing to GABAergic disruption represent a pro-
gression of seizure activity that spreads from the forebrain to the
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brainstem (Veliskova 2006), animals that exhibited rapid progression
to higher levels of seizure activity without overtly displaying the
characteristic seizure responses of lower stages were scored as
progressing through all previous stages of seizure activity. Discrete
stage 4 seizure events were defined as being a GTCS with loss
of righting reflex followed by a period of rest and return of the
righting reflex. Seizures were scored by an observer who had previ-
ously observed picrotoxin-induced behavioral seizure activity during
simultaneous EEG recording.

Open field test
The open field apparatus consisted of a square arena (60× 60 cm2)
with opaque Plexiglas walls (47 cm high). The arena was brightly lit
with overhead fluorescent lighting (1000 lux). The center zone was
designated as a smaller square (30× 30 cm2). Twelve mice from each
genotype were tested. Each mouse was placed along one side of the
apparatus and allowed to explore for 15 min. Mice were videotaped
and behavior was scored using the ANY-maze Video Tracking System
(Stoelting Co, Wood Dale, IL, USA). Behaviors scored included time
spent in the center zone, latency to enter the center zone, total
distance traveled, average speed and total time spent immobile.

Object recognition test
Testing was conducted in the open field square arena (60× 60 cm2).
A total of four different shaped and colored plastic objects (similar in
size, ∼10× 6× 6 cm3, but different in texture) were used for testing.
The test session consisted of four consecutive trials, each 10 min
in duration with 5-min breaks between trials. Twelve mice of each
genotype were tested. In trial 1, the mouse was placed in the
center of the empty open field and allowed to freely explore the
testing arena. For trial 2, three objects were introduced into the
open field in three designated locations at least 5 cm from the
walls. The selection of the objects and their placement within the
open field was randomized for each mouse. For trial 3, one object
from trial 2 was replaced with a novel object in the same location
(novel object). In trial 4, a different object from trial 2 was relocated
to a novel fourth location (relocated object). Throughout trials 2, 3
and 4, there was one object that was never changed nor moved
(control object). Mice were videotaped and behavior was scored
using the ANY-maze Video Tracking System (Stoelting Co). The time
spent exploring each object within the first 5 min of the trial was
scored. A mouse was considered to be exploring an object when
it was facing the object at a close distance (≤5 mm) or when the
mouse’s nose or front paws were in contact with the object. To
evaluate object recognition memory, the discrimination ratio was
calculated by taking the time spent in trial 3 exploring the novel object
and dividing it by the total time spent exploring the novel and the
control object (i.e. novel/(novel+ control)×100). This score provides
a measurement of the subject’s memory for an object’s identity,
and since mice have an innate preference for novelty (Antunes &
Biala 2012), it is expected that they will spend more time with
the novel object (a ratio significantly >50%). Similarly, to evaluate
spatial object memory, the discrimination ratio was calculated by
taking the time spent in trial 4 exploring the relocated object and
dividing it by the total time spent exploring the relocated and the
control object (i.e. relocated/(relocated+ control)×100). As described
before, a score significantly >50% would demonstrate memory of
the object’s original spatial position.

Contextual and cued fear conditioning
On the first day, mice (12 Scn1aRH/+ and 12 WT littermates) were
placed into a fear conditioning apparatus [17.5×17.5× 30 cm3; Col-
bourn, Whitehall, PA, USA] and allowed to explore the enclosure
for 3 min. Following this habituation period, three conditioned stim-
ulus (CS)–unconditioned stimulus (US) pairings were presented with
a 1-min intertrial interval. The CS consisted of a 20-second 85-dB
tone and the US consisted of 2 seconds of a 0.5-mA footshock which
co-terminated with each CS presentation. Shock was delivered via
a Precision Animal Shocker (Colbourn) connected to the fear condi-
tioning chamber. One minute following the last CS–US presentation,

animals were returned to their home cage. On day 2, mice were
tested for contextual fear conditioning by placing them into the same
chamber used for conditioning on day 1 for 8 min with no shocks. On
day 3, mice were tested for cued fear conditioning by placing them
into a novel compartment and first allowing them to freely explore
the novel context for 2 min. Following this habituation period, the CS
(85 dB tone) was presented for 6 min. No shocks were administered
during the tone test. During all 3 days, animals were recorded via a
camera and the amount of freezing was measured using software
provided by Colbourn.

Baseline startle and PPI
Startle was measured using a San Diego Instruments SR-Lab Startle
Response System (San Diego, CA, USA). Mice (12 Scn1aRH/+ and 12
WT littermates) were placed into the Plexiglas holders and allowed
to acclimate to the chamber and background white noise (60 dB)
for 5 min. After the acclimation period, randomized trials of either
startle alone (117 dB for 40 milliseconds), no stimulus (background
noise only), or startle preceded by one of the four pre-pulse intensities
(70, 72, 76 or 80 dB) were administered. A total of 48 trials were run
(eight trials of each of the different conditions) with a random intertrial
interval. The maximum startle amplitude was measured during the
first 100 milliseconds following the pulse presentation for each trial.
The average startle amplitude of the combination of the pre-pulse
paired with the pulse relative to the startle response alone was used
to calculate the PPI.

Predator odor exposure
Predator odor exposure occurred in an enclosed transparent box
(30×30× 30 cm3). Separate, yet identical, boxes were used for odor
exposure and vehicle exposure to prevent any residual odor from
affecting the control exposures. The boxes were placed in a ventilated
hood to allow for adequate disposition of the odor. Synthetic fox feces
odor, 2,5-dihydro-2,4,5-trimethylthiazoline (TMT; Contech, Victoria,
Canada), was diluted 1:100 in ethanol. On the first day, animals
(10 Scn1aRH/+ and 10 WT littermates) were placed into the control
box, and 35 μl of vehicle (ethanol) was placed on a small piece of
filter paper (placed on a small shelf). The box was then closed, and
the animal was observed and videotaped for 15 min. After 48 hours,
the animal was placed into the odor box, and 35 μl of diluted TMT
was placed on the filter paper. The animal was again observed and
videotaped for 15 min. After an additional 48-h period, the animal
was returned to the odor box with 35 μl of vehicle to determine if
contextual fear memories were formed. Mice were scored for total
freezing time (defined as the lack of movement except for respiration
and heart beat) and number of rearing occurrences.

Olfactory discrimination tests
The ability to detect three types of odors (food, social and aversive)
was tested using a three-chambered apparatus with small openings
in each partition (5×5 cm2). Each of the three chambers measured
20× 40× 22 cm3 (h). A covered Petri dish with holes to release the
odor was used to hold the odors and the control odor (water). Each
test involved the placement of different materials into the test dish:
mix of seed and nuts (food test) (Kaytee, Chilton, WI, USA); soiled
bedding from an unfamiliar male mouse (social test); or 10 μl of diluted
TMT (aversive test). The test dish was placed in the corner in one of
the outer chambers, and the control dish containing water was placed
in the corner in the opposite outer chamber. Animals (12 Scn1aRH/+

mutants and 12 WT littermates) were placed into the middle chamber
and allowed to freely explore for 10 min. Animals were videotaped,
and the video was later scored using the ANY-Maze Video Tracking
System (Stoelting Co). For the food and social odors, the time spent in
a 6-cm zone around the two dishes was scored. For the aversive odor,
a transparent Plexiglas lid was placed over the chamber to minimize
diffusion of the highly volatile TMT throughout the chamber. Analysis
of the aversive odor was carried out by calculating the percent of time
spent in the chamber containing the aversive odor as compared with
the time spent in the other two chambers. A score of 33.3% would
represent chance occurrence.
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Visual cliff avoidance task
The visual cliff avoidance task was conducted in a rectangular clear
Plexiglas box with a clear bottom. White paper was taped around
the sides to make them opaque and to prevent the mouse from
seeing the behavioral test administrator in the room. The box was
secured so that half of the floor of the box overhung the table top to
create the appearance of a ledge drop-off. A checkerboard tablecloth
draped from the table top to the floor served to enhance the visual
appearance of the cliff. An opaque neutral zone (10×10 cm2) was
located in the center of the box floor. The side overhanging the table
top was designated as the ‘cliff’ zone and the side sitting on the table
was designated as the ‘safe’ zone. The neutral zone lay between
the cliff zone and safe zone. Mice (12 Scn1aRH/+ mutants and 12 WT
littermates) were placed onto the neutral central region and allowed
to freely explore for 10 min. Mice were recorded and the video was
analyzed using the ANY-Maze Video Tracking System (Stoelting Co).
The time spent in each zone and the time spent in the center of the
cliff zone, designated as the area of the cliff zone at least 6 cm away
from any wall, were measured.

Vision testing
Visual function was tested using the virtual optokinetic system (Opto-
Motry system; Cerebral Mechanics, Lethbridge, Canada) as previ-
ously described (Douglas et al. 2005). Briefly, the mice (five Scn1aRH/+

mutants and five WT littermates) were placed on a platform at
the center of a virtual reality chamber composed of four computer
monitors that display vertical sine wave grating rotating at a speed
of 12∘/second. The experimenter monitored the mice in real-time
through a video camera situated above the animal and noted the pres-
ence or absence of reflexive head movements (tracking) to the grat-
ings. The experimenter also manually tracked the head of the mouse
to align the center of the virtual cylinder to the viewing position of the
mouse. For visual acuity assessment, the grating started at a spatial
frequency of 0.042 cycles/degree with 100% contrast and increased
with a staircase procedure. The maximum spatial frequency capa-
ble of eliciting head tracking was determined using the OptoMotry
system (Cerebral-Mechanics).

Social interaction
Social interaction was tested using the same three-chambered appa-
ratus described in the preceding Olfactory discrimination test section.
A cylindrical wire cage (10 cm diameter, Pencil Holder, Design Ideas,
Springfield, IL, USA) was used as an inanimate object or the cage
housing a stranger mouse. In the first 10-min session, a test mouse
(12 Scn1aRH/+ mutants and 12 WT littermates) was placed in the
center chamber and allowed to freely explore. In the second 10-min
session, an age- and sex-matched C57BL/6J mouse (stranger) that
had never been exposed to the test mouse was placed in one of the
two wire cages. The wire cage on the other side remained empty. For
the third 10-min session, a second age- and sex-matched C57BL/6J
stranger mouse (novel mouse) was placed in the wire cage that pre-
viously served as an empty cage, allowing the test mouse to have a
choice between a familiar mouse and a novel mouse. All three stages
were videotaped, and the video was analyzed using the ANY-Maze
Video Tracking System (Stoelting Co). Time spent in each chamber
and time spent within a 5-cm radius proximal to each wire cage were
measured.

Mating calls
The home cages of male mice (12 Scn1aRH/+ mutants and 12 WT
littermates) were placed in a single-walled, 127× 83.8× 83.8 cm3

sound-attenuating box (ETS-Lindgren, Cedar Park, TX, USA) with the
lids removed. A Bruel & Kjær (Nærum, Denmark) microphone with
a 1∕4

′′ membrane diameter was positioned over the cage, 15 cm
above the cage floor, with the membrane pointed downward into
the cage. Under red light, animals were monitored from outside
the sound box via a video camera and bat detector (Ultra Sound
Advice, London, UK). After a 1-min period of baseline recording,
an unfamiliar adult female mouse was introduced to the cage and
animals were allowed to freely interact. Vocalizations were recorded

at 223 kilosamples/second using Tucker-David Technologies data
acquisition hardware (Alachua, FL, USA). After 10 min, the cage
was removed from the sound box and the mice were separated.
Vocalizations were extracted from the sound recordings offline,
using custom MATLAB programs. After extraneous background noises
were eliminated, putative calls (at least 5 milliseconds in length)
were determined by identifying regions where the power exceeded
a manually set threshold (set per animal by an experimenter blind to
the animal’s genotype). If consecutive calls were separated by fewer
than 30 milliseconds, they were grouped as one. Although extraction
was performed in an automated fashion, an experimenter validated
call boundaries by visualizing spectrograms of a portion of the
extracted calls.

Corticosterone measurements
Blood was collected at 0700 and 1900 h on two different days in
order to coincide with the expected nadir and peak of circulating
corticosterone (CORT) levels. A week after the last diurnal blood draw,
the effect of a stressor on immediate CORT levels and on evening
CORT levels was measured. Animals were subjected to a 20-min
acute restraint stress in the morning between 0800 and 0900 h.
Blood was drawn immediately after the restraint stress and then
again at 1900 h for a post-stress evening CORT measurement. For all
basal CORT measurements, blood was obtained within 1 min of cage
disturbance. Blood was collected from the facial vein into Microvette
CB 300 Z tubes (Starstedt, Numbrecht, Germany) and then allowed
to clot for 1 h at room temperature. The serum was then separated
by centrifugation at 5600 rpm (2900×g) for 15 min at 4∘C and stored
at −80∘C until analysis. Serum CORT levels for the diurnal blood
draws were assayed using a commercial radioimmunoassay kit (MP
Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s
instructions.

Statistics
The data are reported as mean±SEM. When making a priori com-
parisons between only two groups of unrelated parametric data, the
data were analyzed using the Student’s t-test. In tests comparing a
specific response to the response expected by chance, a one-tailed
t-test was used. Parametric datasets with two or more groups/factors
to be compared were analyzed using two-way analysis of variance
(ANOVA) if there was only one measurement per animal or two-way
repeated measures ANOVA (rANOVA) if there were multiple data values
from a single animal. Following the ANOVAs, the Tukey pairwise com-
parison test was used to further distinguish among groups in cases
where there was a significant main effect of one or both factors.
Post hoc comparisons were also made in the absence of a signif-
icant interaction between the two main factors, as the error rate
(alpha, 𝛼) is still properly controlled with multiple post hoc compar-
isons even in the absence of a significant interaction (Hancock &
Klockars 1996; Ware et al. 2012). Nonparametric data were analyzed
using the Mann–Whitney rank sum test. Dichotomous data were
analyzed using the Fisher exact test. All results were considered sta-
tistically significant if P < 0.05.

Results

Scn1aRH/+ mutants are hyperactive but show no

deficits in anxiety

We have previously shown that Scn1aRH/+ mutants have
increased locomotor activity in a novel environment (Pur-
cell et al. 2013). We have extended this finding to show
that the Scn1aRH/+ mutant mice show hyperactivity in the
open field test. In the open field test, Scn1aRH/+ mutants
travel a greater total distance (Scn1aRH/+, 88.9±4.2 m;
WT, 73.3± 4.1 m; t21 =−2.649, P <0.05; Fig. 1a), travel at
a higher average speed (Scn1aRH/+, 9.9± 0.5 cm/second;
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Figure 1: Scn1aRH/+ mutants are hyperactive. Scn1aRH/+ mutants (a) travel a greater distance, (b) travel at a higher average speed
and (c) spend less time immobile while in the open field as compared with WT littermates. (d) There are no differences between
genotypes in the time spent in the center zone of the open field. n=12 all groups; *P <0.05 vs. WT; Error bars represent SEM.

WT, 8.1± 0.5 cm/second; t21 =−2.665, P < 0.05; Fig. 1b)
and spend less time immobile during the task (Scn1aRH/+,
107.6± 6.4 seconds; WT, 172.8±15.0 seconds; t21 =3.867,
P <0.001; Fig. 1c) as compared with WT littermates. There
were no significant differences in the amount of time the
Scn1aRH/+ mutants spent in the center zone as compared
with WT littermates (Fig. 1d), nor was there a difference in
latency to enter the center zone (data not shown), suggesting
that the mutants exhibit normal anxiety levels.

Scn1aRH/+ mutants show mild cognitive impairment

and deficits in sensorimotor gating

An object recognition test was used to assess learning and
memory in the Scn1aRH/+ mutants. While there was a sta-
tistically significant difference in the total distance traveled
between Scn1aRH/+ mutants and WT littermates during trial
1 (habituation to the open field; data not shown) confirming
the aforementioned open field test findings, there were no
differences in activity levels between the mutants and WT
littermates during trials 2, 3 or 4 of the object recognition
test (data not shown). Both Scn1aRH/+ mutants and WT lit-
termates spent more time with the novel object compared
with the control object (one-tailed t-test, WT: t11 = 8.452,
P <0.001; Scn1aRH/+: t11 = 2.839, P < 0.05; Fig. 2a). While the
WT littermates spent a greater percentage of time with the
novel object than the Scn1aRH/+ mutants (WT: 74.4±2.9%;
Scn1aRH/+: 65.2± 5.3%), the difference between genotypes
did not reach statistical significance (t22 =1.519, P =0.143).

Mice have been shown to be able to form memories of not
only the objects themselves, but also their location in space
(Dere et al. 2005). Our results show that the WT animals,
but not the Scn1aRH/+ mutants, are able to remember the
spatial location of the objects (one-tailed t-test, WT: 63.3%
± 5.7%, t11 =2.349, P <0.05; Scn1aRH/+: 56.2%± 6.8%,
t10 =0.917, P =0.381; Fig. 2a). Thus, while both groups
appear to remember the objects’ identities equally well, the
mutants show a deficit in spatial learning and memory in
this task.

We also tested the Scn1aRH/+ mutants with a fear con-
ditioning paradigm. There were no differences between
mutants and WT littermates in the time spent freezing on
the day of training (F6,132 = 1.343, P =0.259; Fig. 2b). There
were also no differences between Scn1aRH/+ mutants
and WT littermates in the amount of freezing during
the contextual fear conditioning component of the task
(Scn1aRH/+,17.4%± 2.5%; WT, 17.7%±1.3%; t22 = 0.113,
P =0.911; Fig. 2c, context). During the cued fear condition-
ing component, Scn1aRH/+ mice froze significantly more in
response to the CS than the WT littermates (Scn1aRH/+,
63.0%±3.5%; WT, 45.8%± 3.0%; t22 =−3.700, P <0.01;
Fig. 2c, cue). Closer examination of the time course of
the cued fear conditioning task showed that the Scn1aRH/+

mutants had a similar initial response to the tone as the
WT littermates, but while the WT littermates show a steady
decline in the amount of freezing over the 6 min of tone pre-
sentation, freezing levels remain elevated in the Scn1aRH/+
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Figure 2: Scn1aRH/+ mutants show mild cognitive deficits and impairments in sensorimotor gating. (a) Both Scn1aRH/+ mutants
and WT littermates show a preference for a novel object, but only the WT littermates show a preference for a relocated object. The value
shown is the discrimination ratio, calculated as the time spent exploring the novel or relocated object divided by the total time exploring
both the manipulated object and the control object, multiplied by 100. The dotted line represents a performance at chance level (50%).
*P <0.05, one-tailed t-test vs. 50% chance. (b) Both genotypes exhibited similar amounts of freezing during fear conditioning training
which consisted of three CS–US (footshock, black line) pairings with a 1-min intertrial interval. (c) A contextual and cued fear conditioning
task showed no differences in contextual freezing between Scn1aRH/+ mutants and WT littermates, but Scn1aRH/+ mutants showed
significantly more cued freezing. *P <0.05 vs. WT. (d) A closer examination of freezing during the cued fear conditioning paradigm
shows that during the 6 min that the tone (CS) was played but no shock was administered, the WT littermates showed a reduction
in their freezing behavior, while Scn1aRH/+ mutants continued to maintain high levels of freezing. *P < 0.05 vs. WT. (e) There are no
differences in the amplitude of the startle response between Scn1aRH/+ mutants and WT littermates. (f) Scn1aRH/+ mutants showed
decreased PPI in the startle response compared with WT littermates, particularly at the higher decibel levels of the pre-pulse tone.
*P <0.05 vs. WT. n=12 all groups. Error bars represent SEM.

mutants (Fig. 2d). A two-way rANOVA of the 6-min period of
tone presentation shows a significant main effect of geno-
type (F1,22 =13.687, P <0.01), a significant main effect of
time (F6,132 =13.813, P <0.001) and a significant interaction
between genotype and time (F6,132 =2.689, P <0.05). Post
hoc analysis (Tukey) shows a significant difference in freezing
between Scn1aRH/+ mutants and WT littermates during the
last 4 min of the 6-min tone presentation (Fig. 2d).

To measure sensorimotor gating, we used a PPI paradigm.
There were no differences in the startle amplitude between
Scn1aRH/+ mutants and WT littermates to a startle stimu-
lus (117 dB) presented alone (Fig. 2e). However, Scn1aRH/+

mutants show deficits in the ability of a pre-pulse to inhibit
the startle response (Fig. 2f). As the intensity of the pre-pulse
increases, the amount of inhibition of the startle response
should also increase. This was true for both genotypes as
indicated by a main effect of PPI intensity (F3,66 =45.417,
P < 0.001) and no genotype–intensity interaction. However,
there was also a main effect of genotype (F1,22 = 5.475,
P < 0.05), and post hoc analysis (Tukey) showed that there
was a significant reduction in PPI at a 76-dB pre-pulse

intensity level between mutants and WT littermates. There
was also a strong trend for a reduction in PPI at the 72- and
80-dB pre-pulse intensity levels.

Scn1aRH/+ mutants may show a deficit in risk

assessment ability

We originally chose the predator odor paradigm to mea-
sure anxiety and fear behavior in the Scn1aRH/+ mutants.
Two-way rANOVA showed a significant main effect of geno-
type (F1,18 = 5.876, P <0.05), a significant main effect of odor
exposure (F2,36 =26.614, P < 0.001) and a significant inter-
action between genotype and odor exposure (F2,36 =4.110,
P <0.05). Post hoc analysis (Tukey) showed that only the
WT littermates froze significantly more to odor exposure
than they did to the first vehicle exposure (Fig. 3a). While
both genotypes exhibited contextual fear memory by freezing
more on the second vehicle exposure in the same context
as the predator odor exposure 48 h earlier, the WT litter-
mates again spent significantly more time freezing than the
Scn1aRH/+ mutants (Fig. 3a).
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Figure 3: Scn1aRH/+ mutants show deficits in risk assessment. (a) WT littermates, but not Scn1aRH/+ mutants, froze significantly
more during predator odor exposure when compared with previous exposure to vehicle (Vehicle Before). Both genotypes exhibited
increased freezing 48 h later when exposed again to vehicle (Vehicle After), indicating formation of contextual fear memory, although
the Scn1aRH/+ mutants continued to freeze less than the WT littermates. *P <0.05 vs. WT within Odor condition; #P <0.05 vs. Vehicle
Before within genotype; ^P <0.05 vs. Odor within genotype. (b) The ability to detect an aversive odor was tested in a three-chambered
apparatus. The percentage of time spent in the chamber containing the aversive odor was measured. A value of 33.3% represents
chance (dotted line). Both Scn1aRH/+ mutants and WT littermates spent significantly <33.3% of the time in the chamber with the
aversive odor. *P <0.05 one-tailed t-test vs. 33.3% chance. (c) The ability of Scn1aRH/+ mutants to detect odor in general was tested
using a novel food item. Both Scn1aRH/+ mutants and WT littermates spent more time in the chamber containing the food item than in
the chamber containing a control item. *P <0.05 vs. control (no food). (d) During the visual cliff task, WT littermates spent less time on
the side of the apparent cliff than on the safe side. However, Scn1aRH/+ mutants do not differentiate the safe side from the cliff side.
*P <0.05 vs. WT within zone; #P < 0.05 vs. safe side within genotype. (e) A further examination of the visual cliff test shows that when
the WT littermates are on the virtual cliff side of the apparatus they spend less time in the open center, away from the walls compared
with Scn1aRH/+ mutants. *P < 0.05 vs. WT. (f) In an analysis of visual acuity, there is no difference between Scn1aRH/+ mutants and
WT littermates. n=10–12 all groups (a–e), n=5 in both groups (f). Error bars represent SEM.

As the Scn1aRH/+ mutants were freezing much less than
WT littermates in response to the predator odor, we wanted
to verify the olfactory ability in these mice. In an odor
discrimination task using an aversive odor, both Scn1aRH/+

mutants and WT littermates spent less time in the side of the
apparatus where the aversive odor was located (Fig. 3b) than
would be expected by chance in a three-chambered appa-
ratus (33.3%). To further verify the olfactory ability, we also
tested both groups with a positive odor (food). There was a
main effect of food odor (F1,22 =14.280, P < 0.01), and both
Scn1aRH/+ mutants and WT littermates spent more time in
the chamber with the food than in the chamber without the
food (Fig. 3c). As none of the other behavioral tasks had
shown any measures of increased anxiety in the Scn1aRH/+

mutants, and we had frequently observed the Scn1aRH/+

mutants reacting differently from their WT littermates during
routine colony procedures (personal observations), we won-
dered if the mutants had an impaired ability to assess risk.

To investigate the ability of the mutants to assess risk,
we used a virtual cliff avoidance paradigm. The testing

apparatus had a transparent bottom and was set up to over-
hang a table top to create the appearance of a sharp drop-off.
The zone overhanging the table top was designated as the
cliff zone and the zone on top of the table was designated
as the safe zone. A narrow neutral zone separated these
two zones. A two-way ANOVA showed a main effect of zone
(F2,44 =86.604, P < 0.001) and a significant genotype–zone
interaction (F2,44 =4.745, P < 0.05), indicating that the two
genotypes were not responding to the zones in the same
manner. Post hoc analysis (Tukey) showed that, as expected,
the WT littermates spent more time in the safe zone than
in the cliff zone (Fig. 3d). However, the Scn1aRH/+ mutants
showed no discrimination between the safe zone and the
cliff zone. After noticing that some animals stayed close to
the walls when venturing into the cliff zone while others
went straight out over the apparent drop-off, we compared
the amount of time that animals spent in the middle of
the cliff zone away from the walls. Scn1aRH/+ mutants
spent significantly more time in the open center of the
cliff zone as compared with WT littermates (Scn1aRH/+,
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Figure 4: Scn1aRH/+ mutants show mild social deficits. (a) In a choice between a chamber with an empty cage and a chamber
with a cage housing a stranger mouse, both Scn1aRH/+ mutants and WT littermates preferred to spend time with the stranger mouse.
*P <0.05 vs. empty chamber. (b) In a choice between a familiar mouse and a novel mouse, only the WT littermates showed a significant
preference for the novel mouse. *P <0.05 vs. familiar mouse. (c) When exposed to an unfamiliar female mouse, male mice exhibited
numerous mating calls. In the first minute of exposure, WT littermates emitted more calls than the Scn1aRH/+ mutants, and an overall
main effect of genotype indicates that WT littermates are calling more in general than Scn1aRH/+ mutants. *P <0.05 vs. WT. (d) In
an olfactory discrimination test using a socially relevant odor (soiled bedding), both Scn1aRH/+ mutants and WT littermates showed a
preference for the chamber containing the soiled bedding. *P < 0.05 vs. no bedding. n=12 all groups. Error bars represent SEM.

61.8±9.3 seconds; WT, 34.2± 3.5 seconds; t22 =−2.774,
P < 0.05; Fig. 3e). This result suggested that either the
Scn1aRH/+ mutants could not see the virtual drop-off or they
did not avoid it, possibly because of a lack of risk assessment
ability. To ensure that the Scn1a mutation did not affect visual
ability, we tested the visual acuity of both genotypes. There
were no differences in visual acuity between Scn1aRH/+

mutants and WT littermates in a vision function test (Fig. 3f).

Scn1aRH/+ mutants show mild social deficits

In a three-chambered social task where mice had a choice
between a stranger mouse and an empty cage (an inani-
mate object), both Scn1aRH/+ mutants and WT littermates
showed a preference for a stranger mouse over the empty
cage (Fig. 4a). A two-way rANOVA showed only a significant
main effect of the stranger mouse (F1,22 =42.524, P <0.001).
There was no significant main effect of genotype nor inter-
action between genotype and stranger. The second task
involved a choice between an already familiar mouse and a
novel mouse. Again, there was a main effect of the novel
mouse (Fig. 4b; F1,20 = 10.707, P < 0.01), but post hoc anal-
ysis showed that only the WT littermates had a significant

preference for the novel mouse. During a mating call analysis
paradigm, all males readily investigated the unfamiliar female
mouse upon her introduction to the cage, and vocalizations
were detected in all recordings. In an analysis of the first
4 min of exposure to the female, there was a strong trend
for a main effect of genotype (F1,21 = 4.211, P = 0.053) and a
significant main effect of time (F3,63 =48.417, P <0.001) indi-
cating that the number of calls decreased as interaction time
increased. Post hoc analysis showed a significant difference
in calls during the first minute, with WT littermates emit-
ting more calls than the Scn1aRH/+ mutants (Fig. 4c). After
the first 4 min of the test had elapsed, the number of calls
had decreased dramatically and there were no longer any
genotype differences (data not shown). Moreover, there were
no significant genotype differences in mean call duration or
mean call frequency (data not shown). Overall, during the first
4 min of interaction time, Scn1aRH/+ mutants were emitting
fewer calls than their WT littermates.

As part of a series of olfactory discrimination tasks, we
tested the ability of Scn1aRH/+ mutants to detect a socially rel-
evant odor by placing soiled bedding from an unfamiliar male
mouse into one chamber of the three-chambered apparatus.
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Figure 5: Stress worsens seizures in Scn1aRH/+ mutants and WT littermates. (a) A 20-min acute restraint stress significantly
reduced the latency to a stage 2 picrotoxin-induced seizure in Scn1aRH/+ mutants, but not in WT littermates. *P < 0.05 vs. no stress. (b)
Stress significantly decreased latency to a stage 3 picrotoxin-induced seizure in both Scn1aRH/+ mutants and WT littermates. *P < 0.05
vs. no stress. (c) Stress significantly decreased the latency to a stage 4 picrotoxin-induced GTCS in Scn1aRH/+ mutants while the post
hoc results were not significant for WT littermates. *P <0.05 vs. no stress. (d) Scn1aRH/+ mutants have normal diurnal fluctuations in
plasma CORT levels, with similar levels as WT littermates during both the nadir (0700 h) and peak (1900 h) of the circadian HPA axis
rhythm. (e) Although the average CORT response to an acute 20-min restraint stress is not significantly different between genotypes,
the Scn1aRH/+ mutants exhibit more variability in their post-stress CORT levels. (f) Morning exposure to acute restraint stress increased
CORT levels at 1900 h in both Scn1aRH/+ mutants and WT littermates. *P <0.05 vs. 1900 h no stress. n=12 all groups. Error bars
represent SEM.

Both Scn1aRH/+ mutants and WT littermates spent more time
in the chamber containing the bedding (Fig. 4d). There was a
main effect of bedding odor (F1,22 =31.129, P < 0.001) but no
main effect of genotype nor genotype–odor interaction. This
indicates that the Scn1aRH/+ are responsive to socially rele-
vant odors. Although the Scn1aRH/+ mutants have a normal
preference for social ability and a socially relevant odor, the
reduced response to social novelty and the reduced number
of mating calls suggests that the Scn1aRH/+ have a mild social
impairment.

Stress worsens seizure outcome in Scn1aRH/+

mutants and WT littermates

We first analyzed the effects of acute restraint stress and
chronic daily restraint stress on spontaneous seizure activity.
The EEG analysis detected spontaneous seizures in two of
the eight animals during the baseline recording period. Fol-
lowing chronic daily restraint stress (20-min restraint once
a day for 6 days), these two mice began to have more fre-
quent seizures, described as follows: Mouse #1 had an aver-
age of one seizure per day during baseline recordings yet
exhibited between two and five seizures per day during
and following chronic stress administration. Mouse #2 had

only one seizure during the total baseline recording period
but progressed to one seizure per day during and follow-
ing chronic stress administration. The six non-seizing ani-
mals did not show any seizure activity following an acute
or chronic stressor. We next tested the effects of acute
restraint stress on picrotoxin-induced seizure thresholds.
There were no differences in the latencies to the MJ, the
first stage of a picrotoxin-induced seizure (data not shown).
In analysis of the latency to the second stage (atypical
clonic seizure), we found a main effect of restraint stress
(F1,38 =9.317, P < 0.01). Post hoc analysis showed that there
was a statistically significant decrease in the latencies of the
Scn1aRH/+ mutants, but not in the WT littermates (Fig. 5a).
The third stage of a picrotoxin-induced seizure is the devel-
opment of bilateral forelimb clonus. Again, we found a main
effect of restraint stress (F1,39 = 12.094, P <0.01), but this
time post hoc analysis showed significant decreases in both
the Scn1aRH/+ mutants and the WT littermates (Fig. 5b).
An analysis of the latency to a stage 4 picrotoxin-induced
seizure, the GTCS without a tonic component, again showed
a main effect of restraint stress (F1,39 = 8.719, P <0.01);
however, the post hoc analysis showed that the decrease
in threshold was significant only in the Scn1aRH/+ mutants
(Fig. 5c). There were no differences in latencies to the stage
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5 picrotoxin-induced seizure (GTCS with tonic hindlimb exten-
sion); however, it was observed that the stressed Scn1aRH/+

mutants were having many more repeated stage 4 seizures
prior to advancing to a stage 5 seizure (Scn1aRH/+ mutants,
6.5± 1.5 stage 4 seizures; WT littermates, 2.8±0.8 stage 4
seizures; t19 =−2.05, P = 0.054). While stress was sufficient
to decrease seizure thresholds in both genotypes, the stress
effects in the Scn1aRH/+ mutants appeared to be slightly more
pronounced than those seen in the WT littermates.

Scn1aRH/+ mutants have similar HPA axis function

as WT littermates

There were no differences between genotypes in basal CORT
levels (Fig. 5d). In response to an acute 20-min restraint
stress, there were again no genotype differences, although
we did note that the Scn1aRH/+ mutants had a greater vari-
ation in their CORT response (Fig. 5e). The CORT levels in
the evening (1900 h) on the same day as the morning expo-
sure to acute restraint stress in both Scn1aRH/+ mutants
and WT littermates were elevated as compared with normal,
non-stressed 1900 h CORT levels (Fig. 5f). A two-way rANOVA

showed a main effect of stress (F1,20 = 9.294, P <0.01).

N12 Scn1aRH mutants exhibit a shortened life span,

spontaneous seizures and a reduced latency

to flurothyl-induced seizures

We also characterized the Scn1a R1648H mutation on an
N12 C57BL/6J background. Beginning at P10, Scn1aRH/RH

mutants began to show slower weight gain, with weight
loss and premature mortality beginning around P16
(Fig. S1a,b). There was a significant main effect of geno-
type when comparing pre-weaning weights (F2,129 = 29.086,
P < 0.001), but there was also a significant interaction
between genotype and age (F38,2402 =97.646, P <0.001),
with only the Scn1aRH/RH mutants showing a slower growth
rate beginning around P10 and a subsequent loss of weight
around P16 (Fig. S1a).Homozygous Scn1aRH/RH mutants have
a significantly shorter life span when compared with both
Scn1aRH/+ mutants (log-rank statistic: 111.555, P <0.001) and
WT littermates (log-rank statistic: 76.407, P <0.001) (Fig. S1b)
as reported previously at the N2 generation (Martin et al.
2010). However, the average life span of N12 heterozygous
Scn1aRH/+ mutants is also significantly different from WT
littermates (log-rank statistic: 5.698, P <0.05; Fig. S1b), a
novel finding of this study.

After weaning, there were too few surviving Scn1aRH/RH

mutants to include in analysis of post-weaning weights.
There were no statistically significant differences in the
post-weaning weights of male Scn1aRH/+ mutants as com-
pared with male WT littermates (Fig. S1c), nor were there any
differences in post-weaning weights between heterozygous
female mutants and WT littermates (data not shown).

Spontaneous seizures were observed in both heterozy-
gous Scn1aRH/+ mutants and homozygous Scn1aRH/RH

mutants during daily weighing sessions as well as during
routine mouse colony management procedures. We also
asked whether the N12 Scn1aRH/+ mutants would exhibit
increased susceptibility to flurothyl-induced seizures as was

previously observed in the N2 Scn1aRH/+ mutants. Similar to
the N2 mutants, there was no difference in latency to the MJ,
but Scn1aRH/+ mutants showed a significantly lower latency
to the flurothyl-induced GTCS (Scn1aRH/+, 6.5±0.4 min; WT,
7.5±0.2 min; t27 = 2.844, P <0.01; Fig. S1d).

Discussion

Our original characterization of the Scn1aRH mutants
was performed at the N2 generation on a mixed
129X1/SvJ×C57BL/6J background. Because the genetic
background is known to affect seizure and behavioral pheno-
types and stress responsivity (Anisman et al. 2001; Brinks
et al. 2008; Moy et al. 2004; Schauwecker 2002), we decided
to backcross the Scn1a R1648H line to the C57BL/6J back-
ground for 12 generations. We have previously shown that
the heterozygous N2 Scn1aRH/+ mutants exhibit a normal
life span, infrequent spontaneous seizures and a reduced
latency to flurothyl-induced seizures (Martin et al. 2010).
While the seizure phenotype of N12 Scn1aRH/+ mutants was
similar, we observed a statistically significant difference in
life span when compared with WT littermates. The difference
in survival of the N2 and N12 Scn1aRH/+ mutants is likely
due to differences in the genetic background as previously
reported for Scn1a knockout mice (Miller et al. 2014; Ogiwara
et al. 2007; Yu et al. 2006). Both N2 and N12 homozygous
Scn1aRH/RH mutants exhibited spontaneous seizures and
significant slowing in growth rate beginning at P10. Average
life spans were comparable for the homozygous mutants of
both generations (N2, 18.5 days; N12, 24.5 days).

It has previously been reported that mice with reduced
Scn1a expression exhibit hyperactivity, social deficits, anx-
iety and impaired spatial learning and memory (Han et al.
2012; Ito et al. 2012). While many of the clinical features of
DS are recapitulated in Scn1a knockout mice, the neuropsy-
chiatric comorbidities and cognitive deficits that may occur in
GEFS+ have not been well studied in an animal model. In this
study, we have shown that Scn1aRH/+ mutants also demon-
strate hyperactivity, social deficits and impaired learning and
memory. While Scn1a knockout mice show profound social
deficits, the Scn1aRH/+ mutants exhibited normal responses
to social contact and social odor; however, deficits in prefer-
ence for social novelty as well as reduced mating calls were
observed.

We have previously shown that Scn1a is expressed in a
large percentage of the parvalbumin interneurons in the hip-
pocampus (91%) and neocortex (78%) (Dutton et al. 2013).
The hippocampus is known to be an important region for spa-
tial learning (Foster & Knierim 2012), and a recent study by
Reichel et al. (2014) showed that GABAergic depletion in the
dorsal hippocampus, triggered in part by the loss of parval-
bumin neurons, caused hyperactivity and interfered with the
acquisition of spatial memory. Furthermore, kindling of the
prefrontal cortex resulted in both PPI deficit and hyperactiv-
ity (Ma & Leung 2010). Thus, the loss of inhibitory signaling
in both the hippocampus and neocortex could underlie the
deficits in spatial memory, the hyperactivity and the reduc-
tion in PPI observed in the Scn1aRH/+ mutants. The reduction
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in PPI of the acoustic startle response, a process that involves
a pre-attentive gating mechanism of incoming sensory stim-
uli, has not been previously described in Scn1a mutants and
further extends the spectrum of behavioral alterations asso-
ciated with Scn1a dysfunction. Intriguingly, it was recently
reported that WAG-Rij rats, a model of genetic absence
epilepsy, also have deficits in PPI which were reversed by
lamotrigine (Celikyurt et al. 2012), an antiepileptic drug that
works by blocking VGSCs and increasing GABAergic neuro-
transmission (Cunningham & Jones 2000). In further support
of the hypothesis that reduction in Scn1a function in interneu-
rons underlies these behavioral phenotypes, Reichel et al.
(2014) showed that the loss of interneurons in the medial
prefrontal cortex led to deficits in sensorimotor gating, and
Shamir et al. (2012) showed that alterations in parvalbumin
interneurons were correlated with hyperactivity, reductions in
PPI and deficits in cued fear conditioning. These recent find-
ings suggest that the dysfunction of Scn1a in parvalbumin
interneurons could be driving the sensorimotor and learning
deficits as well as the hyperactivity observed in the Scn1aRH/+

mutants. To date, the only form of human epilepsy linked to
deficits in PPI is temporal lobe epilepsy with psychosis (Braff
et al. 2001), but given the increasing amount of evidence link-
ing PPI and other behaviors to decreases in inhibitory signal-
ing, it may be worthwhile to examine patients with SCN1A
mutations for PPI deficits.

After observing that the Scn1aRH/+ mutants froze less than
WT littermates when exposed to predator odor, we won-
dered if the mutants might have an altered ability to assess
risk. Our findings in the visual cliff task would appear to sup-
port this idea. While it is well established that some behav-
ioral and neuropsychiatric abnormalities can occur in patients
with epilepsy, risk-taking behavior in this population has been
poorly studied. Alfstad et al. (2011) reported that risk-taking
behaviors were more prevalent in young boys with epilepsy
than in controls. Risk-taking behavior in humans has been
associated with altered patterns of prefrontal cortex activity
(Studer et al. 2013), and as mentioned previously, Scn1a is
expressed in 78% of the parvalbumin neurons of the neo-
cortex (Dutton et al. 2013). While it is possible that these
observed behaviors may be related to the hyperactive pheno-
type, this intriguing potential new phenotype in the Scn1aRH/+

mutants may highlight the importance of Scn1a expres-
sion in the prefrontal cortex and opens up new avenues
of investigation into comorbidities associated with Scn1a
dysfunction.

We recently showed that a mutation in another VGSC,
Scn8a, can alter the seizure response to a stressor (Sawyer
et al. 2014). In this study, we found that acute restraint
stress did reduce thresholds to picrotoxin-induced seizures,
and although the direction of change was the same in both
WT littermates and Scn1aRH/+ mutants, the magnitude of
the change was larger in the Scn1aRH/+ mutants. Further-
more, Scn1a dysfunction does not appear to affect normal
functioning of the HPA axis, one of the primary physio-
logical stress response systems. While these results differ
from the ones found with the Scn8a mutants, the differ-
ences shed light on possible pathophysiological mechanisms.
Scn8a mutants have deficits in excitatory signaling, spon-
taneous absence seizures and an increased resistance to

chemiconvulsant-induced seizures (Martin et al. 2007; Papale
et al. 2009). The Scn8a mutants also showed measures of
increased anxiety which could have triggered long-lasting
changes in HPA axis activity as well as altering the seizure
response to stress (Sawyer et al. 2014). The Scn1aRH/+

mutants did not show any differences in the measures of anx-
iety tested in this study, and perhaps for this reason the effect
of stress on the response to picrotoxin-induced seizures
is similar between Scn1aRH/+ mutants and WT littermates.
While we found that unstressed Scn1aRH/+ mutants had a
shorter latency to flurothyl-induced GTCS, the unstressed
Scn1aRH/+ mutants did not exhibit a similar shorter latency
to picrotoxin-induced GTCS. This difference is likely because
of the different pharmacological effects of these chemicon-
vulsants on the central nervous system; while picrotoxin is
a noncompetitive GABAA receptor antagonist, the mecha-
nism for the convulsive activity of flurothyl is less clear and
has been shown to have multiple targets: directly affecting
VGSCs, inhibiting GABA and activating the cholinergic system
(Velisek 2006). Another interesting finding of this study is that
chronic restraint stress only increased spontaneous seizure
activity in the Scn1aRH/+ mutants that were already exhibiting
spontaneous seizures, suggesting that while stress can pre-
cipitate spontaneous seizures in an already seizing animal,
it may not be sufficient to cause seizures in a mutant that
does not have a history of spontaneous seizures. A recent
study by MacKenzie and Maguire (2015) showed that chronic
stress can shift the GABA reversal potential in the hippocam-
pus, thereby increasing the intrinsic excitability of hippocam-
pal pyramidal neurons. We speculate that Scn1aRH/+ mutants
that were already seizing prior to the chronic stressor poten-
tially had more of a reduction in interneuron signaling and
thus were likely to be more affected by a stress-induced
increase in excitability following chronic stress.

In summary, we have shown that the Scn1aRH/+ pheno-
type is more severe after backcrossing to the C57BL/6J back-
ground for 12 generations, providing support for the hypoth-
esis that other modifier genes could contribute to the clini-
cal heterogeneity seen in GEFS+ families. We also verified
autistic-like traits such as hyperactivity and social deficits as
well as deficits in spatial memory that have previously been
linked with SCN1A dysfunction. However, this study extends
the Scn1a phenotype to include deficits in cued fear condi-
tioning, PPI and risk assessment which provides additional
insight into the pathophysiological mechanisms underlying
VGSC dysfunction. Finally, we have shown that stress can
worsen seizure outcome in Scn1aRH/+ mutants, but in a man-
ner similar to the WT littermates, and the Scn1a mutation
does not affect normal HPA axis function.
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Video S1 This video file shows a Scn1aRH/+ mutant hav-
ing a GTCS with simultaneous EEG recording. At the begin-
ning of the clip, normal EEG activity is being recorded.
The beginning of the GTCS occurs 00:23 seconds into the
recording and is accompanied by epileptiform EEG activity
(sharp waves increasing in frequency and achieving ampli-
tudes at least two times the size of background waves).
The EEG is accompanied by characteristic seizure behav-
ior such as forelimb clonus with preserved righting reflex
(beginning at 00:37 seconds) followed by the loss of the
righting reflex (00:41 seconds), continued clonus with some
tonus and culminating in wild running behavior (01:07 min).
After the seizure is over (01:12 in), EEG signal is signifi-
cantly reduced, characteristic of a post-seizure refractory
period.

Figure S1 Characterization of the N12 C57BL/6J Scn1a

R1448H mutant line. (a) The pre-weaning weight gain
of Scn1aRH/+ mutants (n= 76) and WT littermates (n=31)
are indistinguishable; however, Scn1aRH/RH mutants (n=37)
show a significant reduction in weight gain around P10, and
a reduction in body weight beginning around P16. *P <0.05
vs. WT and Scn1aRH/+. (b) Both Scn1aRH/+ mutants (n=77)
and Scn1aRH/RH mutants (n= 38) exhibited a statistically sig-
nificant reduction in life span compared with WT littermates
(n=31). (c) Post-weaning weights of male Scn1aRH/+ mutants
(n=34) are not significantly different from the post-weaning
weights of male WT littermates (n=17). (d) There is no differ-
ence in latency to an MJ between Scn1aRH/+ mutants (n=14)
and WT littermates (n=15); however, Scn1aRH/+ mutants
show a signification reduction in latency to a GTCS. *P <0.05
vs. WT. Error bars represent SEM.
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