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Abstract

Stress is known to trigger seizures in patients with epilepsy, highlighting the physiological stress

response as a possible therapeutic target for epilepsy treatment. Nevertheless, little is currently

known about how a genetic predisposition to epilepsy interacts with the stress response to

influence seizure outcome. To address this question, we examined the effect of acute stress on

seizure outcome in mice with mutations in the voltage-gated sodium channel (VGSC) gene Scn8a.

Scn8a mutants display spontaneous spike-wave discharges (SWDs) characteristic of absence

epilepsy. We saw that the baseline frequency of SWDs in Scn8a mutants correlates closely with

the diurnal activity of the hypothalamic-pituitary-adrenal (HPA) axis, with a peak in seizure

activity occurring at around the same time as the peak in corticosterone (1700h–1900h). A 20-

minute acute restraint stress administered in the morning increases the frequency of spontaneous

SWDs immediately following the stressor. Seizure frequency then returns to baseline levels within

three hours after stressor exposure, but the subsequent evening peak in seizure frequency is

delayed and broadened, changes that persist into the next evening and are accompanied by long-

lasting changes in HPA axis activity. Scn8a mutants also show increased anxiety-like behavior in

mildly stressful situations. A 20-minute acute restraint stress can also increase the severity and

duration of chemically induced seizures in Scn8a mutants, changes that differ from wild-type

littermates. Overall, our data show that a voltage-gated sodium channel mutation can alter the

behavioral response to stress and can interact with the stress response to alter seizure outcome.
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Introduction

Seizures are paroxysmal events, suggesting the presence of endogenous or environmental

triggering factors. Epilepsy patients self-report stress as being the most common trigger for

seizure onset (Spatt et al., 1998; Haut et al., 2003; Nakken et al., 2005; Haut et al., 2007), an

assertion further supported by controlled studies that establish a relationship between stress

and increased seizure frequency (Feldman and Paul, 1976; Swinkels et al., 1998). In at least

one study, the exacerbating effects of stress on seizure incidence was especially apparent in

patients with typical absence seizures (Bosnjak et al., 2002), a subtype of epilepsy

characterized by a brief loss of awareness associated with bursts of generalized synchronous

spike-wave discharges (SWDs). Although stress and seizures are consistently linked, the

physiological mechanisms that connect stress and seizure incidence or severity are not fully

understood.

The acute stress response involves activation of the hypothalamic-pituitary-adrenal (HPA)

axis, which results in the sequential release of corticotropin-releasing factor (CRF),

adrenocorticotropic hormone (ACTH), and corticosterone (CORT). Receptors for both CRF

and CORT can be found in numerous brain areas, such as the hippocampus and amygdala,

suggesting these stress mediators can directly influence neuronal activity and excitability in

limbic regions that are also important for seizure activity (Joels and Baram, 2009). In

addition to stress, anxiety levels predict changes in seizure frequency (Thapar et al., 2009),

and hyperemotionality may underlie the majority of behavioral problems in epilepsy (Frucht

et al., 2000). Furthermore, patients with epilepsy have higher incidences of depression,

anxiety, and even psychosis compared to the general population (Garcia-Morales et al.,

2008). HPA axis function modulates activity in limbic regions, and dysfunction of the HPA

axis is implicated in a number of affective disorders. Therefore, it has been hypothesized

that the HPA axis could mediate both stress-induced seizures and behavioral alterations in

seizure models (Heinrichs, 2010). Given the bidirectional relationship between

hyperemotionality, stress, and epilepsy, a genetic mouse model of epilepsy would provide a

unique opportunity for investigating the stress response and affective-like behaviors and

may provide important insight into the pathophysiological effects of stress on seizure

incidence and severity.

A de novo gain-of-function point mutation in SCN8A was recently identified in a individual

who exhibited generalized seizures and sudden unexplained death in epilepsy (SUDEP)

(Veeramah et al., 2012). The SCN8A gene encodes the α-subunit of the Nav1.6 voltage-

gated sodium channel (VGSC). VGSCs are transmembrane complexes that facilitate the

initiation and propagation of transient depolarizing currents and electrical signaling between

cells in the nervous system. Nav1.6 is the most widely expressed VGSC in the central

nervous system, including areas involved in the stress response such as the hippocampus and

hypothalamus (Schaller et al., 1995; Krzemien et al., 2000). Nav1.6 plays a major role in the

transmission of subthreshold currents, namely persistent current and resurgent current

(Raman et al., 1997), and the electrophysiological properties of Nav1.6 make these channels

especially suited for the sustained repetitive firing of neurons (Van Wart and Matthews,

2006), a key feature in many neuronal circuits. In addition to its role in seizure activity, a
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two-bp deletion in SCN8A was found to co-segregate with motor and cognitive deficits in a

small pedigree comprising six affected members (Trudeau et al., 2006). Furthermore,

findings from two association studies point to possible roles for SCN8A in emotional

instability, suicide, and bipolar disorder (Wasserman et al., 2005; Wang et al., 2008).

Today there are several mouse models of Scn8a dysfunction. Null mutants, such as the

Scn8amed mouse, are the most severe, with homozygous Scn8amed/med mice showing muscle

weakness, progressive paralysis, and premature death (Burgess et al., 1995). In contrast,

heterozygous Scn8amed/+ mice exhibit normal gross motor behavior and a normal lifespan.

Interestingly, the Scn8amed/+ mice have increased resistance to chemically induced seizures

(Martin et al., 2007), but exhibit frequent SWDs characteristic of absence epilepsy

(Supplemental Figure 1A) (Papale et al., 2009). Other Scn8a mutants, such as Scn8amed-jo

and Scn8a8J, also display spontaneous SWDs (Papale et al., 2009), and greater resistance to

chemically induced seizures and hippocampal kindling have been seen in Scn8amed-jo and

Scn8atg mutants, respectively (Martin et al., 2007; Blumenfeld et al., 2009). Increases in

both anxiety-like and depressive-like behaviors have been reported in the Scn8atg mutant

(McKinney et al., 2008), while our lab previously found only minor changes in anxiety-like

behavior in the Scn8amed-jo mutant (Papale et al., 2010). Scn8a mutants, therefore, provide

the opportunity to investigate the consequences of altered sodium channel function on the

stress response and behavior, as well as the interaction between stress and spontaneous and

induced seizures.

The goal of this study was to investigate the interaction between acute stress and epilepsy

using the Scn8amed/+ mouse to answer these four questions: (i) Does acute stress alter the

frequency of spontaneous absence seizures? (ii) Does acute stress affect seizure thresholds?

(iii) Does sodium channel dysfunction affect HPA axis function? and (iv) Does sodium

channel dysfunction alter anxiety-like or depressive-like behaviors?

Methods and Materials

Subjects

Scn8amed/+ mice were purchased from The Jackson Laboratories (Bar Harbor, ME) and

maintained on the C3HeB/FeJ background. Genotyping was performed on tail DNA using

The Jackson Laboratory protocol. Male mice, 3–4 months old, were used for all

experiments. Wild-type (WT) littermates were used as controls for all experiments. Mice

were group-housed after weaning in ventilated cages under uniform conditions with a 12/12

h light/dark cycle with lights on at 0700h and lights off at 1900h. Food and water were

available ad libitum. All behavioral tests and all stressors were administered between the

hours of 0800h and 1100h to minimize variation due to circadian factors and were

performed in rooms with lighting of approximately 1,000 lux. All experiments were

approved by the Emory University Institutional Animal Care and Use Committee (IACUC).
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Acute stressor

Mice were placed into an adequately ventilated clear polypropylene restrainer (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, mice were surgically implanted with electroencephalogram

(EEG) and electromyography (EMG) electrodes for seizure monitoring as previously

described (Papale et al., 2010). Following 7 d of recovery, the animals were singly housed in

Plexiglas boxes (20×20×30 cm3), and a microconnector was attached to a series of

bioelectric amplifiers (Stellate Harmonie software, Natus Medical Inc., California, USA) via

a small counterbalanced commutator (Dragonfly Research, West Virginia, USA). Following

24 h of habituation, continuous EEG and EMG data were collected for a 48-h baseline

period. The amplified signals were digitally acquired, collected, and processed by Stellate.

Data were manually analyzed for the number and duration of spike-wave discharges

(SWDs), the electroencephalographic feature of absence epilepsy. SWDs were defined by a

rhythmic oscillation with a burst frequency of 7–9 Hz lasting at least 0.5 s, with an

amplitude at least twice that of the background. To examine circadian variation, SWDs were

grouped into 2-h intervals and averaged within each interval over day 1 and day 2 of the

baseline recordings. Following the baseline recording, the seizure response to acute restraint

stress was determined in a subset of animals 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 and EMG data were collected for the 20-min restraint period, as

well as for the 24-h period following restraint (post-restraint, PR). To examine the response

to stress, SWDs were analyzed in 2-h intervals for the 24-h PR period. The first 3-h PR

period was also analyzed by further sub-dividing SWD occurrence into 20-min bins. The

total time the animals spent struggling while in the tube was determined by the presence of

EMG activity during the 20-min restraint period. A separate group of 8 Scn8amed/+ mutants

was used to determine how long post-stress changes in SWD activity persisted. These

animals were implanted with EEG electrodes and were recorded for 48 h of baseline,

followed by a 20-min restraint stress and 5 d PR.

Chemiconvulsant seizure induction

Mice were brought into the procedure room 2 h prior to the experiment for acclimation. Half

of the mice were subjected to an acute 20-min restraint stress just prior to injection, while

the other half served as unstressed controls. Mice were injected intraperitoneally (IP) with

either 5 mg/kg picrotoxin (Sigma) or 30 mg/kg kainic acid (Sigma). Both drugs were

dissolved in 0.9% saline, and all mice were injected at a volume of 10 mL/kg. Picrotoxin-

injected mice were observed for 1 h, and kainic acid-injected mice were observed for 2 h

post-injection. Mice were scored for seizure latencies and progression according to modified

Racine scales (Racine, 1972) described as follows. Picrotoxin is a noncompetitive GABAA

receptor antagonist that induces seizures by reducing overall inhibition (Velisek, 2006).

Picrotoxin-induced seizure activity was scored based on the following criteria recommended

for seizures induced by disruption of the GABAergic system (Veliskova, 2006): 0) No
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behavioral response, 0.5) Abnormal behavior (freezing, staring, orientation problems), 1)

Isolated myoclonic jerks, 2) Atypical clonic seizure, 3) Fully developed bilateral forelimb

clonus, 3.5) Forelimb clonus with a tonic component and twist of the body, 4) Generalized

tonic-clonic seizure (GTCS) with a suppressed tonic phase, and 5) Fully developed GTCS

with hindlimb extension. Kainic acid is a specific agonist for the glutamatergic kainate

receptor and induces seizures by increasing excitability in limbic regions (Velisek, 2006).

Kainic acid-induced seizure activity was scored based on the following recommended

criteria (Veliskova, 2006): 0) No behavioral response, 1) Head nodding and/or staring with

mouth clonus, 2) Automatisms (excessive washing, sniffing, rearing, scratching, circling,

orientation problems), 3) Unilateral forelimb clonus, 4) Bilateral forelimb clonus, 5)

Bilateral forelimb clonus with rearing and falling, 6) GTCS.

Diurnal corticosterone profile

Mice were single-housed a week prior to the experiment. Blood was collected at 0700h and

1900h in order to coincide with the expected nadir and peak of circulating corticosterone

(CORT) levels. In a separate group of animals, the effect of a morning stressor on evening

CORT levels was measured. Animals were single-housed for one week prior to the

experiment. During the first experimental week, blood was collected at 1900h to establish

baseline 1900h CORT levels. A week later, blood was drawn from each animal between

0830h and 0840h for a basal measurement prior to a 20-min restraint stress, and then again

at 1900h for a post-stress evening CORT measurement. For all 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) and then allowed to clot for 1 h at room temperature.

The serum was then separated by centrifugation at 5600 rpm 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 (RIA) kit (MP Biomedicals) according to the manufacturer’s

instructions.

Corticosterone response to acute stress

Mice were subjected to a 20-min acute restraint stress. At six different time points (once

before the stressor (baseline) and at 5, 30, 45, 60, and 120 min following the 20-min

restraint stress) one group of animals was anesthetized with isoflurane, decapitated, and their

trunk blood was collected into Microvette CB 300 Z tubes (Starstedt). The blood was

allowed to clot for 1 h at room temperature, and then separated by centrifugation at 5600

rpm for 15 min at 4°C and stored at −80°C until analysis. Measurement of the serum CORT

levels in response to an acute stressor was conducted by the Yerkes National Primate

Research Center Biomarkers Core Lab (Atlanta, GA) using a commercially prepared kit

(Siemens).

Predator odor stress

Predator odor exposure occurred in an enclosed transparent PVC box (30x30x30 cm3) fitted

with a small shelf to hold a single piece of filter paper. Synthetic fox feces odor, 2,5-

dihydro-2,4,5-trimethylthiazoline (TMT, Contech, Victoria, Canada), was diluted 1:10 in

ethanol. The mice were single-housed for one week prior to testing. Animals were brought

into a procedural holding room 2 h prior for acclimation. Animals were transported one at a
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time to the testing room. On the first day, animals were placed into the control box, and 35

μL of vehicle (ethanol) was placed on a small piece of filter paper. The filter paper was

placed on the ledge inside the box, the box was closed, and the animal was observed and

videotaped for 15 min. Forty-eight h later, 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, and 35 μL of vehicle was again placed on the filter paper to determine if repeated

exposure to the same environment affected freezing levels. The animal was observed and

videotaped a third time. Videotapes were later scored by an observer blind to genotype and

condition. Mice were scored for total freezing time (defined as the lack of movement, except

for respiration and heart beat) and number of rearing occurrences.

Novelty stress

The mice were single-housed for one week prior to testing. Animals were brought into the

procedure room 2 h prior to testing for acclimation. To measure response to novelty, animals

were placed into a new standard mouse cage (30×17 cm2) containing only corncob bedding.

Animals were observed and videotaped for 15 min. Videotapes were later scored by an

observer blind to genotype. Mice were scored for grooming and exploratory behaviors

(rearing and stretch-attends) by counting the number of individual occurrences of these

behaviors.

Forced swim stress

The forced swim apparatus is composed of a 4-L glass beaker (24 cm height × 18 cm

diameter) filled three quarters full with water. Water temperature was maintained at 25 ±

1.5°C. Animals were brought into the procedure room 2 h prior to testing for acclimation.

Mice were placed individually into the cylinder for 10 min and videotaped. Videotapes were

later scored by an observer blind to genotype. Latency to first immobility and the total

durations of immobility and struggling during the test period were scored. A mouse was

judged to be immobile when making only those movements necessary to keep its head

above water. Struggling was defined as vigorous movements with forepaws breaking the

surface of the water.

Statistics

Data are reported as mean ± standard error of the mean (SEM). A two-tailed t-test was used

to compare WT and Scn8amed/+ mice for the total numbers of SWD, average durations of

SWD, total time spent in SWD activity, absolute change in SWD frequency following

restraint stress, average latency to first SWD following stress, baseline CORT prior to stress,

amount of struggle, amount of grooming, number of stretch-attends, and number of rears.

Parametric data sets with 2 or more groups/factors to be compared were analyzed using two-

way analysis of variance (ANOVA). In experiments where all of the groups/conditions

contained different sets of animals and there was only one measurement per animal (CORT

response to acute stress; induced seizure thresholds) a two-way ANOVA was used. In

experiments where there were multiple data values from a single animal (multiple time

points in the 24-h rhythm of SWD; 0700h and 1900h in the diurnal CORT profile; baseline
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SWD and SWD response to acute stress over multiple time points; predator odor response

over three test days) a two-way repeated measures ANOVA (rANOVA) was used.

Following the ANOVA analyses, the Tukey pairwise comparison test was used to further

distinguish among groups. Nonparametric data (Racine scores) were analyzed using the

Mann-Whitney Rank Sum test. Dichotomous data (presence/absence of GTCS) were

analyzed using Fisher’s Exact test. All results were considered statistically significant if

p<0.05.

Results

Scn8amed/+ mice have frequent spontaneous SWDs

The Scn8amed line is maintained on a C3HeB/FeJ background, and wild-type (WT) animals

from this background strain exhibit low levels of spontaneous spike-wave discharges

(SWDs) (Frankel et al., 2005). Nevertheless, Scn8amed/+ mice have significantly more

SWDs in a 24-h period than the WT littermates as we have previously reported (Papale et

al., 2009), and the average duration of the SWDs exhibited by the mutants is longer than that

of the WT littermates (Supplementary Fig. 1B–C). Consequently, Scn8amed/+ mice spend a

significantly longer time engaged in SWD activity over a 24-h period than the WT

littermates (Supplementary Fig. 1D).

Acute stress increases SWD frequency in Scn8amed/+ mice

Scn8amed/+ mutants and WT littermates were restrained for 20 min while simultaneous EEG

recordings were obtained. A statistically significant increase in SWD activity in the 2-h

period immediately following the acute stress exposure was seen only in the mutants (Fig.

1A). A closer look at the absolute change in SWD activity for each animal (ΔSWD

Frequency = SWDpost-restraint − SWDbaseline) over this 2-h period shows that the Scn8amed/+

mice had a significantly larger change than the WT littermates (Fig. 1B). To better

characterize the temporal effect of stress on SWD activity in the mutants, the 3-h period

following the restraint stress was subdivided into 20-min bins. Following an initial

suppression of SWD activity while the animals were in the restraint tubes (0–20 min), there

was a significant increase in SWD activity between 40 and 80 min after the onset of the

stressor (Fig. 1C). Given the appearance of an initial suppression of SWD activity, we

determined the average latency to the first absence seizure following stress exposure and

found Scn8amed/+ mice have a significantly shorter latency, 24 min, to the first SWD event

compared to WT littermates (Fig. 1D).

Acute stress affects SWD rhythm in Scn8amed/+ mice for up to 60 hours after the stress
exposure

Upon analyzing SWD frequency during 24 h of continuous baseline recordings, we observed

that the Scn8amed/+ mice, but not WT littermates, have a 24-h diurnal rhythm of absence

seizures, with a significant peak of SWD activity between 1700h–1900h, coinciding with the

end of the light period (Fig. 2A). As illustrated in a dot plot showing individual SWDs

experienced by each of the 7 mice from 1700h to 2100h, this peak in SWD activity was

followed by a sharp decrease in baseline SWD activity at 1900h (Fig. 2B). Interestingly, the

decrease in SWD activity at 1900h was not seen the evening of the same day that a 20-min
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acute restraint stress was administered during the morning (0800h–1000h) (Fig. 2C). To

examine this finding in more detail, post-restraint SWD frequency in Scn8amed/+ mice was

analyzed in 2-h intervals from 1300h to 0700h. Analysis showed the mice that experienced

restraint stress displayed an altered SWD pattern, with the peak of seizure activity extending

beyond 1700h–1900h, resulting in increased SWD activity from 1900h–2300h (Fig. 2D). As

the morning restraint was performed between 0800h–1000h, these changes in SWD activity

occurred almost 12 h following stress exposure. We examined a separate group of animals to

determine how long these changes persisted. We found that the evening SWD rhythm was

still disrupted 36 h post-restraint, and did not return to the normal baseline pattern until the

third evening, 60 h post-restraint (data not shown).

Acute stress reduces latencies to and increases severity of picrotoxin-induced and kainic
acid-induced seizures in Scn8amed/+ mice

To determine the effect of acute stress on seizure thresholds, we first subjected Scn8amed/+

mice and WT littermates to a 20-min acute restraint stress immediately before injection with

picrotoxin (5 mg/kg, IP). We had previously established that, under normal conditions,

Scn8amed/+ mice have elevated thresholds to generalized tonic-clonic seizures (GTCSs)

induced by flurothyl and reduced seizure severity in response to kainic acid (Martin et al.,

2007). Consistent with this finding, under unstressed conditions the mutants exhibited

increased latency to picrotoxin-induced GTCS (Fig. 3A, white bars) and reduced seizure

severity compared to WT littermates (Fig. 3B, white bars). Furthermore, consistent with our

previous findings, significantly fewer mutants in the unstressed group progressed to a GTCS

when compared to WT littermates (Fig. 3C, white bars).

However, acute restraint stress affected GTCS latencies differently in Scn8amed/+ mice than

in WT littermates (Fig. 3A). While the latency in WT animals increased, the latency in

Scn8amed/+ mice decreased, resulting in a significant stress-genotype interaction

(F(1,36)=4.594, p<0.05). Although the magnitude of the change was not statistically

significant in either genotype, there was a trend towards decreased latency in the Scn8amed/+

mice (Tukey, p=0.076). Furthermore, acute stress significantly increased the severity of the

seizures in the Scn8amed/+ mice, while the increase in the WT animals was not significant

(Fig. 3B), and stress increased the number of Scn8amed/+ mice that progressed to the GTCS

stage (Fig. 3C). Stress also increased the percentage of Scn8amed/+ mice having seizures

lasting longer than 15 min, whereas acute stress did not affect seizure duration in WT mice

(Fig. 3D).

To measure the effect of stress on thresholds to seizures induced by a different mechanism,

mice were subjected to 20-min acute restraint stress immediately prior to injection with

kainic acid (30 mg/kg, IP). We were able to replicate our previous findings of increased

latency to a GTCS in unstressed Scn8amed/+ mice (Supplementary Fig. 2C, white bars) and

decreased seizure severity in unstressed mutant mice (Supplementary Fig. 2D, white bars)

compared to WT littermates following kainic acid administration (Martin et al., 2007). We

were also able to show that the unstressed mutants have an increased latency to Stage 3

seizure activity (unilateral forelimb clonus) compared to unstressed WT littermates

(Supplementary Fig. 2B, white bars).
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Following acute stress, there was a significant effect of stress on both Stage 2 (automatisms)

and Stage 3 (unilateral forelimb clonus) seizure latencies. Stress significantly reduced the

latency to Stage 2 in Scn8amed/+ mice (Supplementary Fig. 2A) and showed a trend for

reducing the latency to Stage 3 in the mutants (Supplementary Fig. 2B). However, acute

stress affected neither the latency to Stage 6 (GTCS) nor the Racine score for seizure

severity (Supplementary Figs. 2C and 2D). Overall, these data show that acute restraint

stress worsens seizure outcome by decreasing seizure latency and increasing seizure severity

in Scn8amed/+ mice following administration of a chemiconvulsant, although stress had more

of an effect on picrotoxin-induced seizures than on kainic acid-induced seizures. In both

cases, stress affected mutants differently than WT littermates.

Scn8amed/+ Mice have normal HPA axis activity

We examined the diurnal HPA axis activity by measuring corticosterone (CORT) levels at

the beginning of the light (0700h) and dark (1900h) phases. Both mutants and WT

littermates have an intact diurnal variation in CORT (Fig. 4A). We tested the HPA axis

response to an acute stressor by measuring CORT responses at baseline and at 5 different

time points following an acute 20-min restraint stress. Stress exposure in both genotypes

resulted in an immediate surge in CORT levels, followed by a gradual decline over the next

2 h (Fig. 4B). Thus, Scn8amed/+ mice display a normal HPA axis response to an acute

stressor, as well as normal negative feedback regulation to terminate the stress response.

Acute stress affects HPA axis circadian activity in Scn8amed/+ mice for up to 12 hours after
the stress exposure

To determine whether acute restraint stress could have a long-term effect on HPA axis

circadian activity, we first sampled blood from a group of animals at 1900h to establish the

normal CORT baseline levels. A week later, we took a basal blood draw immediately before

subjecting each mouse to a 20-min acute restraint stress that occurred between 0800h–

0900h, followed by a final blood draw at 1900h of the same day. Consistent with the data

presented in Fig. 4B, we found no differences in basal CORT levels between Scn8amed/+

mice and their WT littermates (Fig. 4C). However, following the restraint stress, the 1900h

CORT levels in the Scn8amed/+ mice were significantly higher than both the baseline 1900h

levels in Scn8amed/+ mice and the post-stress 1900h levels in the WT littermates (Fig. 4C).

Scn8amed/+ mice show increased anxiety-like behavior

The first behavioral difference we observed was that Scn8amed/+ mice struggled significantly

less while in the restraint tubes than WT littermates (Fig. 5A). This result prompted us to

further examine the behavior of Scn8amed/+ mice in other behavioral tasks. We exposed

mice to predator odor using the synthetic fox feces compound TMT dissolved in ethanol.

Analysis of freezing showed that, while both genotypes exhibited increased freezing in the

presence of the predator odor, the Scn8amed/+ mice froze significantly more than the WT

littermates (Fig. 5B). There were no differences in freezing behavior between genotypes in

the absence of the predator odor (Fig. 5B). Examination of rearing, a characteristic

exploratory behavior in rodents that should decrease in situations of perceived danger,

revealed that both mutants and WT mice reared significantly less in the presence of the odor
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as expected (Fig. 5C). Interestingly, in the no-odor (vehicle) condition, the Scn8amed/+ mice

reared significantly less than the WT littermates, suggesting reduced exploratory behavior in

the mutants (Fig. 5C).

To further characterize exploratory behavior, animals were next placed into a novel

environment and observed for grooming and exploratory behaviors. Increased grooming has

been linked to increased levels of anxiety, as grooming is a displacement response in stress-

inducing situations (Espejo, 1997). Scn8amed/+ mice were observed to engage in

significantly more grooming episodes than the WT littermates (Fig. 5D). Scn8amed/+ mice

also exhibit fewer stretch-attends, a risk-assessment behavior used by a rodent in exploration

of a novel environment (Choleris et al., 2001), than WT littermates (Fig. 5D). Scn8amed/+

mice also reared significantly less than WT littermates, in agreement with observations

during the vehicle condition of the predator odor experiment (Fig. 5D). Taken together, the

reduced struggling, increased freezing, increased grooming, and decreased exploratory

activities indicate a higher level of anxiety in the Scn8amed/+ mice.

We also measured depressive-like behavior using the Porsolt forced swim test and found no

significant differences between Scn8amed/+ mice and WT littermates in any of the measures

tested (Fig. 5E), indicating that Scn8amed/+ mice do not exhibit depressive-like behaviors as

measured by this test.

Discussion

The present study provides important new information linking a specific monogenic

mutation to diurnal seizure activity and demonstrating the effects of an acute stressor on the

diurnal rhythm of seizures. Specifically, the principal findings of the present study are: (1)

Acute stress can have both short- and long-term effects on spontaneous absence seizure

frequency, (2) Acute stress reduces seizure thresholds and increases the severity of

chemically induced seizures in Scn8amed/+ mice, but not in WT littermates, (3) Acute stress

affects HPA axis diurnal rhythm in Scn8amed/+ mice, but not in WT littermates, and (4) The

Scn8amed/+ mutation is sufficient to increase anxiety-like behaviors in response to mildly

stressful situations. In contrast to much of the previous research on the relationship between

stress and epilepsy that mostly used wild-type animal models with normal brain and stress

system development (Sawyer and Escayg, 2010), the current study demonstrates that an

inherited sodium channel mutation can alter the seizure response to stress. Furthermore,

because sodium channels play a major role in the regulation of neuronal excitability, and

altered neuronal excitability is believed to underlie a number of neurological and

neuropsychiatric disorders, findings from this study may have broader implications for

understanding the impact of stress on disease processes.

Interestingly, a brief, 20-minute restraint stress in the morning resulted in a transient

increase in SWD activity, yet also had long-lasting effects on the circadian rhythm of SWD

activity. At the transition from the light to the dark period on the same day as the stressor,

we found that Scn8amed/+ mice had an extended period of elevated SWD activity lasting

well into the evening, an altered rhythm that did not resume its normal pattern until 60 hours

following the stress exposure. In humans, daily stressful events and perceived stress levels
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are reported to be strongly associated with seizures over both the short-term and up to 24

hours later (Temkin and Davis, 1984), consistent with our findings. Wistar Albino Glaxo

rats from Rijswijk (WAG/Rij), another animal model of absence epilepsy, also demonstrate

a baseline 24-hour rhythm in SWD occurrence, with a maximal peak of seizure activity at

the end of the light phase (Smyk et al., 2011), consistent with our results. However, the

current study is the first to describe the long-term effects of acute stress on SWD activity in

an animal model of absence epilepsy. Discovery of this long-term effect now gives us the

opportunity to investigate how stress works to prime the epileptic brain for seizure activity

long after the stressor has passed.

Interestingly, the diurnal SWD activity in our mice matches the diurnal HPA axis activity:

we saw a peak in SWD activity from 1700h–1900h corresponding with increased CORT

levels at 1900h. Furthermore, the time course of HPA axis activity after an acute stressor

follows a similar pattern as the SWD activity, with both responses increasing soon after

stress exposure and returning to baseline about two hours later. While an argument could be

made that the increased seizure activity is contributing to an increase in HPA axis activity,

our results are more consistent with the converse relationship of increased HPA axis activity

leading to increased SWD activity. The elevation in CORT levels following the acute stress

precedes the increase in seizure activity by 20 minutes or more, suggesting that the increase

in HPA axis activity precedes the short-term increase in SWD activity. In a study with

WAG/Rij rats, direct injections of CORT increased SWD activity 15–30 minutes after

injection (Schridde and van Luijtelaar, 2004), further evidence that it may be the increase in

CORT that is driving the increase in SWD activity. The immediate anti-convulsant response

to stress is likely meditated by the rapid noradrenergic stress response which precedes the

longer-lasting genomic actions of the HPA axis response (Giorgi et al., 2004). CORT is also

known to alter sodium currents by changing voltage-dependent activation and inactivation

and recovery from inactivation in hippocampal neurons (Werkman et al., 1997), as well as

voltage-dependent sodium conductances (Joels, 1997), providing a possible mechanistic

explanation for how HPA axis activity may induce seizure activity. However, further

investigation into the relationship between seizure activity and HPA axis activity in the

Scn8amed/+ mutants is needed to establish whether the link between the immediate increase

in HPA axis activity and the short-term increase in seizure activity is directly causative, or

whether these changes may result from a common upstream mediator.

Our study also provides evidence of a link between increased HPA axis activity and long-

lasting alterations in SWD activity. Following a morning exposure to an acute stressor, we

found that 1900h CORT levels in the mutants were elevated above baseline, and the normal

evening rhythm of SWD activity was altered. There is evidence that seizure activity can

have long-term effects on HPA axis activity, possibly resulting in a positive feedback loop

that could raise the chances of spontaneous seizures in the future. In seizure-sensitive

gerbils, corticotropin-releasing factor (CRF) immunoreactivity following a seizure does not

return to pre-seizure levels until 24 hours later (An et al., 2003), and pilocarpine-induced

status epilepticus (SE) can increase CRF gene expression significantly for up to a day after

the SE (Wu et al., 2012). In both cases, CRF activity is altered, and CRF is consistently

found to be pro-convulsant (Sawyer and Escayg, 2010). Considering that only the
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Scn8amed/+ mutants, and not the wild-type littermates, show a long-lasting change in HPA

axis activity after an acute stressor, altered sodium channel function may well mediate such

long-lasting HPA axis-seizure feedback loops.

Given the proposed link between hyperemotionality and epilepsy and the possible

involvement of the HPA axis in both phenomena, we also assessed the behavioral response

of Scn8amed/+ mice to mildly stressful situations. We found that Scn8amed/+ mice show

higher levels of anxiety-like behavior, characterized by decreased struggling during restraint

stress, increasing freezing, increased grooming, and decreased exploratory behavior, but

they did not show any measure of depressive-like behavior in the forced swim test. These

behavioral changes are unlikely to be due to elevated SWD activity in response to the

stressful nature of the task, as we have also shown that SWD activity is suppressed for an

average of 24 minutes following the onset of a stressor, and all of the behavioral tasks were

completed in 15 minutes or less. Furthermore, the mutants exhibited an increase in grooming

in response to novelty and no difference in struggling during the forced swim test, behaviors

that would be inconsistent with SWD-induced behavioral arrest. Our behavioral findings are

consistent with other reported findings, and increased anxiety-like behavior in animal

models of epilepsy appears to be highly reproducible (Heinrichs, 2010). For example, the

WAG/Rij rats show increased agitation, decreased exploration, increased grooming, and

hyperlocomotion in response to novelty stress (Midzyanovskaya et al., 2005). Intriguingly,

anxiety levels in WAG/Rij rats are positively correlated with the propensity for SWD

activity, with rats having the greatest number of SWDs showing the highest anxiety levels

(Midzyanovskaya et al., 2005). Both WAG/Rij rats and the Genetic Absence Epilepsy Rats

from Strasbourg (GAERS) also show depressive-like behaviors (Jones et al., 2008;

Sarkisova and van Luijtelaar, 2011), whereas the Scn8amed/+ mutants did not differ from

wild-type littermates in depressive measures tested. Linkage studies in the GAERS and

WAG/Rij rats show that the genes linked with SWD activity in these two models are on

different chromosomes, suggesting different genetic causes for SWD activity and perhaps

even the behavioral abnormalities seen in these models (Gauguier et al., 2004; Rudolf et al.,

2004). The Scn8amed/+ model, on the other hand, allows us to speculate that a VGSC

mutation might preferentially affect systems involved in the anxiety response. Evidence

provided by Mirza et al. (2005) shows that VGSCs can indeed mediate the anxiety response,

while McKinney et al. (2008) saw increases in anxiety-like behaviors in the Scn8atg mutant,

and we previously found minor changes in anxiety-like behavior in the Scn8amed-jo mutant

(Papale et al., 2010). Increased levels of anxiety are also seen in mutants with deficits in

another VGSC gene, Scn1a (Han et al., 2012; Ito et al., 2012). The evidence from these

experiments and the results from the current study suggest that Scn8a and GSCs in general

do play a role in anxiety-like behaviors.

In contrast to the stress-induced changes discussed above, baseline HPA axis activity in the

mutants is not altered; however, this finding is consistent with literature showing that

humans with generalized anxiety disorders, when analyzed separately from those with

comorbid depression or post-traumatic stress disorder, often show no changes in baseline

HPA axis activity (Vreeburg et al., 2010; Staufenbiel et al., 2012). Considering that an

anxiety disorder is characterized by a mental and physiological overreaction to a stressful
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situation (Hoehn-Saric and McLeod, 2000), it is likely that at baseline in a non-stressed

state, individuals appear physiologically normal. We found the CORT response to an acute

stressor was the same in the Scn8amed/+ mutants as in WT littermates, suggesting a normal

initial response to a stressor, but the mutants showed altered CORT levels up to 12 hours

after the stressor. Thus, abnormalities in the HPA axis function of Scn8amed/+ mice may not

become apparent until after the system is challenged by a stressful situation.

In contrast to the spontaneous SWD activity, Scn8a-deficient mice show elevated thresholds

to induced seizures (Martin et al., 2007; Blumenfeld et al., 2009), a finding also confirmed

by the present study. Interestingly, we found that acute stress affects chemically induced

seizures in Scn8amed/+ mice differently than in WT littermates. Specifically, acute stress

increased thresholds to picrotoxin-induced seizures in WT littermates, but decreased

thresholds in Scn8amed/+ mice. Acute stress also increased seizure severity, the number of

animals progressing to a GTCS, and the number of animals experiencing seizures lasting

longer than 15 minutes in the Scn8amed/+ mutants, but not the WT littermates. Given that

seizure activity, anxiety, and the stress response all involve limbic structures, we propose

that the hyperemotionality seen in the Scn8amed/+ mice could be working in a feed-forward

manner to influence the seizure response to a stressor. During the 20 minutes that the mice

are in the restraint tubes prior to seizure induction, they are not only experiencing a stress

response in terms of increased corticosterone levels, but they are also experiencing an

anxiety response. The behavioral response to the stressor precedes the altered seizure

response, suggesting that the alterations in anxiety-like behaviors may be driving the

alterations in the seizure response to stress and elevated CORT, which then lead to long-

lasting changes in HPA axis activity that in turn influence future seizure activity.

The results of this study support a role for Scn8a in anxiety-like behaviors. In addition, this

study suggests a connection between altered anxiety-like behaviors, prolonged changes in

HPA axis circadian activity, and spontaneous seizure activity in response to a stressor.

Furthermore, previous work examining the role of stress in multifactorial models of

epilepsy, such as the epilepsy (EL) mouse and the WAG/Rij rat, have shown that stress or

fear can trigger spontaneous seizure activity (Seyfried et al., 1999; Tolmacheva et al., 2012).

While these are validated models of genetic epilepsy, it is difficult to ascribe the results of

those experiments to a single mechanism or gene. In contrast, we have shown that acute

stress worsens seizure outcome and alters behavior in Scn8amed/+ mice. The differences

between mutants and WT animals suggest that Scn8a, by altering neuronal excitability,

plays a role in the stress response, highlighting the need for further research into the

interplay between stress, anxiety, and seizures in genetically predisposed animal models, as

well as future research into the role of VGSCs in the stress response. A better understanding

of the impact of Scn8a on the stress response may give us insight into the mechanisms of

stress-evoked disorders and point the way to new therapeutic targets for the treatment of

epilepsy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SWD activity in response to a 20-minute acute restraint stress
(A) Scn8amed/+ mice have significantly more SWDs in the 2-hour period following restraint

stress compared to the same 2-hour period at baseline, while WT mice show no increase in

number of SWDs following restraint stress (genotype main effect: F(1,12)=17.969, p<0.01;

stress main effect: F(1,12)=7.7.36, p<0.05; genotype x stress interaction effect: F(1,12)=7.448,

p<0.05). *p<0.05 vs. Baseline within genotype, Tukey post hoc test. (B) Scn8amed/+ mice

have a significant change in SWD frequency after restraint stress compared to WT mice:

t(12)=−2.729, *p<0.05. (C) SWD activity in Scn8amed/+ mice in 20-minute intervals

beginning with the restraint stress (min 0–20) and ending 3 hours after the end of the

stressor. Following an initial suppression of SWD activity while in the restraint tube,

Scn8amed/+ mice show a significant increase in SWDs 40 to 80 minutes post-restraint (time

main effect: F(9,63)=3.818, p<0.001; time x stress interaction effect: F(9,63)=2.619, p<0.05).

*p<0.05 vs. Baseline, Tukey post hoc test. (D) After the onset of a stressor, Scn8amed/+ mice

show a shorter latency to the first post-stress SWD than WT mice: t(11)=6.321, *p<0.001.

Error bars represent SEM. n=6–8 per group.
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Figure 2. Long-lasting SWD response to acute stress
(A) Scn8amed/+ mice show a 24-hour rhythm in SWD frequency when analyzed in 2-hour

intervals, with the peak in activity occurring between 1700h–1900h (genotype main effect:

F(1,16)=19.866, p<0.001; time main effect: F(11,176)=4.990, p<0.001; genotype x time

interaction effect: F(11,176)=4.054, p<0.001). *p<0.05 vs. other time points except 1500h–

1700h within genotype, Tukey post hoc test. (B, C) Dots represent individual SWDs by

Scn8amed/+ mice from 1700h until 2100h during both a baseline period (B) and the evening

following a morning exposure to acute restraint stress (C). The sharp drop-off of SWD

activity at 1900h disappears following the morning restraint stress. (D) The morning

restraint stress alters the evening rhythm of SWD activity in Scn8amed/+ mice by shifting

and broadening the peak from 1700h–1900h to 1900h–2300h (time main effect:

F(8,48)=4.241, p<0.001: time x stress interaction effect: F(8,48)=2.524, p<0.05). *p<0.05 vs.

Baseline, Tukey post hoc test. Error bars represent SEM. n=7–8 per group.
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Figure 3. Effect of stress on picrotoxin-induced seizures
(A) Under normal conditions, Scn8amed/+ mice have increased picrotoxin-induced seizure

thresholds compared to WT littermates (genotype main effect: F(1,36)=9.761, p<0.01).

However, while restraint stress increases thresholds in WT mice, it decreases thresholds in

Scn8amed/+ mice (genotype x stress interaction effect: F(1,36)=4.594, p<0.05). *p<0.05 vs.

WT littermates within condition, Tukey post hoc test. (B) Exposure to restraint stress

increases seizure severity as measured by the Racine score, but the increase is only

significant in Scn8amed/+ mice: Mann-Whitney, U=21, *p<0.05 vs. WT within condition;

Mann-Whitney, U=27, #p<0.05 vs. No Stress within genotype. (C) Under normal

conditions, fewer Scn8amed/+ mice progress to a GTCS than WT mice, but restraint stress

significantly increases the percentage of Scn8amed/+ mice progressing to a GTCS: Fisher

Exact, *p<0.05 vs. WT within condition; Fisher Exact, #p<0.05 vs. No Stress within

genotype. (D) Acute restraint stress results in an increase in the percent of Scn8amed/+ mice

experiencing seizures lasting longer than 15 minutes: Fisher’s Exact, #p<0.01 vs. No Stress

within genotype. Error bars represent SEM. n=9–11 per group.
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Figure 4. HPA axis function
(A) Snc8amed/+ mice have normal diurnal fluctuations in plasma corticosterone levels, with

similar corticosterone levels as WT mice during both the nadir (0700h) and peak (1900h) of

the circadian HPA axis rhythm (time main effect: F(1,16)=34.011, p<0.001). (B) Plasma

corticosterone levels before (baseline) and at 5, 30, 45, 60, and 120 min following a 20-

minute restraint stress. There were no differences in the HPA axis response between

Scn8amed/+ mice and WT mice (time main effect: F(5,130)=100.337, p<0.001). (C) Although

there are no basal differences in plasma corticosterone levels prior to the stressor (baseline)

between genotypes (t(20)=0.216, p=0.831), morning exposure to acute restraint stress

increases corticosterone levels at 1900h in Scn8amed/+ mice, but not in WT littermates

(stress main effect: F(1,20)=14.505, p<0.01; stress x genotype interaction effect:

F(1,20)=8.605, p<0.01). *p<0.05 vs. WT within Post-Stress condition and #p<0.05 vs. No

Stress condition within genotype, Tukey post hoc test. Error bars represent SEM. n=9–12

per group.
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Figure 5. Behavior in stressful situations
(A) Scn8amed/+ mice struggled less in the restraint tubes during the 20-minute period of

restraint stress compared to WT littermates: t(12)=3.504, *p<0.01. (B) In response to

predator odor exposure, both Scn8amed/+ mice and WT mice showed increased freezing, but

the Scn8amed/+ mice froze significantly more than their WT littermates (genotype main

effect: F(1,24)=10.447, p<0.01; odor exposure main effect: F(2,48)=88.992, p<0.001;

genotype x odor exposure interaction effect: F(2,48)=5.729, p<0.01). *p<0.05 vs. WT within

condition and #p<0.05 vs. Vehicle (before and after) within each genotype, Tukey post hoc

test. (C) Under control conditions, Scn8amed/+ mice rear less than WT mice, and exposure to

predator odor significantly reduces rearing in both genotypes (odor exposure main effect:

F(1,24)=21.454, p<0.001); trend for genotype main effect: F(1,24)=3.803, p=0.063). *p<0.05

vs. WT within condition and #p<0.05 vs. Vehicle within genotype, Tukey post hoc test. (D)
In response to novelty exposure, Scn8amed/+ mice show increased grooming and reduced

exploratory behaviors (stretch-attends and rearing) compared to their WT littermates

(grooming: t(22)=−4.119, *p<0.001; stretch-attends: t(22)=2.454, *p<0.05; rearing:

t(22)=2.432, *p<0.05). (E) There were no differences between Scn8amed/+ mice and WT

mice in forced swim test measures. Error bars represent SEM. n=7–13 per group.
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