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Mutations in the neuronal voltage-gated sodium channel genes SCN1A and SCN2A are associated with
inherited epilepsies, including genetic epilepsy with febrile seizures plus (GEFS+) and Dravet syndrome
(severe myoclonic epilepsy of infancy). The clinical presentation and severity of these epilepsies vary widely,
even in people with the same mutation, suggesting the action of environmental or genetic modifiers. To gain
support for the hypothesis that genetic modifiers can influence clinical presentation in patients with
SCN1A-derived GEFS+, we used mouse models to study the effect of combining the human GEFS+ mutation
SCN1A-R1648H with SCN2A, KCNQ2, and SCN8A mutations. Knock-in mice heterozygous for the R1648H
mutation (Scn1aRH/+) have decreased thresholds to induced seizures and infrequent spontaneous seizures,
whereas homozygotes display spontaneous seizures and premature lethality. Scn2aQ54 transgenic mice have a
mutation in Scn2a that results in spontaneous, adult-onset partial motor seizures, and mice carrying the
Kcnq2-V182Mmutation exhibit increased susceptibility to induced seizures, and rare spontaneous seizures as
adults. Combining the Scn1a-R1648H allele with either Scn2aQ54 or Kcnq2V182M/+ results in early-onset,
generalized tonic–clonic seizures and juvenile lethality in double heterozygous mice. In contrast, Scn8a
mutants exhibit increased resistance to induced seizures. Combining the Scn1a-R1648H and Scn8a-med-jo
alleles restores normal thresholds to flurothyl-induced seizures in Scn1aRH/+ heterozygotes and improved
survival of Scn1aRH/RH homozygotes. Our results demonstrate that variants in Scn2a, Kcnq2, and Scn8a can
dramatically influence the phenotype of mice carrying the Scn1a-R1648H mutation and suggest that ion
channel variants may contribute to the clinical variation seen in patients with monogenic epilepsy.
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Introduction

During the past 15 years, research has revealed several genes
underlying rare monogenic forms of idiopathic generalized epilepsy
(IGE); however, there has been less progress towards the identification
of genes involved in the more common, genetically complex forms of
IGE (Greenberg and Pal, 2007;Heron et al., 2007; Tan et al., 2006).Many
of the genes now known to cause monogenic forms of epilepsy encode
neuronal ion channel subunits, including voltage-gated sodium and
potassium channels. Mutations in the voltage-gated sodium channels
SCN1A, SCN2A, and SCN1B result in genetic (generalized) epilepsy with
febrile seizures plus (GEFS+) (Escayg et al., 2000; Sugawara et al., 2001;
Wallace et al., 1998). We recently generated a mouse model of GEFS+
by introducing the human SCN1A-R1648HGEFS+mutation, whichwas
identified in a large pedigree with 13 affected members, into the
orthologous mouse Scn1a gene (Martin et al., 2010).

Scn1aR1648H/+ heterozygous mutants (Scn1aRH/+) display a normal
lifespan, reduced thresholds to flurothyl- and hyperthermia-induced
seizures, and infrequent spontaneous generalized seizures as adults
(Martin et al., 2010). Scn1aRH/RH homozygousmice exhibit spontaneous
generalized seizures and have an average lifespan of 18.5 days. Cortical
interneurons from Scn1aRH/+ and Scn1aRH/RH mice display slowed
recovery from inactivation, increased use-dependence, and a reduced
ability tofire action potentials. These electrophysiological abnormalities
are predicted to reduce the level of GABAergic inhibition, providing a
mechanism for seizure generation (Martin et al., 2010).

Mutations in the voltage-gated sodium channel SCN2A have also
been associated with human epilepsy syndromes, including GEFS+
and benign familial neonatal-infantile seizures (BFNIS) (Meisler and
Kearney, 2005). The transgenic mouse model Scn2aQ54 has a gain-of-
function mutation in Scn2a and a progressive epilepsy phenotype
characterized by partial motor seizures that begin in the second
month of life, followed by the development of secondary generalized
seizures and a reduced lifespan. Hippocampal pyramidal neurons
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from Scn2aQ54 mice exhibit increased persistent sodium current
(Kearney et al., 2001).

Mutations in the voltage-gated potassium channel genes KCNQ2
and KCNQ3 are associated with benign familial neonatal convulsions
(BFNC), characterized by clusters of seizures in the first days of life
and remissionwithin the first year (Biervert et al., 1998; Charlier et al.,
1998; Singh et al., 1998). Kv7.2 and Kv7.3, encoded respectively by
KCNQ2 and KCNQ3, heterodimerize to form a slowly activating and
inactivating voltage-gated potassium channel that generates the M-
current, which is important in controlling repetitive firing upon
strong excitatory stimulation (Cooper and Jan, 2003; Delmas and
Brown, 2005). The Kcnq2Nmf134 line was generated by ethylnitro-
sourea (ENU) mutagenesis and carries the amino acid substitution
V182M in the third transmembrane segment of Kcnq2. Kcnq2V182M/+

heterozygous mutants (Kcnq2VM/+) exhibit reduced thresholds for
minimal clonic seizures and rare spontaneous seizures as adults;
however, they have a normal lifespan (Kearney et al., 2006). We
previously showed genetic interaction between Scn2a and Kcnq2 in
mice (Kearney et al., 2006).

SCN8A mutations are associated with ataxia and behavioral
abnormalities in humans and movement disorders in mice. Mice
homozygous for the Scn8amed-jomissensemutation exhibit tremor and
cerebellar ataxia. Although heterozygous mutants have no visible
abnormalities, they do have spontaneous spike-wave discharges
characteristic of non-convulsive, absence seizures (Dick et al., 1986;
Kohrman et al., 1996; Papale et al., 2009; Sidman et al., 1979). We
recently found that heterozygous Scn8amed-jo/+ mutants and hetero-
zygous Scn8amed/+ mutants, that carry a loss-of-function mutation,
were more resistant to flurothyl- and kainic acid-induced seizures.
We also showed that the Scn8amed-jo allele could rescue the reduced
seizure threshold and premature lethality of heterozygous Scn1a
knockout mice, suggesting that Scn8a may play an important role in
the excitatory circuits that influence convulsive seizure thresholds
(Martin et al., 2007).

Unrelated individuals with GEFS+exhibit a wide range of epilepsy
subtypes and severities that may reflect, in part, the relative effect of
different SCN1A mutations on channel function. Similar variability is
also seen between affected family members who carry the same
SCN1A mutation (Fujiwara, 2006; Singh et al., 2001). This suggests
that in addition to the primary mutation, the clinical manifestation of
epilepsy can be influenced by other factors such as stochastic events
during development, environmental influences or genetic modifiers.
Mouse models with sodium channel mutations exhibit variable
phenotypes depending on the genetic background, supporting a role
for genetic modifiers (Bergren et al., 2005; Kearney et al., 2006;
Ogiwara et al., 2007; Yu et al., 2006). Based on these observations, we
hypothesize that genetic modifier loci may contribute to the variable
clinical presentation observed in GEFS+.

To test the hypothesis that genetic modifiers can contribute to
GEFS+ variability, we examined the effect of mutations in Scn2a,
Kcnq2, and Scn8a on the epilepsy phenotype of the Scn1aR1648H mouse
model. Here we demonstrate that mutations in Scn2a and Kcnq2
exacerbate the phenotype, whereas altered Scn8a function amelio-
rates it. Our results provide support for genetic modification as one
mechanism by which the clinical presentation of GEFS+ can be
altered underscoring that neuronal excitability is influenced by the
net activity of ion channels.

Materials and methods

Animals

Scn1aR1648H mice were generated as previously described (Martin
et al., 2010). Scn1aR1648H mice, on the 129S6.C57BL/6J(N2–3) back-
ground, were used for mating with Kcnq2VM/+ and Scn8amed-jo/+ mice.
Scn1aR1648H mice on the 129S6/SvEvTac background were used for
mating with Scn2aQ54 mice. The Kcnq2V182M mice were generated at
The Jackson Laboratory by ENU mutagenesis (http://nmf.jax.org).
Kcnq2VM/+ heterozygous mutants are maintained by continued
backcrossing to C57BL/6J. Scn2aQ54 transgenic mice congenic on the
C57BL/6J background were established as described (Bergren et al.,
2005) and are maintained by continued backcrossing of hemizygous
transgenic males to C57BL/6J females. C57BL/6J-Scn8amed-jo/J mice
were purchased from The Jackson Laboratory and are maintained on
the C57BL/6J background. Scn1aR1648H, C57BL/6J-Scn8amed-jo/J,
Scn2aQ54, and Kcnq2V182M mice were genotyped as previously
described (Kearney et al., 2001, 2006; Martin et al., 2007, 2010).

Generation of double mutant mice

Double heterozygous mutants were generated by crossing Scn1aRH/+

females with Kcnq2VM/+, Scn8amed-jo/+, or Scn2aQ54 males. Scn1aRH/RH;
Scn8amed-jo/+mutantsweregeneratedbycrossing Scn1aRH/+;Scn8amed-jo/+

males with Scn1aRH/+ females. All double mutants were obtained at
expected Mendelian ratios. Littermates were used for all experiments to
minimize variation due to differences in genetic background. Mice were
housed inpathogen-freemouse facilitieswith 12-h light/dark cycles. Food
and water were available ad libitum. All experimental protocols were
approved by the Emory University and Vanderbilt University IACUC
committees.

Flurothyl seizure induction

Mice between 8 and 12 weeks of age were placed in a clear
Plexiglas chamber, and flurothyl (2,2,2-trifluroethylether) (Sigma-
Aldrich) was slowly introduced into the chamber via a syringe pump
at a rate of 20 μl/min and allowed to volatilize. Seizure thresholds
were determined by measuring latency to the first myoclonic jerk
(MJ) and generalized tonic-clonic seizure (GTCS). The MJ is the first
observable behavioral response and is characterized by a brief jerk of
the shoulders and/or neck. The GTCS is characterized by convulsions
of the entire body and a loss of posture. Data from males and females
were analyzed separately. No sex differences were observed;
therefore, data from both sexes were combined. Statistical analysis
between genotypes was performed using one-way analysis of
variance (ANOVA) followed by Fisher's post-hoc test.

Video-ECoG monitoring

Mice were implanted with prefabricated headmounts (Pinnacle
Technology, Inc.) for video-ECoG monitoring. Briefly, mice were
anesthetized with isoflurane and placed in a stereotaxic frame (Kopf),
and headmounts were attached to the skull with four stainless steel
screws that serve as cortical surface electrodes. Headmounts were
positioned 0–0.5 mm posterior to lambda. The anterior screw
electrodes were 0.5–1 mm posterior to bregma and 1 mm lateral
from the midline. The posterior screws were 4.5–5 mm posterior to
bregma. After≥24 hours of recovery, mice were placed in a Plexiglas
bowl (14" h×16" diameter), and ECoG datawere collected from freely
moving mice. Digitized data were acquired and analyzed with Sirenia
software (Pinnacle Technology, Inc.) along with contemporaneous
video recordings. Epileptiform activity was scored manually.

Results

Scn2aQ54 and Kcnq2V182M alleles reduce the lifespan of Scn1aRH/+

mutants

To model the effect of inheriting mutations in the Scn1a and Scn2a
sodium channel genes, we generated Scn1aRH/+;Scn2aQ54 double
mutants. Beginning at P16, Scn1aRH/+;Scn2aQ54 double mutants exhibit
spontaneous partial motor seizures and GTCS. In 137 hours of ECoG

http://nmf.jax.org
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recording, we observed 25 GTCS and 11 partial motor seizures (Table 1;
Fig. 2). Generalized seizures lasted 45–100 s, during which time mice
experienced repetitive jerking of all four limbs and neck, running and
jumping, and tail clonus (Supplementary Video 1). These seizures often
ended with tonic hindlimb extension, indicative of a severe seizure.
During ECoG recording, we observed that two Scn1aRH/+;Scn2aQ54 mice
had severe seizures with hindlimb extension followed by death. Partial
motor seizures lasted b10 s, and were characterized by forelimb clonus
(Supplementary Video 2). Scn2aQ54 littermates displayed a similar
number of partial motor seizures; however, GTCS were rare, with only
one observed during 168 hours of ECoG recordings (Table 1).We sawno
seizures in Scn1aRH/+ littermates (Table 1, Fig. 2), as was expected from
previous monitoring of 3- to 5-month-old Scn1aRH/+ mice that detected
spontaneous seizureswith a lowaverage frequencyof one seizure per 64
hours of recording (Martin et al., 2010). Sporadic death of Scn1aRH/+;
Scn2aQ54 double mutants began to occur at P16, with 100% mortality by
P24 (Fig. 1).

To model the effect of inheriting mutations in Kcnq2 and Scn1a, we
generated Scn1aRH/+;Kcnq2VM/+ double heterozygous mutants. At P16,
Scn1aRH/+;Kcnq2VM/+ mice began to display spontaneous generalized
seizures. In 330 hours of ECoG recording, we observed 87MJ, four GTCS,
and one partial motor seizure in the double heterozygous mutants
(Table 1; Fig. 2). During a generalized seizure, the mice typically
experienced repetitive jerking of all four limbs and neck, running and
jumping, and tail clonus (Supplementary Video 3). Generalized seizures
were periodically followed by tonic extension of the hindlimbs. During
ECoG recording, we observed that two Scn1aRH/+;Kcnq2VM/+ mice had
severe seizures with hindlimb extension followed by death. We
observed no epileptiform events in the Scn1aRH/+ or Kcnq2VM/+

littermates. At P19, sporadic death of the double heterozygous mice
began to occur, and there was 42% mortality by P25 (Fig. 1),
demonstrating the ability of the Kcnq2V182M allele to exacerbate the
phenotype of the Scn1aRH/+ mice. Interestingly, 47% of double
heterozygous mutants survived for more than 100 days (Fig. 1).

Scn8a dysfunction restores normal seizure thresholds in Scn1aRH/+

mutants

We previously demonstrated that two heterozygous Scn8a
mutants, Scn8amed-jo/+ and Scn8amed/+, exhibit increased resistance
to flurothyl- and kainic acid-induced seizures (Martin et al., 2007). In
contrast, Scn1aRH/+mutants have reduced thresholds to flurothyl-
induced GTCS (Martin et al., 2010). To investigate whether the
Scn8amed-jo allele could alter convulsive seizure thresholds in
Scn1aRH/+ mice, we generated double heterozygous mutants harbor-
ing both mutations. Thresholds to flurothyl-induced seizures were
compared between Scn1aRH/+;Scn8amed-jo/+ double heterozygotes,
single heterozygotes, and wild-type (WT) littermates.

In agreement with our previous observations (Martin et al., 2007,
2010), when compared to WT littermates, the average latency to
flurothyl-induced GTCS in Scn8amed-jo/+ mutants was 30% longer
while a 21% reduction was observed in Scn1aRH/+ mutants (Fig. 3). For
Table 1
Electrographic events recorded from compound mutant mice. Video-ECoG data were
collected from freely moving mice. Digitized data along was analyzed along with
contemporaneous video and epileptiform activity was manually scored.

Genotype Events Total hours
of ECoG
monitoring

Age
range
(days)

n

GTCS Partial MJ

RH/+, Q54 25 11 3 137 P17-P21 5
RH/+, VM/+ 4 1 87 330 P18-P36 7
Q54 1 14 0 168 P17-P25 3
RH/+ 0 0 0 240 P18-P42 4
VM/+ 0 0 0 350 P22-P44 3

Abbreviations used: GTCS, generalized tonic-clonic seizure; MJ, myoclonic jerk.
the Scn1aRH/+;Scn8amed-jo/+ double mutants, the average latency to
GTCS was 50% longer when compared to the Scn1aRH/+ mutants
(Fig. 3). One-way ANOVA detected an effect of genotype (F(3,35)=
9.858, p≤0.001). Post hoc analysis demonstrated that when com-
pared to WT littermates, the increased latency to the GTCS shown by
Scn8amed-jo/+ mutants as well as the decreased latency to the GTCS
observed in Scn1aRH/+ mutants were statistically significant (p≤0.05
for both comparisons, Fisher). In addition, the increased latency to
GTCS observed in Scn1aRH/+;Scn8amed-jo/+ double mutants was
statistically significant when compared to Scn1aRH/+ mutants, but
was not statistically different from WT littermates (p≤0.001 and
p≥0.05, respectively; Fisher). These results demonstrate that seizure
thresholds can be restored tomore normal levels in Scn1aRH/+mice by
altering the function of Scn8a.

Scn8amed-jo mutation prolongs the lifespan of Scn1aRH/RH mutants

To determine whether the presence of the Scn8amed-jo allele could
improve the survival of homozygous Scn1aRH/RH mice, we compared
the lifespans of Scn1aRH/RH and Scn1aRH/RH;Scn8amed-jo/+ littermates.
Similar to previous observations, Scn1aRH/RH mutants exhibited 50%
mortality by P19.5 and 100% lethality by P25 (Fig. 4) (Martin et al.,
2010). In contrast, only 25% mortality was observed for Scn1aRH/RH;
Scn8amed-jo/+ mice at P25 (p=1.8×10−4), and 47% of these mutants
survived for over 100 days (Fig. 4).

Discussion

One feature of GEFS+ is the wide range of seizure types and
severities frequently seen among familymemberswith the same SCN1A
mutation (Fujiwara, 2006; Meisler and Kearney, 2005; Singh et al.,
2001). Based on these observations, we hypothesized that the variable
clinical presentation in GEFS+ is due, in part, to contributions from
additional genetic modifiers.

Even though it is well recognized that genetic modifiers can
influence the clinical presentation of a disorder, we know of relatively
few human modifier genes. Cystic fibrosis (CF) represents one good
example of amonogenic humandiseasewith a known geneticmodifier.
CF results fromrecessivemutations inCFTR, a cAMP-dependent chloride
channel (Riordan et al., 1989).Multiple studies have shown a significant
association between two transforming growth factor-β (TGF-β)
polymorphic variants and lung disease severity in CF (Arkwright et al.,
2000; Drumm and Collins, 1993). TGF-β is an inflammatory cytokine
and directly inhibits CFTR function (Howe et al., 2004). As a result,
polymorphisms that increase circulatingTGF-β levels aremore common
in patients with severe lung disease.

Although genetic interactions have been difficult to demonstrate in
epilepsy patients, model organisms can help in the search for genetic
modifiers of seizure severity. We previously demonstrated that
mutations in other ion channels could modify spontaneous seizure
activity and the lifespans of Scn1a+/− and Scn2aQ54 mutants. Moreover,
in the presence of the Scn8amed-jo allele, the severe seizure phenotype of
Scn1a+/− mice is dramatically ameliorated (Martin et al., 2007). In
contrast, the Kcnq2mutations V182M and Szt1 exacerbate the epilepsy
phenotype of Scn2aQ54 transgenic mice (Kearney et al., 2006).

Here we demonstrate that Scn2a, Kcnq2, and Scn8a mutant alleles
can modify the phenotype of Scn1aR1648H mice, supporting genetic
modification as one mechanism by which the clinical presentation of
GEFS+can be altered. The genetic interactions between these ion
channels imply that variants within Scn2a, Kcnq2, and possibly Kcnq3,
may exacerbate the clinical presentation of GEFS+, shifting it to a more
severe part of the GEFS+spectrum. As previously observed with
Scn1a+/− mutants (Martin et al., 2007), the Scn8amed-jo allele could
rescue the increased susceptibility to flurothyl-induced GTCS in
Scn1aRH/+ mice by raising seizure thresholds to a level comparable to
WT littermates. In addition, while Scn1aRH/RH mutants do not survive
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more than 26 days, 47% of Scn1aRH/RH;Scn8amed-jo/+ mutants were still
alive after 100 days. These results demonstrate that altered Scn8a
function is capable of compensating for abnormalities in neuronal
excitability caused by Scn1a mutations. Furthermore, these results
suggest that selective blocking of Scn8a may be similarly protective in
patients with epilepsy. Interestingly, although Scn8amed-jo/+ hetero-
zygotes have increased resistance against convulsive seizures, we
Fig. 2. Scn2a and Kcnq2 alleles exacerbate the Scn1aRH/+ phenotype. (A) Normal ECoG
pattern from Scn1aRH/+ heterozygote. (B) Representative ECoG recording from Scn1aRH/+;
Scn2aQ54 double mutant during an ictal episode. (C) Representative ECoG recording from
Scn1aRH/+;Kcnq2VM/+ double heterozygote during an ictal episode. Channel 1, recording
from right posterior to left posterior; Channel 2, recording from right anterior to left
posterior.
recently reported that they do have spontaneous absence seizures,
characterized by hypersynchrony of the thalamocortical system (Papale
et al., 2009). This underscores the idea that the net effect of sodium
channel dysfunction in different neuronal circuits is highly dependent
on the channel composition and synaptic function within each circuit.

In contrast, whereas Scn1aRH/+ mice have infrequent, adult-onset
generalized seizures, the presence of either the Scn2aQ54 or
Kcnq2V182M alleles results in severe, juvenile-onset generalized
seizures and a shortened lifespan. Recordings of neurons isolated
from Scn1a mutant mice suggest that there is decreased GABAergic
neurotransmission in the hippocampus and cortex (Martin et al.,
2010; Ogiwara et al., 2007; Yu et al., 2006). In the Scn1aRH/+;Scn2aQ54

double mutants, the combination of increased excitability of pyrami-
dal neurons due to the Scn2amutation and decreased inhibition from
the Scn1a mutation results in severe generalized seizures and
lethality. Reduced GABAergic inhibitionmay prevent localized seizure
termination, resulting in secondary generalization of seizures and a
more severe phenotype. Similarly, it has been demonstrated that loss
of M-current in Kcnq2 mutants results in hyperexcitability of
hippocampal pyramidal CA1 neurons, which in combination with
reduced GABAergic inhibitionmay permit secondary generalization of
seizures in double Scn1aRH/+;Kcnq2VM/+ mutants (Otto et al., 2006;
Singh et al., 2008). Alternatively, because these genes have wide-
spread expression in the brain, it is possible that the severe phenotype
Fig. 3. Restoration of normal thresholds to flurothyl-induced seizures in Scn1aRH/+mutants.
Average latency inminutes to the GTCS is shown. Light grey bar,WT; black bar, Scn8amed-jo/+;
white bar, Scn1aRH/+; dark grey bar, Scn1aRH/+;Scn8amed-jo/+; n=9–10 per group. Error bars
represent SEM. * indicates p≤0.05 compared with WT littermates. # indicates p≤0.001
compared with Scn1aRH/+ mutants; one-way ANOVA followed by Fisher's post hoc test.

image of Fig.�3
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observed in double mutant mice may be the result of primary
generalized seizures.

Given that the Scn1aRH/RH; Scn8amed-jo/+ and Scn1aRH/+; Kcnq2VM/+

compound mutants are on mixed genetic backgrounds, the 47% and
42% survival rates observed raises the possibility that genetic variants
which differ between the C57BL/6J and 129S6/SvEvTac inbred strains
may influence disease severity. Alternatively, the increased mortality
between P20 and P40 in compound heterozygotes may reflect a more
vulnerable juvenile stage due to ongoing maturation processes in the
developing brain. In humans KCNQ2 dysfunction leads to BFNC, an
epilepsy disorder affecting the neonate which typically remits by 1
year of age. The spontaneous remission of BFNC appears to correlate
with brain maturation (Cooper and Jan, 2003). However, it is also
plausible that the observed survival rates are due to stochastic events.

Together with our previous study analyzing the Scn2aQ54;
Kcnq2VM/+ mice, our observations from Scn1aRH/+;Kcnq2VM/+ mutants
illustrate that M-channel dysfunction in a background of abnormal
excitability promotes seizure initiation and increases seizure severity,
suggesting that increasing the level of the M-current may be of
therapeutic benefit in individuals with generalized epilepsy. It has
already been demonstrated in Phase II and Phase III clinical trials that
the M-current enhancer retigabine has therapeutic benefit as an
adjunctive therapy in patients with drug-resistant partial epilepsy
(Bialer et al., 2009).

Conclusions

Our findings show that voltage-gated ion channel variants can
modify the phenotype of a mouse model of GEFS+, and therefore
suggest that coding, and possibly noncoding, variants in Scn2a, Scn8a,
and Kcnq2may influence clinical presentation and severity in patients
with SCN1A mutations. The demonstrated genetic interactions
between Scn1a, Scn2a, Scn8a, and Kcnq2, together with previous
reports showing a genetic interaction between Scn2a and Kcnq2
(Kearney et al., 2006) and Kcna1 and Cacna1a (Glasscock et al., 2007),
support the notion that neuronal firing patterns are determined by
the net sum of voltage-gated ion channel activity; hence, screening
patients for mutations in a panel of selected ion channel genes may
improve the utility of molecular diagnosis for risk assessment and
guiding disease treatment. Traditional single gene screening
approaches will probably be replaced by next-generation sequencing
technologies, which will enable targeted re-sequencing of panels of
selected genes, or whole exome analysis. Clinical diagnostic testing
using next-generation sequencing of gene panels is already being
applied to cardiology genetics (GeneDx, http://www.genedx.com/
site/cardiology_genetic_testing_services). Similar molecular diagnos-
tic approaches for epilepsy genetics are likely on the horizon.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.nbd.2010.11.016.

Abbreviations

GEFS+ Generalized epilepsy with febrile seizures plus
GTCS Generalized tonic-clonic seizure
MJ Myoclonic jerk
ECoG Electrocorticogram
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