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Neurobiology of Disease

A Missense Mutation of the Gene Encoding
Voltage-Dependent Sodium Channel (Na,1.1)
Confers Susceptibility to Febrile Seizures in Rats
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Although febrile seizures (FSs) are the most common convulsive syndrome in infants and childhood, the etiology of FSs has remained
unclarified. Several missense mutations of the Na 1.1 channel (SCN1A), which alter channel properties, have been reported in a familial
syndrome of GEFS+ (generalized epilepsy with febrile seizures plus). Here, we generated Scnla-targeted rats carrying a missense
mutation (N1417H) in the third pore region of the sodium channel by gene-driven ENU (N-ethyl-N-nitrosourea) mutagenesis. Despite
their normal appearance under ordinary circumstances, Scnla mutant rats exhibited remarkably high susceptibility to hyperthermia-
induced seizures, which involve generalized clonic and/or tonic- clonic convulsions with paroxysmal epileptiform discharges. Whole-cell
patch-clamp recordings from HEK cells expressing N1417H mutant channels and from hippocampal GABAergic interneurons of N1417H
mutant rats revealed a significant shift of the inactivation curve in the hyperpolarizing direction. In addition, clamp recordings clearly
showed the reduction in action potential amplitude in the hippocampal interneurons of these rats. These findings suggest that a missense
mutation (N1417H) of the Na, 1.1 channel confers susceptibility to FS and the impaired biophysical properties of inhibitory GABAergic

neurons underlie one of the mechanisms of FS.

Introduction

Febrile seizures (FSs) are the most common type of convulsive
events in childhood between 6 months and 6 years of age, affect-
ing 2-5% of children worldwide. Most FSs are apparently benign
(categorized as simple), but one-third are complex with a pro-
longed duration (>15 min) and are associated with a risk of
subsequent epilepsy. Essentially, any illness that leads to an in-
crease in body temperature, such as upper respiratory infection,
pneumonia, and influenza, and even bathing, can lead to FS
(Fukuda et al., 1997). Several familial studies and twin studies
have indicated that genetic predisposition may contribute signif-
icantly to the etiology of FS, and recent genetic studies have
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shown that at least nine loci are responsible for FS (Nakayama,
2009).

Voltage-gated sodium channels are critical for the initiation and
propagation of action potentials in neurons. Mutations in the hu-
man Na,1.1 channel gene SCN1A have been reported in >200 cases,
ranging in severity from the comparatively mild disorder of gener-
alized epilepsy with febrile seizures plus (GEFS+) to the epileptic
encephalopathy of severe myoclonic epilepsy in infancy (SMEI). In
GEFS+, ES persists beyond the age of 6 and may be accompanied by
various other seizure types, including tonic—clonic, absence, and
myoclonic seizures (Scheffer and Berkovic, 1997). SME], also known
as Dravet’s syndrome, is a severe epileptic encephalopathy, charac-
terized by onset of FS by age 1 and the emergence between ages 1 and
4 of other seizure types, including myoclonic, focal, absence, and
atonic seizures, along with developmental decline (Dravet et al.,
2005). All SCN1A mutations responsible for GEFS+ have been
found to be missense mutations, whereas one-half of the mutations
in SMEI are truncated and presumably loss of function, and the
remaining one-half are missense mutations (Meisler and Kearney,
2005; Mulley et al., 2005; Lossin, 2009).

Animal models of FS have contributed to fundamental under-
standing of the underlying mechanisms of FS (Holtzman et al.,
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1981). In a well established model, exposing rat pups to hyper-
thermia provokes seizures with elevating body temperature to a
level comparable with human fever (Chen et al., 1999; Schuchmann
et al., 2006). Mice heterozygous for the knock-out allele at the
Scnla locus have been recently reported as a potential animal
model of SMEI (Yu et al., 2006; Ogiwara et al., 2007): these mice
mainly develop epileptic seizures, whereas homozygous mice
show ataxia and die on postnatal day 15. Very recently, hyper-
thermia stimuli of the heterozygous mice demonstrated seizure
susceptibility before the spontaneous seizure developed (Oakley
etal., 2009). Although these observations can explain the epilep-
tic phenotype of SMEI, the relationship between sodium channel
functions and the onset of FS is still poorly understood. It is likely
that the best animal models for FS would not result from a null
allele of the Scnla, but rather from an allele with a missense
mutation.

In this study, using gene-driven N-ethyl-N-nitrosourea (ENU)
mutagenesis, we generated Scnla-targeted rats carrying a mis-
sense mutation (N1417H) in the third pore region of the so-
dium channel. Scnla mutant rats exhibited markedly high
susceptibility to experimental FS, thus designated as hyperthermia-
induced seizure-susceptible (Hiss) rats. The N1417H mutation of
Scnla resulted in abnormal inactivation of Na,l.1 channels at
hyperpolarized membrane potentials. This mutation in the rat
allows additional investigations to understand the etiology of FS
and/or associated epilepsy.

Materials and Methods

All animal care and experiments conformed to the Guidelines for Animal
Experiments at Kyoto University and were approved by the Animal Re-
search Committee of Kyoto University.

ENU mutagenesis in rats. ENU mutagenesis procedures in rats were
previously described (Mashimo et al., 2008). Briefly, we administered
two doses of 40 mg/kg ENU by intraperitoneal injection to F344/NSlc
male rats at 9 and 10 weeks of age. Ten weeks after the second ENU
treatment, males were mated with F344/NSlc females to generate 1735 G,
male offspring, whose genomic DNA and sperm were cryopreserved in
the Kyoto University Rat Mutant Archive (KURMA) (Mashimo et al.,
2008). The sperm archive KURMA has been deposited in the National
Bio Resource Project for the Rat in Japan (www.anim.med.kyoto-u.ac.jp/
nbr) and is open to any interested researcher worldwide. For sperm
cryopreservation, a clump of spermatozoa were taken from the caudal
epididymides of 10-week-old rats and dispersed in 1 ml of mRIECM
medium (Hirabayashi et al., 2002). The sperm suspension was then son-
icated for 10 s with an ultrasonic cell disruptor (UR-20P; Tomy Seiko)
and transferred into 1.0 ml microtubes (Nalge Nunc International). The
sperm tubes were frozen in liquid nitrogen vapor and finally stored in
liquid nitrogen.

Screening protocols with MuT-POWER on the KURMA were de-
scribed previously (Mashimo et al., 2008). Eight independent G, DNA
samples were pooled for subsequent PCRs. Primers were designed to
amplify the exonic region of the rat Scnla gene from ~50 bp flanking
each intron (supplemental Table 1, available at www.jneurosci.org as
supplemental material). PCRs were performed in a total volume of 15 ul
under the following conditions: 94°C for 3 min for 1 cycle, 94°C for 30's,
60°C for 30 s, and 72°C for 1 min for 35 cycles. The final reaction condi-
tions were 100 ng of genomic DNA, 200 um each dNTP, 1.0 mm MgCl,,
0.66 uMm each primer, and 0.4 U of TagDNA polymerase (Invitrogen).
The Mu transposition reactions were previously described (Yanagihara
and Mizuuchi, 2002). The Mu transpososome mixture was prepared by
mixing 300 nM MuA transposase, 100 nm labeled Mu-end DNA, and 25
mM HEPES, pH 7.6, 15% (v/v) glycerol, 15% DMSO, 10 mm 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS),
and 156 mM NaCl. Reactions were performed at 30°C for 1 h. The mix-
ture was then split and mixed with PCR products and MgCl, activation
buffer. The final Mu transposition reaction mixture contained 33 nMm
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labeled Mu-end DNA, 100 nMm MuA transposase, PCR products, 25 mm
HEPES, pH 7.6, 15% (v/v) glycerol, 10% DMSO, 10 mm CHAPS, 10 mm
MgCl,, and 300 mMm NaCl. Reactions were performed at 20°C for 5 min.
The reaction mixture was then purified by CleanSEQ (Beckman Coulter)
to remove dye-labeled oligos, followed by automatic electrophoresis on a
16-capillary 3100 DNA Sequencer (Applied Biosystems). When positive
peaks were detected in the eight pooled samples by MuT-POWER
screening, individual sequences of the eight independent samples were
determined. The sequencing reactions were performed with BigDye ter-
minator, version 3.1, cycle sequencing mix, followed by the standard
protocol for the Applied Biosystems 3100 DNA Sequencer.

In the intracytoplasmic sperm injection (ICSI) procedure, sperm
heads were injected into denuded oocytes at ambient temperature (23 *+
2°C) using a piezo impact-driving unit (PMM-150FU; Prime Tech) with
a pulse controller (PMAS-CT150; Prime Tech). ICSI oocytes were cul-
tured in 60 ul microdrops of mRIECM medium at 37°C under mineral
oil in 5% CO, in air. All nondegenerating one-cell oocytes and evenly
cleaved two-cell oocytes at 23-25 h after ICSI were transferred into the
oviductal ampullae of recipient Wistar/ST rats that had been previously
mated with vasectomized males. Embryo transfers were performed on
the day when the vaginal plug was detected (defined as day 1).

To eliminate mutations that might have been generated by ENU in
other chromosomal regions of the Scnla locus, more than five backcross
generations were performed against the F344/NSlc inbred background.
Heterozygous carriers were then intercrossed to produce homozygous
individuals. The mean mutation frequency was ~1 in 4.0 million base
pairs (Mashimo et al., 2008). Although the chance for the occurrence of
a very tightly linked mutation with a phenotypic effect is very small, this
possibility should be taken into account for the experimental design and
interpretation of the results. We compared littermates to validate the
effect of the observed mutation and to minimize the possibility of the
before-mentioned circumstances.

Pentylenetetrazol- and hyperthermia-induced seizures. Pentylenetetra-
zol (PTZ) (Sigma-Aldrich) dissolved in saline was injected into the tail
vein at three doses (10, 20, and 30 mg/kg) to 10- to 12-week-old male rats.
The epileptic (ED5,) and lethal (LD,) dose of PTZ, which induced sei-
zures and associated death, respectively, in 50% of animals, was calcu-
lated by probit analysis.

Although exposing rat pups to a stream of hot air from a hair dryer has
been a widely used model of experimental febrile seizures, we used hot
water bathing since it can induce seizures in rats for a wider range of ages
(1-10 weeks). Hot water-induced seizures were described by Klauenberg
and Sparber (1984). A 30 X 60 X 60 tank contained 15-cm-deep 45°C
water, whose temperature was controlled by a heater. The rats were
placed in hot water for a maximum of 5 min or until a seizure occurred.
The rectal temperature of rats was measured before and immediately
after onset of the seizure with a probe inserted into the rectum (BAT-12;
Physitemp). Diazepam (Wako) dissolved in 40% polyethyleneglycol so-
lution (0.5 mg/kg) was administered intraperitoneally to the animals 30
min before the experiment.

For EEG recording, rats of 4 weeks of age were anesthetized with an
intraperitoneal injection of pentobarbital (40 mg/kg, i.p.). With the an-
imal’s head fixed in a stereotaxic instrument (David Kopf), screw elec-
trodes were placed on the right or left frontal and occipital cortex. A
reference electrode was placed on the frontal cranium. The electrodes
were then connected to a miniature plug and fixed to the skull with dental
cement. After a 1 week recovery period, animals with implanted electrodes
were subjected to the hyperthermia-induced seizure (HIS) experiments de-
scribed above. Cortical EEGs were recorded, under free-moving conditions,
with an amplifier (MEG-6108; Nihon Kohden) and a recorder (RTA-1100;
Nihon Kohden), and the signals were stored in a computer (ML845; Power-
Lab) for later analysis. Behavioral changes were simultaneously observed.

Expression analysis of Scnla. Whole brains were isolated from F344/NSlc
and Hiss rats at postnatal ages 1, 2, 3, 5,and 10 weeks (1 = 3 each). Total RNA
samples were extracted by Isogen reagent (Nippon Gene). First-strand
cDNA was synthesized from 5 ug of DNase-treated total RNA using oligo-
dT,,_ ;¢ primer and SuperScript II reverse transcriptase (Invitrogen). Quan-
titative PCR was performed using SYBR Premix Ex Taq polymerase and a
Thermal Cycler Dice Real-Time System TP800 (Takara). The following
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primers were used to specifically amplify respective genes: rat Scnla gene,
5'-TTGCTTTGGAATCACGCATCTC-3' and 5'-GAGGTGCCTATGG-
TCTGCTTCTGTA-3'; rat Scn3a gene, 5'-CGATGCAATTCACCCTGG-
AAG-3" and 5'-GTGGCGACGCTGAAGTTCTC-3'. The cycling conditions
comprised 10 s polymerase activation at 95°C and 30 cycles at 95°C for 5 s
and 60°C for 30 s. The data acquisition step was performed at 60°C, and final
melting curve analysis was used to ensure amplification of a single product.
This experiment was performed three times independently, and each RNA
sample was analyzed at least in duplicate. All relative quantification of gene
expression with real-time PCR data was performed using the comparative
threshold (Ct) cycle method. The Ct values of target genes were normalized
to the levels of GAPDH as an endogenous control at each time point.

Western blotting was performed using the cell lysate from the hip-
pocampus using standard methods. Signals were detected with antibod-
ies against rat Na, 1.1 (AB5204; Millipore Bioscience Research Reagents)
and B-actin (AC-40; Sigma-Aldrich).

Electrophysiological recordings of heterologously expressed recombinant
SCNIA. Full-length human SCN1A (Na,1.1) cDNA was provided by Dr.
Al George (Vanderbilt University, Nashville, TN). The N1417H muta-
tion was constructed by PCR-based site-directed mutagenesis. The
N1417H fragment was digested with BglII and Sall, and then replaced the
corresponding restriction fragment in the pPCMVscript-SCN1A wild type
(WT). The open reading frame of every construct was completely se-
quenced before use to exclude polymerase errors and rearrangements.
Recombinant SCN1A-WT and N1417H were heterologously coex-
pressed with human 1 and 32 accessory subunits (generous gifts from
Dr. Al George) in human embryonic kidney (HEK)-293 cells. Whole-cell
voltage-clamp recordings were performed to characterize the functional
properties of WT-SCN1A and N1417H. HEK-293 cells were grown in
DMEM supplemented with 10% (v/v) fetal bovine serum (Atlanta Bio-
logicals), 2 mm L-glutamine, and penicillin—streptomycin (50 U/ml and
50 ug/ml, respectively) in a humidified 5% CO, atmosphere at 37°C.
Expression of SCN1A, B1, and 2 was achieved by transient plasmid
transfection using QIAGEN Superfect reagent. Sodium channel currents
were recorded from transfected HEK293 cells at room temperature using
Axopatch 200B amplifiers (Molecular Devices). Pipette resistance was
between 1.3 and 2.0 M{). The pipette solution consisted of the following
(in mm): 110 CsF, 10 NaF, 20 CsCl, 2 EGTA, 10 HEPES, with a pH of 7.35
and osmolarity of 310 mOsmol/kg. The bath solution consisted of the
following (in mm): 145 NaCl, 4 KCl, 1.8 CaCl,, 1 MgCl,, 10 HEPES, with
a pH of 7.35 and osmolarity of 310 mOsmol/kg. Cells were allowed to
stabilize for 10 min after establishing the whole-cell configuration before
currents were recorded. Whole-cell capacitance and access resistance were
determined by integrating capacitive transients in response to voltage steps
from —120 to —110 mV filtered at 5 kHz. Series resistance (2 == 0.1 M) was
compensated 87-95% to assure that the command potential was reached
within microseconds with a voltage error <3 mV. Leak currents were
subtracted using the P/4 procedure. All data were low-pass Bessel filtered
at 5 kHz and digitized at 10-50 kHz. Specific voltage-clamp protocols
assessing channel activation, steady-state inactivation, and recovery from
fast inactivation were used. Representations of all voltage protocols are
included as insets in the figures. Persistent current was evaluated during
the final 10 ms of a 100 ms depolarization to —10 mV and expressed as a
percentage of peak current after digital subtraction of currents recorded
in the presence and absence of 10 um tetrodotoxin (TTX) (Sigma-
Aldrich). Results are presented as the mean * SEM, and statistical compar-
isons were made in reference to WT-SCN1A using the unpaired Student’s ¢
test. Data analysis was performed by using Clampfit 8.2 (Molecular Devices)
and OriginPro 7.0 (OriginLab) software.

Whole-cell recording in dissociated hippocampal neurons. Hippocampal
pyramidal cells and bipolar cells were freshly dissociated from 11- to
16-d-old F344/NSlc and Hiss (Scnla’o811/K811y rats. Coronal slices
(350 wm thick) of the hippocampus were prepared using a microslicer
(Linear Slice PRO7; Dosaka). After preincubation in Krebs’ solution for
40 min at 31°C, the slices were digested: first in Krebs’ solution contain-
ing 0.017% Pronase (Calbiochem/Novabiochem) for 20 min at 31°C,
and then in solution containing 0.017% thermolysin (type X; Sigma-
Aldrich) for 20 min at 31°C. The Krebs’ solution used for preincubation
and digestion contained the following (in mm): 124 NaCl, 5 KCI, 1.2
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KH,PO,, 2.4 CaCl,, 1.3 MgSO,, 24 NaHCO;, and 10 glucose. The solu-
tion was continuously oxygenated with 95% O, and 5% CO,. CAl re-
gions at the pyramidal layer or at a distance of 50-200 wm from the
pyramidal layer were punched out and dissociated mechanically using
fine glass pipettes with a tip diameter of 100200 wm. Dissociated cells
settled on tissue culture dishes (Primaria no. 3801; BD Biosciences)
within 30 min. Hippocampal bipolar neurons were identified by their
bipolar shape.

Electrophysiological measurements were performed on hippocampal
pyramidal cells and bipolar cells. Currents were recorded at room tem-
perature (22-25°C) using the whole-cell mode of the patch-clamp tech-
nique with an EPC-9 patch-clamp amplifier (HEKA). Patch pipettes
were made from borosilicate glass capillaries (1.5 mm outer diameter;
Hilgenberg) using a model P-97 Flaming-Brown micropipette puller
(Sutter Instrument). Pipette resistance ranged from 2 to 4 M{) when
filled with the pipette solutions described below. Series resistance was
electronically compensated to >50%, and both the leakage and remain-
ing capacitance were subtracted by the —P/5 method. Currents were
sampled at 100 kHz after low-pass filtering at 10 kHz. Stimulation and
data acquisition were performed using the PULSE program (version 7.5;
HEKA Elektronik). Sodium currents were recorded in an external solu-
tion that contained the following (in mm): 19.1 NaCl, 19.1 TEA-CI (tet-
raethylammonium chloride), 0.95 BaCl,, 1.90 MgCl,, 52.4 CsCl, 0.1
CdCl,, 0.95 CaCl,, 9.52 HEPES, 117 glucose, pH adjusted to 7.35 with
NaOH. The pipette solution contained the following (in mm): 157
N-methyl-p-glucamine (NMDG), 126 HCI, 0.90 NaCl, 3.60 MgCl,, 9.01
EGTA, 1.80 ATPNa,, 9.01 HEPES, 4.50 creatine-phosphate, pH adjusted
to 7.2 with NMDG. Conductance—voltage ( g—V) relationships were cal-
culated from current—voltage (I-V) relationships according to g = I,/
(V — E\.), where I, represents the peak sodium current measured at
potential V, and Ey, represents the equilibrium potential. Normalized
activation and inactivation curves were fitted to Boltzmann relationships
of the following form: y = 1/(1 + exp[(V,, 5 — V)/k]), where y is normal-
ized gy, or I,, V is the membrane potential, V, 5 is the voltage of half-
maximal activation, or inactivation, and k is the slope factor. Inactivation
time constants were evaluated by fitting the current decay with single
exponential function: I = A X exp(—t/7) + C, where I'is the current, A is
the current inactivated with time constants 7, and C is the noninactivat-
ing current.

Whole-cell voltage recordings were made at room temperature (22—
25°C) using the current-clamp mode with an Axopatch 200B patch-
clamp amplifier (Molecular Devices). Hippocampal pyramidal cells and
bipolar cells were held at —80 mV, and their firing patterns were re-
corded in response to sustained depolarizations or hyperpolarizations
(duration, 800 ms; increments, =5 pA) (Yuetal., 2006). The intracellular
solution contained the following (in mm): 135 potassium gluconate, 20
KCl, 2 MgCl,, 2 ATPNa,, 0.3 GTPNa, and 10 HEPES, 0.2 EGTA, pH
adjusted to 7.3 with KOH. The extracellular solution contained the fol-
lowing (in mm): 140 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, and 10
glucose, pH adjusted to 7.4 with NaOH. The input-output relationship,
action potential half-width, spike amplitude, and spike decrement were
measured. The input—output relationship was defined as the dependence
of the number of action potentials generated on the amplitude of current
injection. Action potential half-width was defined as the width at half-
maximum amplitude of the action potential. Spike decrement was cal-
culated as percentage of last spike amplitude divided by first spike
amplitude.

Statistical comparison between F344/NSlc and Hiss rats was per-
formed by Student’s ¢ test (*p < 0.05; **p < 0.01; ***p < 0.001).

Results

Targeted mutations in the rat Scnla

To generate a rat model carrying a mutation in the Scnla, we used
the chemical mutagen ENU and our recently developed strategy,
combining a high-throughput screening assay making use of the
Mu-transposition reaction (MuT-POWER) and ICSI to recover
rare heterozygous mutations from our frozen sperm repository
(Mashimo et al., 2008). Screening of 1735 G, samples by MuT-
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vertebrates.

POWER for mutations at the rat locus orthologous to the human
SCNIA gene, we were able to identify two mutations: Kyo631 and
Kyo811 (Fig. 1 A). Sequence analysis revealed that these two mu-
tations were both single-nucleotide substitutions, A1616C and
A4246C, resulting in amino acid changes, E539A and N1417H,
respectively. The SIFT prediction (http://blocks.thcrc.org/sift/
SIFT.html) suggested that the N1417H substitution may mark-
edly affect protein function. N1417H mutation is located in the
pore region of the sodium channel in a domain that is highly
conserved among other species as well as in other genes of the
sodium channel family (Fig. 1C).

The recovery of two identified mutant rats, Kyo631 and
Kyo811, from frozen sperm cells was achieved by ICSI, yielding
24 live rats, of which 6 and 5 rats, respectively, were confirmed
heterozygous for the mutations by direct sequencing (supple-
mental Table 2, available at www.jneurosci.org as supplemental
material). To eliminate mutations that might have been gener-
ated by ENU in other chromosomal regions of the Scnla locus,
more than five backcross generations were performed against
the F344/NSlc inbred background. Heterozygous carriers were
then intercrossed to produce homozygous individuals for
both Scn1a®°%! and Scn1a™°®'" alleles. Although the occur-
rence of a very tightly linked mutation with a phenotypic effect is
very small, this possibility should be taken into account when
designing the experiment and interpreting the results. We there-
fore compared littermates to validate the effect of the observed
mutation. Both Scn1a®°%! and Scn1a®°%'" strains appeared
phenotypically normal without any obvious seizures. There were
no apparent histological abnormalities in the brains of both rats.
Since human GEFS+ patients exhibit various forms of clinically
recognized seizures, including tonic—clonic, absence, and myo-
clonic seizures (Scheffer and Berkovic, 1997), we tested the sen-
sitivity of Scnla rats to seizures induced by the convulsant PTZ, a

GABA, receptor—chloride channel complex blocker. Rats ho-
mozygous F344-Scnl1a™°817%°8!! showed much higher suscep-
tibility to PTZ than F344/NSlc, F344-Scn1a™0031/%063L  and
heterozygous F344-Scnla®®'"/* (Fig. 2 A; supplemental Table 3,
available at www.jneurosci.org as supplemental material).

Susceptibility to HIS

The most common symptoms of GEFS+ are FS and FS plus, in
which the seizures are triggered by hyperthermia and occur after
6 years of age (Scheffer and Berkovic, 1997; Baulac et al., 1999).
To investigate whether Scnla mutant rats are susceptible to ther-
mal stimuli, we used a hot water bath to induce FS (Klauenberg
and Sparber, 1984). F344/NSlc and F344-Scn1a™°631/%°631 pats at
5 weeks of age showed no seizures when exposed to 45°C hot
water for 5 min, whereas all homozygous F344-Scn1a™°8/Kr0811
rats (n = 11) exhibited clonic seizures with an average latency of
3.5 = 0.6 min after immersion in water (Fig. 2B). Two of 11
Scn1a®°811"* heterozygous rats showed clonic seizures with a
latency of 4.7 * 0.4 min. Rectal temperature of the homozygous
rats at seizure induction (43.3 = 0.3°C) was significantly lower
than that of heterozygous rats (44.2 = 0.7°C; p < 0.007). We
considered that the brain temperature could be lower than the
rectal temperature that was measured when inducing the sei-
zures, since the head of each rat was not submerged in the heated
bath. Wild, heterozygous, and homozygous rats showed no dif-
ference for a normal rectal temperature of 37.9-38.3°C. Immers-
ing these rats in 37—40°C water did not evoke seizures.

The convulsive seizures of homozygous rats persisted even
after removal from the water bath with an average duration of
1.8 = 0.7 min with several recurrences (Fig. 2 B). These inter-
mittent seizures typically consisted of tonic flexion, clonic
convulsion, wet dog shake, myoclonic jerks of the limbs,
straub tail, and oral automatisms (supplemental Video 1, avail-
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bility to experimental FS; therefore, we

designated these hyperthermia-induced RF
seizure-susceptible rats as “Hiss” rats. E‘S
Age-dependent susceptibility to HIS
In rodent models of FS, postnatal day 8

. R-F
(P8) to P14 rats are most susceptible to RO
HIS (Chen et al., 1999; Schuchmann et al., F-0

2006). To clarify the relationship between
Scnla expression and susceptibility to
HIS, we monitored the expression level of
Scnla and hot water-induced seizures at
1-10 weeks of age (Fig. 3; supplemental
Table 4, available at www.jneurosci.org as
supplemental material). Throughout the
entire course of the experiments, the ex-
pression levels of Scnla in the brain were
similar between Hiss (Scnlg™o8H1/Kyo8il)
and control F344/NSlc rats. At 1 and 2
weeks of age, Scnla expression was very
low (Fig. 3A, B), and the immersion of rats into 45°C water led to
convulsive seizures in both F344/NSlc and Hiss rats (Fig. 3C).
Seizures in such infantile rats, consisting of oral automatisms,
myoclonic jerks of the limbs, and clonic convulsion, are generally
milder than those seen in adult rats, and no sustained seizures
were observed after removal from the water bath. No significant
difference was observed between the two strains for apparent
behavioral seizures and in the threshold temperature of seizure
induction (supplemental Table 4, available at www.jneurosci.org
as supplemental material).

At 3—-5 weeks of age, Scnla expression markedly increased and
peaked at 5 weeks of age (Fig. 3A,B) in agreement with previous
reports (Beckh et al., 1989; Gong et al., 1999). Susceptibility to
HIS decreased with age and inversely with the increased expres-
sion of Scnla in F344/NSlc rats (Fig. 3A, B), whereas the suscep-
tibility remained in Hiss rats even at 10 weeks of age (Fig. 3C). In
Hiss rats, sustained seizures were observed at 3, 5, and 10 weeks of
age. Rectal temperature at seizure induction in Hiss rats was sig-
nificantly lower than in control F344/NSlc rats (supplemental
Table 4, available at www.jneurosci.org as supplemental
material).

Figure 2.

Electrophysiological properties of the N1417H channel

To investigate how the N1417H missense mutation affects neu-
ronal activities, we examined the electrophysiological properties
of the N1417H mutation using a heterologous expression system
in human HEK293 cells (Lossin et al., 2002; Ohmori et al., 2006).
Cells expressing the N1417H mutant channels exhibited a
voltage-dependent inward current that resembled cells trans-
fected with WT channels (Fig. 4A). Inactivation proceeded in a
rapid biexponential manner, with no apparent difference be-
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Susceptibility of Scna rats to PTZ and hyperthermia stimuli. A, All strains exhibited dose-dependent PTZ-induced seizures,
but susceptibility was increased slightly in heterozygous Scn7a®°¢""* rats and significantly in homozygous Scn7a°6"%°87" The num-
bers of rats are described in supplemental Table 3 (available at www.jneurosci.org as supplemental material). B, Quantitative analysis of the
number of rats developing clonic seizures induced by hyperthermia in hot water (left) and extended convulsive seizures after taking them
out of the water (right). The numbers of rats are indicated in parentheses. *p << 0.01. , Typical epileptic discharges during convulsion
induced by hyperthermia (red bar) in the temporal cortex of homozygous rats at 5 weeks of age during clonic convulsion. The clonic
convulsive seizures of homozygous rats extended after taking them out of the water with a few recurrences. In some homozygous rats,
transient tonic convulsions were observed during clonic seizures. The insets show generalized cortical seizures on an expanded scale.
F, Frontal cortex; 0, occipital cortex; |, indifferent electrode.

tween WT and N1417H (Fig. 4 B). N1417H channels showed no
difference in current density and voltage dependence channel
activation compared with WT (Fig. 4C,D); however, N1417H
exhibited a significant hyperpolarizing shift in half-maximal
steady-state inactivation (Fig. 4 E; supplemental Table 5, available
at www.jneurosci.org as supplemental material). Moreover, re-
covery from fast inactivation was significantly slower in
N1417H-expressing cells ( p < 0.05) (Fig. 4F).

In previous reports, increased persistent sodium currents
were observed in epilepsy-associated Scnla mutant channels
(Lossin et al., 2002; Meisler and Kearney, 2005; Stafstrom, 2007).
Figure 4G illustrates representative, tetrodotoxin-subtracted cur-
rent traces for WT-SCN1A and N1417H in response to a 100 ms
voltage step to —10 mV from a holding potential of —120 mV.
Cells expressing N1417H exhibited a significantly greater per-
sistent current expressed as a percentage of peak current
(0.88 £ 0.17%; n = 11) compared with WT-SCN1A (0.38 =
0.10%; n = 7; p < 0.05) (Fig. 4H).

Sodium channel properties in hippocampal neurons

To access functional properties in native N1417H channels, we
examined whole-cell sodium currents in hippocampal pyramidal
cells (glutamatergic neurons) and bipolar cells (GABAergic inter-
neurons) dissociated from 12- to 16-d-old F344/NSlc and Hiss
rats (Scnla™?%"/Scn1a™°%"). Whole-cell sodium currents re-
corded in pyramidal cells from F344/NSlc and Hiss rats were
similar in current density, voltage dependence of activation, and
voltage dependence of inactivation (supplemental Fig. 1, Table 6,
available at www.jneurosci.org as supplemental material). In bi-
polar cells, the mean current amplitudes, capacitance, and densi-
ties were not significantly different between F344/NSlc and Hiss
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1996), or through bathing in hot water
(Klauenberg and Sparber, 1984). These
models permitted fundamental discover-
ies about their underlying mechanisms
and consequences for developing epi-
lepsy. However, significant gaps in our
knowledge remain regarding the role of
genetic predispositions toward FS, which
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has often been observed in human fami-
lies. In this study, by using the ENU
mutagenesis approach, we generated
Scnla-targeted Hiss rats. The rats carried
a N1417H missense mutation in the third
pore region of the sodium channel, in
which several mutations have been re-
ported for SMEI and GEFS+ families
(Sugawara et al., 2001; Lossin, 2009). Us-
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(bottom) rats. The numbers of rats are indicated in parentheses. *p << 0.01 versus F344/NSlc.

rats (Fig. 5A—C). Voltage dependence of activation was not dif-
ferent between F344/NSlc and Hiss rats, whereas inactivation
showed different voltage dependence, in which the curve signifi-
cantly shifted in the hyperpolarizing direction in Hiss rats (Fig.
5D, E; supplemental Table 7, available at www.jneurosci.org as
supplemental material). The mean inactivation time constants
were not different between F344/NSlc and Hiss rats (Fig. 5F).
Persistent sodium currents, evaluated during the final 10 ms of a
100 ms depolarization to —30 mV, were significantly increased in
hippocampal bipolar cells of Hiss rats ( p < 0.05) (Fig. 5G,H).

We examined how these abnormal properties of the sodium
channels affected neuronal firing patterns. We recorded the action
potentials that originated from dissociated hippocampal pyrami-
dal neurons and bipolar neurons in response to a series of current
injections and determined the input—output relationship. The
number of action potentials and their firing patterns were similar
for pyramidal neurons from F344/NSlc and Hiss rats (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental ma-
terial). The number of action potentials for bipolar cells was
similar, but was slightly reduced for Hiss rats with increasing
injected current (Fig. 6A,B). At 95 pA injected current, the first
and last spike amplitudes of the action potential were signifi-
cantly reduced for Hiss rats (Fig. 6C). The width of their firing
patterns was slightly broader at 95 pA injected current (Fig. 6 D).
These results indicate that interneuron excitability was slightly
reduced in the hippocampus of the Hiss rat.

Discussion

Animal models of FS have been previously established. For these,
convulsive activity is evoked by exposing rats to hyperthermia,
which increases their body temperature to a level that is compa-
rable with a human fever. Methods include using heated air
(Holtzman et al., 1981; Chen et al., 1999; Schuchmann et al.,
2006), jets of hot water that are applied to the head (Ullal et al.,

Seizures in HW

Developmental changes in ScnTa expression and susceptibility to hyperthermia-induced seizures. 4, Scn7a (red) and
Scn3a (blue) mRNA quantification was expressed as a percentage of the maximum level, at different postnatal ages, 1-10 weeks,
in the brain of F344/NSlc (triangle) and Hiss (rectangle) rats. Error bars indicate mean == SE. *p << 0.05 for each age versus 1 week
by ANOVA. B, Na, 1.1 protein levels in the hippocampus of F344/NSIc (blue) and Hiss (red) rats at 1 and 5 weeks of age. The
expression level was normalized against B-actin. *p << 0.05 and **p << 0.01 for 1 week versus 5 weeks by Student’s ¢ test.
C, Quantitative analysis of the number of rats developing clonic seizures induced by hyperthermia in hot water (left) and extended
convulsive seizures after taking them out of the water (right), at different postnatal ages 1-10 weeks, for F344/NSlc (top) and Hiss

ing this model, we found that the Na,1.1
channel plays an important role in con-
trolling experimental FS. To our knowl-
edge, the Hiss rat is the first animal model
of FS that combines experimental FS
models, such as hyperthermia-induced
seizures, with a genetic predisposition, a
missense mutation in the Na, 1.1 gene.

FS in humans is clearly age dependent
in children between 6 months and 6 years
of age, whereas P8 —P14 rats are most sus-
ceptible to experimental FS (Holtzman et
al., 1981; Chen et al., 1999; Schuchmann
et al,, 2006). Although superimposing the developmental stages
of the rodent brain onto those of the human brain is difficult, the
P12-P13 rat seems to correspond to a full-term human neonate
(Romijn etal., 1991). The transiently high susceptibility to exper-
imental FS that is seen for rats can be expected to occur before
birth for humans, when GABAergic inhibition is relatively imma-
ture. During the first two postnatal weeks for rats and most likely
during the late prenatal and early postnatal period for humans,
GABA promotes a paradoxical excitatory activity. This is attrib-
utable to a larger intracellular Cl ~ concentration, which depolar-
izes neurons (Ben-Ari and Holmes, 2006). The shift from a
depolarizing to hyperpolarizing Cl~ concentration simulta-
neously occurs at P14 for rats with a decrease in NKCC1 cotrans-
porter expression. This facilitates Cl ~ accumulation in neurons
and increased KCC2 cotransporter expression, which extrudes
intracellular Cl~ (Dzhala et al., 2005). The age-dependent expres-
sion patterns of NKCC1 and KCC2 are quite similar to those of
Scn3a and Scnla, respectively, which we observed in this study (Fig.
3). Moreover, the susceptibility of F344 rats to HIS disappeared after
3 weeks of age in parallel with Scnla expression. However, the Hiss
rats remained susceptible probably because of the impaired function
of the mutated Na,1.1 channel. Generally, human FS occurs sud-
denly and without any obvious symptoms, except for a rapid rise of
fever usually within 24 h of fever onset. The Hiss rat displays a typical
convulsive seizure when its body temperature reaches a certain
threshold, with extended seizures occurring after being removed
from hot water (supplemental Video 1, available at www.jneurosci.
org as supplemental material). Human and rat FSs are effectively
prevented by using anticonvulsants such as diazepam. Considering
the behavioral similarity of the seizures and the neuronal develop-
mental conditions in the brain, the Hiss rat is a useful animal model
of human FS and FS+. It will therefore enable a better understand-
ing of the etiology of FS and/or associated epilepsy.

Seizures after HW
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GEFS+ is a familial epilepsy syndrome
for which the majority of patients present
with typical FS or FS+. In addition, pa-
tients can have afebrile seizures, including
generalized tonic—clonic seizures, myo-
clonic seizures, atonic seizures, or myo-
clonic—astatic epilepsy (Scheffer and
Berkovic, 1997). For Hiss rats, obvious
spontaneous seizures are very rare. Only a
few cases of typical tonic—clonic seizures
have been observed for adults. The poten-
tial contribution of FS to temporal lobe
epilepsy is a topic of interest (Baulac et al.,
2004; Dubé et al., 2007; Sadleir and Scheffer,
2007). Prospective studies suggested that
a history of long or complex FSs signifi-
cantly increases the risk for epilepsy.
However, the precise mechanisms that
mediate early-life epileptogenesis remain
unknown. Animal models of FS show that
experimentally prolonged FS elicits long-
lasting changes in neuronal function,
which might lead to limbic epilepsy (Dubé
et al., 2006). For Hiss rats, neither pro-
longed experimental FS nor repetitive FS
between 3 and 5 weeks of age evoked ob-
vious epileptic seizures in the adults.
However, this should be investigated in bet-
ter detail using more sophisticated equip-
ment. For example, a systematic video-EEG
monitoring system could be used to detect
spontaneous seizures, which might rarely
occur in the adults.

Hyperthermia does not encompass the
spectrum of biological processes of FS.
However, temperature influences numer-
ous cellular processes, including the activ-
ities of several types of neuronal ion
channels and the electrical activity of neu-
rons. This could enhance the rate, magni-
tude, or synchrony of neuronal firing and
lead to seizures (Hodgkin and Katz, 1949;
Moser et al., 1993). This is supported by
the observation that FS was induced for
Japanese patients who bathed in hot water
(Fukuda et al., 1997). Some authors have
also reported a considerable coexistence
of FS of 5-15% for family histories of pa-
tients who suffer from hot water epilepsy
(Mani et al., 1974; Satishchandra, 2003).
Evidence exists that hyperthermia per se
triggers seizures in vivo (Chen et al., 1999;
Schuchmann et al., 2006) and induces ep-
ileptiform activity in vitro (Wu et al.,
2001). For one in vivo model, increased
body temperature for rat pups leads to a
pronounced increase in the respiration
rate. This is followed by an increase in brain
pH, which triggers ictal activity, also known
as respiratory alkalosis (Schuchmann et al.,
2006). It would be interesting to study
whether the Na, 1.1 channel mutation in-
fluences the pH sensitivity of the brain,
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Figure 4.  Sodium currents recorded from HEK293 cells expressing either WT-SCN1A or N1417H. A, Representative whole-cell

sodium currents. The currents were activated by voltage steps to between —80and -+60 mV in 20 mV increments from a holding
potential of —120 mV. B, Voltage dependence of fast inactivation time constants for WT-SCNTA and N1417H. Fast and slow time
constants were plotted versus voltage. C, Peak current density of whole-cell currents elicited by test pulses to various potentials and
normalized to cell capacitance. WT, n = 8;N1417H,n = 10.D, Voltage dependence of channel activation measured during voltage
steps to between —80 and +20 mV from a holding potential of —120 mV. E, Voltage dependence of fast inactivation measured
at —10mV in response to a 100 ms prepulse voltage step to between — 140 and — 10 mV from a holding potential of —120 mV.
F, Recovery from fast inactivation was evaluated using a two-pulse protocol, and the data were fitted with a two-exponential
function. Time-dependent recovery from fast inactivation measured at — 10 mV between 1and 3000 ms immediately after a 100
ms prepulse voltage step to — 10 mV from a holding potential of — 120 mV. G, Representative tetrodotoxin-subtracted whole-cell
sodium currents recorded from HEK293 cells expressing WT-SCN1A and N1417H. Persistent current was measured in response to a
100 ms voltage step to — 10 mV from a holding potential of —120 mV. Each current trace has been normalized to its peak sodium
current. The inset shows an expanded y-axis scaled to emphasize the relative proportion of persistent current. H, Quantification of
persistent current as a percentage of peak current for WT (n = 7) and N1417H (n = 7). Error bars indicate mean = SE.
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Figure 5.  Comparison of sodium currents recorded in hippocampal bipolar neurons dissociated from F344/NSlc and Hiss rats. 4, Families of sodium currents evoked by 10 ms depolarizing pulses from —60
t020mV with 10mVincrements ata I, of —100 mV in hippocampal bipolar neurons dissociated from F344/NSlc (top) and Hiss (bottom) rats. B, /~V/ relationships for F344/NSlc (open squares; n = 8) and Hiss
(filled circles; n = 14). €, Comparison of peak current amplitudes (left), cell capacitances (middle), and current densities (right). Sodium currents elicited by a step pulse from a I, of —100to —20 mV are
analyzed. Means == SE are shown. D, Voltage dependence of activation for F344/NSlc (open squares; n = 8) and Hiss (filled circles; n = 14). Half-maximal activation occurred at —37.4 == 1.3 mV with a slope
factor of 6.6 == 0.3 for F344/NSIcand at —36.5 == 1.8 mV with a slope factor of 6.6 == 0.2 for Hiss. E, Voltage dependence of inactivation for F344/NSIc (open squares; n = 5) and Hiss (filled circles; n = 13).
Amplitudes of currents evoked by the test pulse to —20 mV after a 100 ms V, prepulse to various membrane potentials between —110and 0 mV were normalized to the current amplitude induced by the test
pulse aftera 100 ms V, prepulse of — 100 mV. The mean values were plotted as a function of potentials of 100 ms V, prepulse and were fitted to the Boltzmann equation. Membrane potentials for half-maximal
inactivation and slope factors were as follows: F344/NSlc, —65.6 == 1.8 mVand —4.8 == 0.3; Hiss, —71.5 = 0.8 mV ( p << 0.05) and —5.7 = 0.2 ( p << 0.05). F, Inactivation time constants of hippocampal
bipolar neurons from F344/NSlc (open symbols; n = 21) and Hiss (filled symbols; n = 23). Current decay was fitted by a sum of two exponential functions. The mean inactivation time constants for fast =, (open
triangles and filled triangles) and slow 7, (open squares and filled circles) were plotted as a function of test potentials from —50 to —30 mV. G, Representative sodium current was evoked by 100 ms
depolarization to —30 mV from V.. TTX-sensitive currents were obtained by digital subtraction of sodium currents recorded before and after 1 wum TTX addition. The inset shows an expanded vertical scale to
emphasize the relative proportion of the persistent current. H, Persistent sodium currents in hippocampal bipolar neurons from F344/NSlc (n = 17) and Hiss (n = 12). Persistent current was evaluated during
the final 10 ms of 100 ms depolarization to —30 mV. Error bars indicate mean = SE if larger than symbols. *p << 0.05 versus F344/NSlc.
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Figure6. Depolarization-evoked firing activity of hippocampal bipolar neurons that have been dissociated from F344/NSlc and Hiss rats. A, Representative sets of action potential traces recorded

for F344/NSIc and Hiss hippocampal bipolar neurons during 800 ms injections of 45 pA (top) and 95 pA of current (bottom), fora membrane potential of —80 mV. B, Input—output relationship for
the number of action potentials elicited versus the injected current for F344/NSIc (open squares; n = 4) and Hiss (filled circles; n = 5). C, Spike amplitudes of the first (left) and last (right) action
potentials elicited versus the injected current for F344/NSlc (n = 4) and Hiss (n = 5) hippocampal bipolar neurons. D, Half-width of the first action potentials and spike decrement for F344/NSlc (n =
4) and Hiss (n = 5) hippocampal bipolar neurons elicited by 45 pA (left) and 95 pA of current injection (right). The spike decrement was calculated as the percentage of the last spike amplitude
divided by the first spike amplitude. Means == SE are shown. *p << 0.01, **p << 0.01 versus F344/NSlc.

which may involve neuronal mechanisms that control respira-
tion and acid—base homeostasis.

Several missense mutations in the Na 1.1 channel have been
reported for GEFS+. A couple of studies used recombinant
Na,1.1 channels and electrophysiological recordings. They re-
vealed that these mutations may cause either gain-of-function or
loss-of-function effects that are consistent with either increased
or decreased neuronal excitability (Ragsdale, 2008; Lossin, 2009).
Our observations that were based on the electrophysiological
analysis of the Na,1.1 channel in heterologously expressed HEK
cells indicated that the N1417H missense mutation has a hyper-
polarized shift for the voltage dependence of fast inactivation.
These results were confirmed for isolated hippocampal interneu-
rons, but not for pyramidal neurons, from Hiss rats. The N1417H
missense mutation may decrease the availability of the Na, 1.1 chan-
nel in inhibitory interneurons, resulting in the partial dysfunction of
network inhibition. Interestingly, the M145T mutation of SCN1A
linked to simple FS was reported on for a large family (Baulac et al.,
2004; Mantegazza et al., 2005; Colosimo et al., 2007). This is consis-
tent with other reports that found a link with the FEB3 locus of FS
families (Peiffer et al., 1999; Baulac and Baulac, 2009). The pheno-
types and genetic conditions of the Hiss rat seem to be very similar to
those reported for simple FS patients of the M145T family. Of note,
the M145T mutation causes a partial loss of function.

A persistent current causes neuronal hyperexcitability, for
which the channels do not stably inactivate and the sodium cur-

rents of mutant cells fail to completely decay to the baseline (Lossin
et al., 2002; Meisler and Kearney, 2005; Stafstrom, 2007). Al-
though this abnormal and persistent current represents only a
fraction of the peak transient current, it persists long after the
transient current has been inactivated. This may profoundly af-
fect neuronal excitability. For our heterologous expression sys-
tem of HEK cells, the N1417H missense mutation resulted in a
slightly but significantly increased persistent current compared
with the wild-type channel. This persistent sodium current was
confirmed for hippocampal bipolar neurons, but not for pyrami-
dal neurons in Hiss rats. The Na,1.1 channel is predominantly
expressed in hippocampal interneurons (Yu et al., 2006; Ogiwara
et al., 2007) and also is expressed at lower levels in pyramidal
neurons (Tang et al., 2009). We could not clarify whether the
persistent sodium current can increase or decrease the excitabil-
ity of hippocampal neurons. In fact, the combination of opposing
biophysical properties, namely the predicted gain and loss of
channel activity, has been reported for GEFS+ and related epi-
leptic syndrome-associated SCN1A mutations (Lossin et al.,
2002; Rhodes et al., 2005; Ohmori et al., 2006). Our current-
clamp recordings clearly showed a reduction in the action poten-
tial amplitude for the hippocampal interneurons of Hiss rats. A
larger reduction was observed with increasing injected current.
This may be associated with enhanced susceptibility to febrile
seizures for Hiss rats because of the reduced inhibition of
GABAergic interneurons. The resulting dysfunction of network



Mashimo et al. @ Susceptibility to Febrile Seizures in Scn7a Rats

inhibition can hyperactivate excitatory pyramidal neurons dur-
ing acute hyperthermia. We could not, however, rule out that
other sodium channels, such as Na,1.3 channels, may affect the
firing activities of the hippocampus of the mutant rats.

In conclusion, our studies, which used a rat model of FS,
revealed that the impaired biophysical properties of hippocampal
interneurons contribute to susceptibility to FS among rats. Hiss
rats can be used to test the effects of preventative new drugs
against FS, FS+, and/or associated epilepsy.
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