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Abstract
Epilepsy is a common neurological disorder affecting approximately 1% of the population.
Mutations in voltage-gated sodium channels are responsible for several monogenic epilepsy
syndromes. More than 800 mutations in the voltage-gated sodium channel SCN1A have been
reported in patients with generalized epilepsy with febrile seizures plus and Dravet syndrome.
Heterozygous loss-of-function mutations in SCN1A result in Dravet syndrome, a severe infant-
onset epileptic encephalopathy characterized by intractable seizures, developmental delays and
increased mortality. A common feature of monogenic epilepsies is variable expressivity among
individuals with the same mutation, suggesting that genetic modifiers may influence clinical
severity. Mice with heterozygous deletion of Scn1a (Scn1a+/−) model a number of Dravet
syndrome features, including spontaneous seizures and premature lethality. Phenotype severity in
Scn1a+/− mice is strongly dependent on strain background. On the 129S6/SvEvTac strain Scn1a+/−

mice exhibit no overt phenotype, while on the (C57BL/6J × 129S6/SvEvTac)F1 strain Scn1a+/−

mice exhibit spontaneous seizures and early lethality. To systematically identify loci that influence
premature lethality in Scn1a+/− mice, we performed genome scans on reciprocal backcrosses. QTL
mapping revealed modifier loci on mouse chromosomes 5, 7, 8 and 11. RNA-seq analysis of
strain-dependent gene expression, regulation and coding sequence variation provided a list of
potential functional candidate genes at each locus. Identification of modifier genes that influence
survival in Scn1a+/− mice will improve our understanding of the pathophysiology of Dravet
syndrome and may suggest novel therapeutic strategies for improved treatment of human patients.
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Introduction
Mutations in voltage-gated sodium channels are responsible for a variety of epilepsy
syndromes with varying degrees of clinical severity (Meisler and Kearney, 2005; Scheffer et
al, 2008; Meisler et al, 2010). Over 800 patient mutations have been reported in SCN1A,
which encodes the Nav1.1 channel protein. The phenotype most commonly associated with
SCN1A mutation is Dravet syndrome, a severe infant-onset epileptic encephalopathy (Claes
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et al, 2009). Dravet syndrome usually begins between 6 and 18 months of age and is
characterized by generalized clonic, tonic–clonic, or hemiclonic seizures, often precipitated
by fever. Patients subsequently develop other afebrile seizure types, including myoclonic,
atypical absence, or complex focal seizures. Development is normal prior to onset, but
disease progression is accompanied by a decline of psychomotor and cognitive development
(Dravet et al, 2005). Dravet syndrome patients have a significantly increased risk of
mortality, with 15-20% mortality by 20 years of age. This is mainly attributed to prolonged
status epilepticus in early childhood and sudden unexplained death in epilepsy (SUDEP) in
adolescents and adults (Genton et al, 2011). In most Dravet syndrome patients, SCN1A
mutations arise de novo and are not inherited. However, there are several cases of Dravet
syndrome in which mutations were inherited from mildly affected parents, as well as
individuals with de novo loss-of-function or truncation mutations that presented with milder
phenotypes (Depienne et al. 2009;Depienne et al. 2010;Guerrini et al. 2010;Nabbout et al.
2003;Osaka et al. 2007;Yu et al. 2010). This suggests that clinical severity is influenced by
additional factors, which may include genetic modifiers.

Approximately half of Dravet syndrome SCN1A patient mutations result in protein
truncation, suggesting that SCN1A is haploinsufficient. Mice with heterozygous targeted
deletion of Scn1a (Scn1a+/−) recapitulate many features of Dravet syndrome and provide a
useful disease model. Scn1a+/− null heterozygotes, with 50% of Nav1.1 protein, develop
spontaneous seizures and sporadic death beginning in the third week of life (Yu et al. 2006).
A high percentage of early death occurs in the fourth postnatal week. Scn1a+/− mice that die
prematurely have a high incidence of short duration, generalized seizures in the 24 hours
preceding death than those that survive, while status epilepticus is rare (Kalume et al. 2013).
GABAergic interneurons isolated from Scn1a+/− mice exhibit reduced sodium current and
impaired action potential firing (Yu et al 2006). This results in reduced action potential-
dependent inhibitory GABAergic neurotransmission and enhanced neuronal excitability
(Han et al. 2012). Genetic background dramatically influences phenotype severity and
survival of Scn1a+/− mice. On the C57BL/6J (B6) strain, the phenotype is more severe with
spontaneous seizures and premature lethality, while there is no observable phenotype on the
129X1/SvJ strain background (Yu et al 2006). This suggests that modifier genes contribute
to phenotype severity in the Dravet syndrome mouse model.

In this study, we performed QTL mapping and identified multiple modifier loci that
contribute to strain-dependent differences in survival in the Scn1a+/− mouse model of Dravet
syndrome. Using RNA-seq transcriptome analysis, we performed an initial survey of
potential candidate modifier genes and identified several high priority candidates for follow-
up in future studies.

Materials and Methods
Mice

Scn1atm1Kea mice on a pure 129S6/SvEvTac (129) inbred strain background were generated
by homologous recombination in TL1 ES cells (129S6/SvEvTac) (Supplementary Figure
S1). The mouse line Scn1atm1Kea has been maintained as a co-isogenic strain by continuous
backcrossing of null heterozygotes to 129 (abbreviated 129.Scn1a+/−). Strain B6 was
crossed to 129.Scn1a+/− to generate (B6 × 129.Scn1a+/−)F1 offspring (F1.Scn1a+/−). For
mapping, we performed reciprocal backcrosses by mating F1.Scn1a+/− males to strain B6
(B6-N2), or 129 (129-N2) (Figure 1a).

129S6/SvEvTac mice (stock #129SVE) were obtained from Taconic (Germantown, NY) and
C57BL/6J mice (stock #00064) were obtained from The Jackson Laboratory (Bar Harbor,
ME). All mice were maintained in an SPF barrier facility with a 12:12 hour light:dark
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schedule and ad libitum access to food and water. These studies were approved by the
Vanderbilt University Animal Care and Use Committee in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Phenotyping
Mice were ear tagged and tail-biopsied on postnatal day 14 (P14). At P21, N2 backcross
mice were weaned into holding cages containing 4-5 mice of the same sex and age. Mice of
both sexes were used and wildtype littermates were included in all holding cages. Survival
was monitored to 12 weeks of age. During that time, all mice were monitored daily for
general health and any mouse that was visibly unhealthy (e.g. stunted, underweight,
dehydrated, poorly groomed, immobile) was euthanized and excluded from the study. We
used survival as the primary phenotype measure for our mapping study. Deaths in the
Scn1a+/− mice were sudden and unpredictable, occurring in otherwise healthy appearing
animals. Occasionally, generalized tonic clonic seizures (GTCS) of short duration (<2
minutes) were witnessed. GTCS were followed by a short period of post-ictal immobility,
but recovery was attained within 10 minutes. Following a witnessed GTCS, death was often
recorded in the subsequent 24 hours. It has previously been demonstrated that sudden death
is strongly correlated with seizure history in the Scn1a+/− mouse model (Kalume et al 2013).

Statistical Analysis
Survival was compared between groups by Kaplan Meier analysis and P-values were
calculated with the Mantel Cox log rank test. P < 0.05 was considered statistically
significant.

Genotyping
DNA was isolated from P14 tail biopsies using the Gentra Puregene Mouse Tail Kit
according to the manufacturer’s instructions (Qiagen, Valencia, CA). The Scn1a genotype
was determined by multiplex PCR using a forward primer located upstream of the
recombination event and reverse primers located in Scn1a exon 1 and in the selection
cassette (Supplementary Figure S1). These primers amplify a 983 bp product from the
wildtype allele and a 622 bp product from the targeted allele (Supplementary Figure S1).
Genome-wide microsatellite genotyping was performed by analysis of PCR products on 7%
non-denaturing polyacrylamide gels stained with ethidium bromide. Genome-wide single
nucleotide polymorphism (SNP) genotyping using Illumina’s Mouse Medium Density
Linkage panel was performed at The Johns Hopkins Center for Inherited Disease Research
(CIDR).

Genetic Analysis – B6-N2 Backcross
For the B6-N2 backcross, statistical analyses to identify modifier loci were performed using
a two-part model (Broman 2003). For the two-part model, we performed a log10
transformation of the survival phenotype data to attenuate the skew in the distribution.
Statistical analyses were performed with R/qtl (version 1.26-14). Suggestive (α=0.25) and
significant (α=0.05) LOD thresholds were determined by permutation tests, with 10,000
permutations. The location of modifier loci was established via 1.5-LOD support intervals,
which correspond to ~95% confidence intervals (Lander & Botstein 1989). The percentage
of variance explained in the context of a full additive model was determined using the fitqtl
command in R/qtl.

Heritability (h2) for the B6-N2 backcross was estimated as a range to reflect the two-part
model that considers the phenotype data in two ways: (1) log10[survival] of individuals that
die; and (2) the binary trait (live/die). First, h2

survival was calculated by [∣(VN2 – VF1)∣/VN2]
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where VN2 is the variance of the log10[survival] for B6-N2 animals that died prior to 12
weeks of age (VB6N2 = 0.118) and VF1 is the variance of the log10[survival] for F1 animals
that died prior to 12 weeks of age (VF1 = 0.101). Second, h2

binary was calculated by [∣(PN2 –
PF1)∣/PN2] where PN2 is the probability of dying prior to 12 weeks of age for the B6-N2
population (PB6N2 = 0.536) and PF1 is probability of dying prior to 12 weeks of age for the
F1 population (PF1 = 0.718). Heritability range (h2

survival – h2
binary) of the premature

lethality phenotype for the B6-N2 backcross was estimated to be 14 – 34%. ∣

Genetic Analysis – 129-N2 Backcross
For the 129-N2 backcross genome scan, we performed selective genotyping of early lethals
(survival < 12 weeks of age) using microsatellite markers spaced at an average distance of
20 cM across the genome (Supplementary Table S1). The number of early lethals with
heterozygous versus homozygous genotypes at each marker were compared and tested for
deviation from the expected 1:1 segregation with the χ2 test. On chromosomes with
suggestive evidence of linkage (p<0.05), we performed genotyping of survivors (survival >
12 weeks of age) and genotyping of additional markers in early lethals. To rule out the
possibility of segregation distortion at markers due to genotyping or technical errors, we
tested for departure from the expected 1:1 ratio in the combined population of early lethals
and survivors with the χ2 test using a threshold of p < 0.05 for significance. Interval
mapping was then performed on the selected chromosomes under a binary model using R/qtl
software. The binary phenotype trait classified individual outcomes into two groups: early
lethals (survival < 12 weeks of age); and survivors (survival > 12 weeks of age). The
percentage of variance explained in the context of a full additive model was determined
using the fitqtl command in R/qtl.

Heritability (h2) for the 129-N2 backcross was estimated by [∣(PN2 – P129)∣/PN2] where PN2
is the probability of dying prior to 12 weeks of age for the 129-N2 population (P129N2 =
0.169) and P129 is probability of dying prior to 12 weeks of age for the 129 parental
population (PF1 = 0.110). Heritability of the premature lethality phenotype for the 129-N2
backcross was estimated to be 35%. This is similar to the binary heritability estimate for the
B6-N2 backcross (34%).

RNA-Seq
Total RNA was isolated from whole brain samples of 4 week old B6 or 129 male and female
mice (n=4/strain/sex) using TRIzol reagent according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). All samples had an RNA integrity number >8.2 (2100
Bioanalyzer, Agilent, Santa Clara, CA). For each group, a pooled sample was generated by
combining total RNAs from four mice.

Samples were processed for RNA-seq using the TruSeq RNA sample preparation kit
(Illumina, San Diego, CA) as previously described (Hawkins & Kearney 2012). Samples
were sequenced by standard methods on the Illumina HiSeq 2000 platform in the Vanderbilt
Technologies for Advanced Genomics Next Generation Sequencing Core (http://
vantage.vanderbilt.edu) (Bentley et al. 2008). Sequencing was performed in two multiplexed
lanes of 100 bp single-end sequencing which resulted in 75 million mappable reads per lane.
The Illumina pipeline was used for base calling and quality filtering of sequence reads
(Bentley et al 2008). Subsequent analysis was performed on the GALAXY open platform
using the Tuxedo Tools analysis suite (Blankenberg et al. 2010;Goecks et al.
2010;Langmead et al. 2009;Trapnell et al. 2009), as previously described (Hawkins &
Kearney 2012). Transcript assembly and abundance estimates of transcripts in fragments per
kilobase of exon per million fragments mapped (FPKM) were performed by Cufflinks.
Additional filtering removed any transcripts with <0.5 FPKM value. Significant differences
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in total gene and transcript expression, splice site, transcription start site (TSS) and promoter
usage were determined using a false discovery rate-adjusted p-value (q-value) in Cuffdiff,
with q<0.05 considered significant (Roberts et al. 2011a;Roberts et al. 2011b;Trapnell et al.
2010). Gene ontology analysis was performed using PANTHER tools (Mi et al. 2013).

SNP variant calls were performed using the Genome Analysis Toolkit for SNP Discovery
(DePristo et al. 2011;McKenna et al. 2010). SNPs with a Phred score of >Q100 were
retained. The following were removed by manual filtering of variant call files (VCF): SNPs
that differed between biological replicates within a strain; were heterozygous; or had
missing sample data. All retained SNPs were homozygous alternate from the B6 reference
genome. Consequences of variants were determined using the Ensembl variant effect
predictor tool (McLaren et al. 2010) and the potential impact of non-synonymous SNPs on
protein function were determined using the SIFT algorithm (Kumar et al, 2009).

Results
Effect of Genetic Background

Previous studies reported strain-dependent phenotype variability in mice with heterozygous
Scn1a loss-of-function alleles, including targeted deletion of Scn1a exon 26 or knockin of
the Scn1a-R1407X mutation (Ogiwara et al. 2007;Yu et al 2006). In these studies, the Scn1a
mutant phenotype was mild on a 129SvJ background, and became worse when crossed onto
C57BL/6J (B6) (Ogiwara et al 2007;Yu et al 2006). The strain difference is most profoundly
reflected in survival, which is approximately normal on the 129 strain and is markedly
reduced on a mixed 129:B6 background. In order to systematically interrogate the genetic
basis of strain-dependent survival, we generated a heterozygous Scn1a+/− null allele by
targeted deletion of the first coding exon in TL1 ES cells (129S6/SvEvTac) (Supplementary
Figure S1). These mice were established and maintained as a co-isogenic strain on the
129S6/SvEvTac (129) background. These mice recapitulate the phenotypes described by Yu
and colleagues (Yu et al, 2006), including strain-dependence of phenotype expression. On
the 129 strain, Scn1a+/− mice (129.Scn1a+/−) have no overt phenotype and a normal lifespan
(Supplementary Figure S1). In over 240 hours of video-EEG monitoring (P24-P184), we
never observed electrographic seizures in 129.Scn1a+/− mice. Crossing 129.Scn1a+/− mice to
strain B6 resulted in (B6x129)F1.Scn1a+/− (F1.Scn1a+/−) offspring that exhibit spontaneous
seizures and premature lethality, with 50% of mice dying by 1 month of age (Supplementary
Figure S1). This suggests that strain B6 contributes modifier alleles that unmask the
Scn1a+/− premature lethality phenotype.

Genetic Mapping
To isolate modifier loci responsible for the strain-dependent difference in survival, we
performed two mapping backcrosses in which F1.Scn1a+/− heterozygotes were crossed to
either B6 mice to generate B6-N2 informative mapping progeny (n=293) or to 129 mice to
generate 129-N2 informative mapping progeny (n=150). Scn1a+/− heterozygotes were
monitored for survival to 12 weeks of age. In the B6-N2 backcross, 46% of Scn1a+/−

offspring survived to 12 weeks of age, while the 129-N2 backcross, 85% of Scn1a+/−

offspring survived to 12 weeks (Figure 1). Survival of Scn1a+/− offspring from the B6-N2
backcross was significantly different than F1.Scn1a+/− and 129.Scn1a+/− mice (Log-Rank
p<0.0001 and p< 0.0001, respectively). Survival of Scn1a+/− offspring from the 129-N2
backcross was significantly different from F1.Scn1a+/− (Log-Rank p<0.0001), but not
129.Scn1a+/− mice.

We performed QTL mapping analysis and identified several potential Dravet survival
modifier loci (Dsm) that are summarized in Tables 1 and 2. Analysis of the B6-N2 backcross
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using a two-part model, which allows for separate effects on penetrance (live/die) and
severity (age at time of early death), found significant or suggestive evidence for linkage on
chromosomes 5, 7 and 8 (Figure 2). In this analysis, penetrance indicates whether a mouse
died during the 12 week observation period, while severity is represented by age at the time
of early death. The modifier locus on chromosome 5 affects penetrance of the lethal
phenotype, while modifier loci on chromosomes 7 and 8 primarily affect age at time death
(Figure 3). On chromosomes 5 and 8 the B6 allele conferred increased risk of early death,
while on chromosome 7 the B6 allele was protective (Figure 4A). There was no evidence for
interacting loci from a two-dimensional genome scan with a two-QTL model. Under a full
additive model, these QTL explained 10.75% of the phenotype variance. Within this model,
Dsm1 contributed 3.6%, Dsm2 contributed 4.3% and Dsm3 contributed 2.5% of the
phenotype variance (Table 1). Given that heritability of the premature lethality phenotype
estimated to be 14-34% in the B6-N2 backcross, these loci account for a significant
proportion of the genetic variance.

For QTL mapping analysis of the 129-N2 backcross we used a selective genotyping strategy
with single marker χ2 analysis to identify chromosomes with suggestive evidence of linkage
(Table S1). We then performed additional genotyping and interval mapping on
chromosomes of interest under a binary trait model. For the binary phenotype trait, mice
were categorized as “early lethals” (<12 week survival) or “survivors” (≥12 week survival).
We found suggestive or significant evidence for linkage on chromosomes 5 and 11 (Table
2). Allele effects were varied, with B6 conferring increased risk of early death on
chromosome 5 while the B6 allele was protective on chromosome 11 (Figure 4B). Under a
full additive model, these QTL explained 26.6% of the phenotype variance, with Dsm4
contributing 10.3% and Dsm5 contributing 5.1% (Table 2). Heritability of the premature
lethality phenotype was estimated to be 35% in the 129-N2 backcross; thus, these loci
account for a significant proportion of the genetic variance.

Low resolution mapping results from both backcrosses had evidence for linkage on
chromosome 5 (Dsm1 and Dsm4). Although the peaks localized to different chromosomal
positions, there is complete overlap in their 1.5-LOD support intervals and the direction of
allele effects is similar (Figure. 4; Table 1). At both the Dsm1 and Dsm4 loci the 129 allele
is protective, while the B6 allele confers increased lethality risk. However, at this level of
resolution we cannot be certain whether they represent the same or separate loci. Other loci
mapped in the reciprocal backcrosses did not coincide. Dsm2 and Dsm3, which influence
age at time of death in the B6-N2 backcross, were not apparent in genetic mapping of the
129-N2 backcross using binary trait analysis (live/die). Lethality was an infrequent outcome
in the 129-N2 backcross; therefore, it was not sufficiently powered for mapping modifiers
that influence timing of early death. The Dsm5 locus on chromosome 11 was identified in
the 129-N2 backcross, but not in the B6-N2 backcross. This suggests the possibility that
increased risk of early lethality conferred by the 129 allele may be a recessive trait.

Candidate Gene Analysis by RNA-seq
It was previously demonstrated that selective heterozygous deletion of Scn1a in neocortical/
limbic GABAergic interneurons is sufficient to recapitulate the phenotype of the global
heterozygous null, including spontaneous seizures and premature lethality (Cheah et al.
2012). This suggests that seizures and resultant premature lethality observed in Scn1a+/−

mice are of CNS origin. Therefore, we performed sequence-based brain transcriptome
analysis for preliminary identification of potential candidate modifier genes in Dsm intervals
using RNA-seq transcriptome analysis. RNA-seq interrogates differential expression at the
level of the gene, as well as individual transcripts, and can identify differential usage of
splice sites, promoters, and TSS. In addition, because it is sequence-based, all expressed
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transcripts are interrogated, including novel, un-annotated transcripts. Focused analysis of
RNA-seq data in the Dsm modifier loci 1.5 LOD support intervals revealed significant
expression and/or regulatory differences between B6 and 129 in approximately 12% of
genes using a semi-conservative FDR-adjusted p value (q value) significance threshold of q
< 0.05 (Supplementary Table S3). On chromosome 5 we observed differential expression or
regulation in 36 genes in Dsm1 and in 148 genes in Dsm4 (Supplementary Tables S2 and
S3). Differential expression or regulation was observed in 127 genes in the Dsm2 locus on
chromosome 7, in 122 genes in the Dsm3 locus on chromosome 8, and in 81 genes in the
Dsm5 locus on chromosome 11 (Supplementary Tables S2 and S3). Gene ontology (GO)
analysis indicated that differentially expressed genes in the Dsm1-5 intervals were enriched
in several biological processes, including signal transduction (p=0.0343), cell cycle
(p=0.0302), cell communication (p=0.0229) and cellular process (p=0.0105).

We further evaluated positional candidate genes by SNP analysis using data obtained from
RNA-seq to identify genes with coding variants between B6 and 129. The combined Dsm1/
Dsm 4 interval on chromosome 5 contains 965 known and predicted genes. Missense
variants were identified in 61 of those genes, including 14 missense variants located in the
smaller Dsm1 interval (Supplementary Table S2). In the Dsm2 interval, which contains 1335
known and predicted genes, we found 111 genes with missense variants and 3 genes with
stop-gained variants (Supplementary Table S2). The Dsm 3 interval contains 825 known and
predicted genes, of which 105 had missense variants (Supplementary Table S2). The Dsm5
interval on chromosome 11 contains 727 known and predicted genes and we identified
missense variants in 10 of those genes (Supplementary Table S2). A complete list of the
missense and stop-gained coding variants are provided in Supplementary Table S4.

Using additional filtering criteria (consideration of gene function, timing and location of
expression, and involvement in neuronal excitability), we assembled a list of high priority
candidate genes within the Dsm intervals that have known association with seizures or
neuronal excitability (Table 3). Within the Dsm intervals, there are five GABA receptor
subunit genes that exhibit significant differences in expression and/or gene regulation. This
is of particular interest given the known dysfunction in GABA signaling in the Dravet
syndrome mice (Han et al 2012;Ogiwara et al 2007;Yu et al 2006). We also found
differences in additional ion channels genes that have been associated with seizures or
abnormal neurotransmission, including the calcium channel subunit genes Cacna1a and
Cacna2d1, the chloride channel gene Clcn3 and Kcnj11, encoding a potassium channel
(Bian et al. 2006;Burgess & Noebels 2000;Dickerson et al. 2002; Gloyn et al.
2006;Rajakulendran et al. 2012;Yamada et al. 2001). There were also several additional
differentially expressed non-ion channel genes with prior association with seizures or
hyperexcitability, including Atp1a3, Lgi2, Mapk10, Reln and Slc7a10 (Clapcote et al.
2009;Heinzen et al. 2012; Hong et al. 2000; Patrylo et al. 2006; Rosewich et al. 2012; Rutter
et al. 2007; Seppala et al. 2011; Shoichet et al 2006; Xie et al. 2005; Yang et al. 1997). This
early survey of high priority candidate genes provides useful information for guiding future
fine mapping efforts.

Discussion
Genetic analysis in reciprocal N2 backcrosses identified modifier loci on chromosomes 5, 7,
8 and 11 that influence the early lethality phenotype of the Scn1a+/− Dravet mouse model.
This is consistent with previous studies that have demonstrated that seizure related
phenotypes are influenced by genetic factors (Chaix et al. 2007;Frankel 2009;Schauwecker
2011;Seyfried et al. 1999;Winawer et al. 2007). In addition, it is consistent with previous
results from our laboratory demonstrating that modifier genes influence epilepsy severity
and survival in a mouse model with a mutation in the Scn2a voltage-gated sodium channel
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gene (Bergren et al. 2005;Bergren et al. 2009;Hawkins & Kearney 2012;Jorge et al. 2011).
Previous work demonstrated a strong correlation between seizure history and survival in the
Scn1a+/− mouse model (Kalume et al 2013). Therefore, it is likely that some modifier genes
that influence survival will also influence seizure history. The effect of survival modifiers on
seizure history will be assessed in future studies following fine mapping and gene
identification.

QTL responsible for strain differences in susceptibility to seizures induced by
chemoconvulsants, electroshock and handling have been mapped in mice. Several previous
studies mapped QTL responsible for susceptibility to induced seizures to chromosome 5 in
regions overlapping the Dsm1 and Dsm4 loci (Ferraro et al 1997;Ferraro et al 1999;Ferraro
et al 2001;Ferraro et al 2007). The Bis4 QTL influencing susceptibility to seizures induced
by β-carboline was mapped to chromosome 7 in a region that overlaps the Dsm2 interval
(Gershenfeld et al. 1999). QTL influencing susceptibility to induced seizures were mapped
to intervals of chromosome 11 that overlap with Dsm5 (Ferraro et al 2001;Hood et al. 2006).
We previously mapped the Moe1 modifier locus that influences epilepsy severity in the
Scn2aQ54 mouse model to distal chromosome 11 (Bergren et al 2005;Bergren et al
2009;Hawkins & Kearney 2012). However, it is not likely to be the same locus because
Moe1 is on distal chromosome 11, while Dsm5 is located more proximally. The Dsm3 locus
on chromosome 8 has not previously been associated with seizure phenotypes and may
represent a novel modifier locus.

There is also overlap between the Dsm loci identified in this report and known human
epilepsy loci. For the Dsm1/Dsm4 QTL on mouse chromosome 5, the human syntenic
regions contain several epilepsy loci, including partial epilepsy with pericentral spikes
(EPPS; 4p15), familial temporal lobe epilepsy (ETL3; 4q13.2-q21.3), and Lennox-Gastaut
type epileptic encephalopathy (MAPK10; 4q21.3) (Hedera et al. 2007;Kinton et al.
2002;Shoichet et al. 2006). For the Dsm2 QTL on mouse chromosome 7, the human
syntenic region includes the voltage-gated sodium channel β1 subunit gene, SCN1B
(19p13.12), that has been implicated in generalized epilepsy with febrile seizures plus
(GEFS+) and Dravet syndrome, and GABRB3 (15q12) that has been associated with
susceptibility to childhood absence epilepsy (Macdonald et al. 2012;Ogiwara et al.
2012;Patino et al. 2009). Additionally, the Dsm2 interval is syntenic with the human
15q11.2 and 15q13.3 copy number variants (CNVs) that have been associated with epilepsy,
neurodevelopmental and neuropsychiatric disorders (Mulley & Mefford 2011). For the
Dsm5 interval on mouse chromosome 11, the human syntenic region includes GABRG2
(5q34) implicated in Dravet syndrome, GABRA1 (5q34) implicated in juvenile myoclonic
epilepsy and childhood absence epilepsy, and GABRA6 implicated in childhood absence
epilepsy (Hernandez et al. 2011;Macdonald et al 2012).

We identified numerous genes in the Dsm1-5 loci with significant differential expression,
regulation or coding sequence variation between the resistant 129 and susceptible B6 strains
by RNA-seq. We focused our analysis on brain transcriptome based on the observation that
heterozygous conditional deletion of Scn1a in forebrain GABAergic neurons recapitulates
the global heterozygous null phenotype, including seizures and early lethality (Cheah et al
2012). However, it is possible that non-neuronal, strain-dependent transcript differences in
other tissues (e.g. heart), as well as age- or brain region-specific differences may contribute.
At this low-resolution stage, the intervals are quite large and by coincidence will contain
many strong candidates with differential expression, regulation, or coding sequence variants,
and a known link to neuronal hyperexcitability. Moreover, these intervals contain many
additional positional candidates that could be novel risk genes that have not previously been
associated with epilepsy or SUDEP. Therefore, fine mapping is required to narrow the
intervals to focus our search for the responsible modifier genes. The early-stage high priority
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candidate list is useful for guiding fine mapping efforts. We will use this information to
strategically select recombinants for interval specific mapping, allowing us to quickly rule in
or out high priority genes. This will make the high resolution mapping stage more efficient
and will accelerate modifier gene identification.

Identifying genetic factors that modify premature lethality in Scn1a+/− mice will improve
our understanding of the pathophysiology of Dravet syndrome and associated SUDEP risk.
This will advance our ability to predict risk based on molecular diagnostic tests and may
identify novel therapeutic targets for improved treatment of human patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Generation of mapping backcross progeny and phenotyping. (a) Breeding scheme used to
generate backcross progeny. First, 129.Scn1a+/− males were crossed to B6 females to
generate F1.Scn1a+/− mice. Male F1.Scn1a+/− mice were then crossed with 129 females to
generate 129-N2 offspring, or to B6 females to generate B6-N2 offspring. (b) Survival of
Scn1a+/− backcross progeny. B6-N2 backcross progeny have significantly reduced survival
compared to 129-N2 progeny (Log Rank p<0.0001)(n=293 for B6-N2 backcross; n=150 for
129-N2 backcross).
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Figure 2.
Genome-wide interval mapping for Dravet syndrome modifier loci that influence 12-week
survival in the B6-N2 backcross. LOD scores for the combined effects on penetrance and
severity are plotted for all mouse chromosomes and show suggestive or significant evidence
of linkage to chromosomes 5, 7, and 8. Results shown are from a single QTL genome scan
under a two-part model using a maximum likelihood procedure in R/qtl software. Horizontal
lines mark significance thresholds for genome-wide significant (p=0.05; solid grey) or
suggestive (p=0.25; dashed grey) evidence of linkage based on 10,000 permutations of the
data. The X-axes are in centimorgans with chromosome numbers indicated below and tick
marks representing the location of SNP markers used for genotyping.
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Figure 3.
LOD scores for the effect on penetrance (live/die)(blue), severity (age at time of early death)
(red) and the combined effect (black) are plotted for chromosomes 5, 7 and 8 and show that
the modifier loci exert differential effects on penetrance and severity. Results shown are
from a single QTL genome scan under a two-part model using a maximum likelihood
procedure in R/qtl software. The horizontal solid grey line marks the significance threshold
(p=0.05) for combined effect (LOD(p,mu)) and the dashed grey line marks significance
thresholds (p=0.05) for penetrance (LOD(p)) and severity (LOD(mu)). Significance
thresholds were determined by 10,000 permutations of the data. The X-axes are in
centimorgans with chromosome numbers indicated below and tick marks representing the
location of SNP markers used for genotyping.
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Figure 4.
Effect of alleles at Dsm loci on survival. Genotypes from the marker closest to each
significant modifier peak were used to determine the effect of individual loci on survival.
Kaplan-Meier plots for each genotype class show the relationship between survival and
alleles at modifier loci identified in the B6-N2 backcross on chromosome 5, 7 and 8 (a), and
in the 129-N2 backcross on chromosomes 5 and 11 (b). P-values were calculated with the
Mantel-Cox log rank test.
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Table 2

Location and significance of Scn1a+/− modifier loci identified in the 129-N2 backcross.

QTL Chr Peak Position
(cM)

1.5 LOD support
interval (cM) LOD P-value Risk Allele % Variance

explained

Dsm4 5 12.9 5.6-51.6 3.28 0.0013 B6 10.3

Dsm5 11 4.7 4.7-39.7 2.25 0.0170 129 5.1
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