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Summary
Purpose—Mapping seizure susceptibility loci in mice provides a framework for identifying
potentially novel candidate genes for human epilepsy. Using C57BL/6J × A/J chromosome
substitution strains (CSS), we previously identified a locus on mouse chromosome 10 (Ch10)
conferring susceptibility to pilocarpine, a muscarinic cholinergic agonist that models human
temporal lobe epilepsy by inducing initial limbic seizures and status epilepticus (status), followed
by hippocampal cell loss and delayed-onset chronic spontaneous limbic seizures. Herein we report
further genetic mapping of pilocarpine quantitative trait loci (QTLs) on Ch10.

Methods—Seventy-nine Ch10 F2 mice were used to map QTLs for duration of partial status
epilepticus and the highest stage reached in response to pilocarpine. Based on those results we
created interval-specific congenic lines to confirm and extend the results, using sequential rounds
of breeding selectively by genotype to isolate segments of A/J Ch10 genome on a B6 background.

Key Findings—Analysis of Ch10 F2 genotypes and seizure susceptibility phenotypes identified
significant, overlapping QTLs for duration of partial status and severity of pilocarpine-induced
seizures on distal Ch10. Interval-specific Ch10 congenics containing the susceptibility locus on
distal Ch10 also demonstrated susceptibility to pilocarpine-induced seizures, confirming results
from the F2 mapping population and strongly supporting the presence of a QTL between
rs13480781 (117.6 Mb) and rs13480832 (127.7 Mb).

Significance—QTL mapping can identify loci that make a quantitative contribution to a trait,
and eventually identify the causative DNA-sequence polymorphisms. We have mapped a locus on
mouse Ch10 for pilocarpine-induced limbic seizures. Novel candidate genes identified in mice can
be investigated in functional studies and tested for their role in human epilepsy.
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The importance of genetic factors in epilepsy is well accepted, but the specific genes
responsible have been identified for only a few rare Mendelian epilepsy syndromes in
humans (Winawer & Shinnar, 2005; Baulac & Baulac, 2010). The difficulty in finding genes
results in part from the fact that most epilepsy is “complex,” with multiple genetic,
nongenetic, and possibly interacting causes, and temporal lobe epilepsy (TLE) exemplifies
this problem (Mathern et al., 1996; Cendes et al., 1998; Semah et al., 1998; Engel, 2001;
Fuerst et al., 2001; Kobayashi et al., 2001; Stephen et al., 2001; Ottman, 2005; Santos et al.,
2002; Vadlamudi et al., 2003; Scharfman & Pedley, 2006). Epilepsy is also heterogeneous
because of the variety of underlying biologic processes that may give rise to seizure
susceptibility and act as potential therapeutic targets.

Mapping seizure susceptibility loci in mice provides a framework for identifying potentially
novel candidate genes for complex human disorders (Frankel, 2009). Prolific breeding and
short gestation expedite genetic linkage methods (Palmer & Phillips, 2002; Phillips et al.,
2002), and the availability of genetic maps and sequence data for multiple inbred strains also
facilitate genetic research in mice. Conservation of genes from mouse to human genomes
allows genetic discoveries in the mouse to be translated for study in human populations.

Inbred mouse strains differ in susceptibility to develop seizures and seizure-induced
hippocampal damage in response to many different convulsant stimuli, and these differences
have been shown to be heritable ((Neumann & Collins, 1991, 1992; Ferraro et al., 1995,
1997; Schauwecker & Steward, 1997; Ferraro et al., 1998; Gershenfeld et al., 1999; Hain et
al., 2000; Schauwecker, 2002; McKhann et al., 2003; Frankel, 2009). The A/J strain has
been shown to be more susceptible than B6 to most (though not all) types of convulsant
stimuli (Kosobud & Crabbe, 1990; Mathis et al., 1994; Gershenfeld et al., 1999; Golden et
al., 2001; Ferraro et al., 2002), and has recently been described to have sleep-related
spontaneous seizures (Strohl et al., 2007). Genetic variation among strains is presumed to be
a result of functional polymorphisms in genes that affect the threshold for neuroexcitability
in response to exogenous stimuli (Frankel et al., 2001). Identifying these genes can provide
insight into epilepsy pathophysiology and lead to improved and novel therapeutic strategies.

Quantitative trait loci (QTL) are genomic loci that make a quantitative contribution to a trait,
such as seizure susceptibility. QTL mapping can identify these loci, and eventually the
causative DNA-sequence polymorphisms. This powerful strategy is designed specifically to
investigate oligogenic models, in which several genes of small to moderate effect act to
influence a trait. Chromosome substitution strains (CSS) are strains in which a single
chromosome from one inbred strain (donor) has been transferred onto a second strain (host)
by repeated backcrossing, and provide an invaluable resource for mapping mouse QTLs.
Chromosome substitution strain analysis provides quick and efficient localization at the
chromosomal level without the need for cross-breeding or genotyping (Nadeau et al., 2000).
Using C57BL/6J (B6, host) × A/J (donor) CSS, we recently identified contributions to
susceptibility to pilocarpine-induced seizures on mouse chromosomes 10 and 18 (Winawer
et al., 2007).

Pilocarpine, a muscarinic cholinergic agonist, induces initial severe continuous limbic
seizures (status epilepticus) in rodents, followed by cell loss similar to that observed in TLE,
and delayed onset of chronic spontaneous limbic seizures (Turski et al., 1989; Turski, 2000;
Leite et al., 2002; Borges et al., 2003). Prior to our report (Winawer et al., 2007), limbic
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seizures had not been studied in the A/J strain, and susceptibility to pilocarpine-induced
seizures had not been studied with QTL mapping. Herein we report fine mapping of a
pilocarpine seizure susceptibility locus on mouse chromosome 10 (Ch10), using F2 mouse
populations and interval-specific congenic strains. (See Methods for breeding scheme
details.)

Methods
Animals

A/J, B6, and CSS breeder pairs were purchased from the Jackson Laboratories (Bar Harbor,
ME, U.S.A.), and colonies of each strain, F1s, F2s, and congenics were bred in our
laboratory. Mice were housed in a temperature- and humidity-controlled environment, with
a 12-h light/dark schedule and food and water available ad libitum. Only male animals were
tested for seizure susceptibility, to avoid estrus cycle effects on seizure susceptibility, and
animals were tested at between 10 and 11 weeks of age. All methods were approved by the
Institutional Animal Care and Use Committee of Columbia University and met the
guidelines of the National Institutes of Health (NIH).

Breeding scheme
To investigate the mode of inheritance of the Ch10 susceptibility locus, we bred the CSS10
males—chromosome substitution strain mice containing Ch10 of A/J on a B6 background—
with B6 females. We also tested 10F1 animals—the first generation offspring from a cross of
CSS10 females with CSS10 males—for seizure susceptibility. F1 animals appeared to have
intermediate seizure susceptibility between that of B6 and CSS10 animals, suggesting an
additive mode of inheritance. We, therefore, bred CSS10 males with B6 females to produce
a Ch10 × B6 F1 generation, and intercrossed these animals to produce the CSS-10 × B6F2
mapping population (n = 79). The genders of the CSS10 and B6 animals in the first cross
were specified in order to limit potential variability from imprinting.

We created Ch10 interval-specific congenic strains by breeding successive rounds of
littermates selectively by genotype in order to isolate subregions of A/J Ch10 on a B6
background. We began this process by using genotyped CSS-10 × B6F2 mice, selecting
mice heterozygous for an A/J Ch10 segment of interest, and breeding them with B6 animals.
Heterozygous offspring from these crosses were then brother–sister mated to produce a first
round of congenics. These mice were genotyped, and subsequent generations were bred
selectively by genotype to isolate the region of interest. Heterozygote mating was used to
perpetuate congenic lines, and to create B6 homozygous littermate controls for comparison.
Fig. 1A illustrates the panel of congenic strains used in the analyses presented here, and Fig.
1B the marker positions in Mb.

Pilocarpine administration and seizure scoring
Animals were weighed immediately prior to seizure testing, and pilocarpine dose was
calculated based on this weight. Animals were injected with intraperitoneal (i.p.) pilocarpine
hydrochloride (Sigma-Aldrich, St. Louis, MO, U.S.A.). A dose of 250 mg/kg was used for
the CSS-10 × B6F2 mapping population, and a dose of 300 mg/kg was used for all congenic
studies. We increased the dose from 250–300 mg/kg to accentuate differences between
congenic and control phenotypes and facilitate fine mapping. All seizure susceptibility
testing was performed between the hours of 12:00 and 5:00 p.m. to limit any effects of
diurnal variation on results (the light cycle begins at 7 a.m. and ends at 7 p.m. in our
facility). To limit peripheral side-effects, 30 min before pilocarpine injection, all mice were
given atropine methyl nitrate (5 mg/kg, i.p., TCI America, Portland, OR, U.S.A.), a
competitive muscarinic acetylcholine receptor antagonist that does not cross the blood–brain
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barrier. CSS-10 × B6F2 animals were observed continuously for 3 h. In the course of seizure
susceptibility testing, we found that over observation of >550 animals, 99% progressed to
their highest stage by 2.5 h. We, therefore, subsequently shortened our observation period
from 3 to 2.5 h for all congenic animals. The time of onset and offset for each seizure stage
was recorded in minutes from time of pilocarpine injection. From these data we extracted
the highest stage reached, the proportion of animals having generalized seizures (reaching
stage 4 or higher), duration of stages, and latency to reach each stage (see Table 1 for seizure
staging). We used a seizure staging system adapted from established rodent seizure scales
(Racine, 1972), as described previously (Winawer et al., 2007), with several modifications.

Since our last publication, we have further refined seizure scoring, adding intermediate
levels between stages 3 and 4 and between 4 and 5 (Table 1). The intermediate seizure
stages we have added are reliably identified by our observation protocol, and were
developed after observation of more than a thousand mice. More detailed phenotyping
allows better discrimination among animals with different degrees of seizure susceptibility.

We mapped two variables in the CSS-10 × B6F2 population: time spent in stage 3, which
corresponds to the duration of continuous partial seizures, or partial status epilepticus, and
highest stage reached, which corresponds to the most severe seizure stage attained. Use of
these two variables captures both latency to and severity of pilocarpine-induced seizures,
two essential measures of susceptibility.

After mapping both phenotypes with confidence to the same region on distal Ch10, we used
a dichotomous version of highest stage reached, whether an animal reached stage 4 or higher
(had generalized seizures) for fine mapping in congenic strains. Stage 4 is reliably identified
in mice, and occurred more frequently in our congenic animals because of the higher dose
used for testing (300 mg/kg) compared with CSS-10 × B112 animals (250 mg/kg). We also
performed analyses with the original phenotypes, time in stage 3 and highest stage reached,
for comparison.

Genotyping
We used the Qiagen DNAeasy kit (Qiagen Sample and Assay Technologies, Germantown,
MD, U.S.A.) to extract DNA from mouse tail and spleen. F2 mice were genotyped at six
polymorphic single-nucleotide polymorphism (SNP) markers that were evenly spaced across
chromosome 10 (rs13480530, rs13459120, rs13480621, rs13480643, rs13480719, and
rs13480781.) For congenic line construction, in order to further saturate the region of
interest, we used rs13480832 as well (Fig. 1). Genotyping was performed at the University
of Chicago using the ABI TaqMan Assay (Applied Biosciences, Foster City, CA, U.S.A.)
and a Step One PCR (polymerase chain reaction) machine (Applied Biosciences) in
accordance with the manufacturer’s instructions.

Statistical methods
Analysis of the CSS-10 × B6F2 population—We used the R/QTL software (Version
1.14-2; http://www.rqtl.org/) (Broman et al., 2003), which runs in the R software
environment (Version 2.9.2; http://www.r-project.org/) to map susceptibility loci in the F2
population. R/qtl is essentially a linkage program used for complex trait analysis, and
calculates a logarithm of the odds (LOD) score, providing evidence for linkage of a trait of
interest to a chromosomal region delineated by genetic markers. To map the variable time
spent in stage 3 (partial status epilepticus), we used the “normal” model and the “EM
algorithm” method with the age and weight of the mice as covariates. For highest stage
reached, we used the nonparametric “np” model and the “EM algorithm” method
(nonparametric models do not accommodate covariates). We used 1,000 permutations of
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these data using the “perm” argument in the scanone function in R/qtl to estimate
significance (Churchill & Doerge, 1994). Confidence intervals were calculated using a
Bayesian method as implemented in R/qtl. The effect of genotype at the most associated
marker was estimated using “effect plot” function in R/qtl. We empirically estimated the
distance between markers and additionally estimated genotype at 1 cM intervals between
each marker using R/qtl.

Analysis of interval-specific congenic strains—In order to fine map the QTL
contributing to seizure susceptibility on distal Ch10, analyses were carried out for which
attaining stage 4 or higher was the outcome variable, and only animals homozygous at all
four loci—rs13480643, rs13480719, rs13480781, and rs13480832—were included. Three
sets of analyses were carried out. In the first set, interval-specific congenic strains defined
by their genotype profile at the four loci were compared separately from the control animals
using a chi-square statistic. In the second, a chi-square statistic was used to compare animals
with the AJ genotype at an SNP to animals with the B6 genotype, separately for each of the
loci. In the third set, a multiple logistic regression analysis of reaching stage 4 or higher was
carried out to narrow the susceptibility region further, including genotypes at the top
markers as predictors.

Results
QTL analysis

CSS-10 × B6F2 animals—R/qtl analysis of the F2 mice identified significant QTLs for
the variables time in stage 3 and highest stage reached. For time in stage 3 (Fig. 2A), there
was a highly significant QTL in the distal portion of chromosome 10 that was nearest to
marker rs13480719. The Bayes 95% confidence interval for this QTL spanned from 43–60
cM, with a maximum LOD score of 5.34 at rs13480719. The QTL for time in stage 3
accounted for approximately 27% of the variance for this trait in the F2 population. The
effect of this QTL appeared to be approximately additive (Fig. 2B). In other words, there is a
relatively linear effect of gene dose on phenotype, with the heterozygote phenotype being
intermediate to the two homozygotes (B6/B6 and A/A) at the top locus. Results were similar
if the covariates were not included in the model, but we included them a priori to be
consistent with other analyses.

For highest stage reached (Fig. 3A) there was a highly significant QTL that was also in the
distal portion of chromosome 10 and was nearest to marker rs13480781, with a maximum
LOD score of 2.99 at marker rs13480781. The QTL for highest stage reached accounted for
approximately 16% of the variance for this trait in the F2 population. The Bayes 95%
confidence interval for this QTL spanned from 45 cM until the last marker in our map
(rs13480781). The effect of this QTL also appeared to be approximately additive (Fig. 3B).
Although not formally tested, we hypothesize that loci for time in stage 3 and highest stage
reached reflect the pleiotropic action of a single QTL. Although these methods are robust to
deviations from normality in the sample, we repeated the rQTL analyses using
nonparametric (np) methods to account for nonnormality. All results were quantitatively
similar (not shown).

Chromosome 10 interval-specific congenic strain—As described above, we
performed analyses in which reaching stage 4 or higher was the outcome variable. The first
set of analyses, which compared each interval-specific congenic strain (ISCS) with the B6
control animals, resulted in statistically significant evidence for differences between strain
and control for congenic strains R2, R3, and R4 (Fig. 1A–C; Tables 2 and 3). These results
were replicated for the variables of time in stage 3 and highest stage reached (data not

Winawer et al. Page 5

Epilepsia. Author manuscript; available in PMC 2012 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



shown). The second set of analyses, which examined the effect of genotype at each marker
locus separately, resulted in statistically significant evidence for association at rs13480781
and rs13480832. Finally, logistic regression analyses were performed to identify the interval
most likely to harbor the susceptibility locus (data not shown). This third analysis examined
the effects of multiple loci simultaneously. Regression analyses demonstrated statistically
significant evidence of an association with rs13480781 after adjusting for rs13480832, and
statistically significant evidence for an association with rs13480832 after adjusting for
rs13480781. The association with rs13480719 did not persist after adjusting for rs13480781.
This method is comparable to one recently described (Shao et al., 2010). These results
correspond to the presence of a trait locus between rs13480781 and rs13480832. We
repeated all analyses using logistic regression and adjusting for covariates of mouse age and
weight at testing. Results were quantitatively similar (data not shown).

Discussion
The purpose of this study is to explore the genetics of seizure susceptibility by identifying
the loci contributing to susceptibility in a mouse model. This has potentially powerful
implications for understanding the genetic contributions to human epilepsy. Using mouse
CSS, Ch10 F2 populations, and ISCS, we have identified and fine mapped a locus on distal
mouse chromosome 10 (Ch10) that contributes to limbic seizure susceptibility. Mapping of
pilocarpine-induced seizures has not been reported previously, and there have been few prior
reports of seizure susceptibility candidate loci on mouse Ch10 or syntenic human regions.
Gershenfeld et al. reported an association of D10Mit180 (117.59 Mb) with seizure
susceptibility in a B6 × A/J cross, in response to β-CCM, a γ-aminobutyric acid
(GABA)ergic agent that produces generalized (not limbic) seizures (Gershenfeld et al.,
1999). Subsequent studies of a congenic have suggested that this QTL may play a role in
both anxiety-related endophenotypes and seizure susceptibility (Zhang et al., 2005).

We have also found evidence for the presence of a locus underlying both seizure
susceptibility and anxiety endophenotypes on A/J Ch10 (Ponder et al., 2007; Winawer et al.,
2007). In an independent dataset we have confirmed the location of this QTL, using a fear-
conditioning paradigm (Palmer A, unpublished results). The possibility that a single allele
pleiotropically influences both traits should be investigated further, especially in light of the
known comorbidity between psychiatric disorders and epilepsy (Winawer & Hesdorffer,
2010). The region on distal Ch10 may contain one or more loci that play a role in epilepsy
and psychiatric comorbidity.

D10Mit180 is located at approximately 117.59 Mb on Ch10, near marker rs13480781,
which is located at 117.56 Mb (Fig. 1B). Marker rs13480719 maps to a homologous region
on human CH12q. This may overlap a locus on chromosome 12q22–23, which has been
found to be linked to familial TLE with febrile seizures in a single extended pedigree (Claes
et al., 2004). To our knowledge, no other potential epilepsy genes have been mapped to this
region.

We have mapped two seizure susceptibility phenotypes to the same region of mouse Ch10.
The first, time in stage 3, is a measure of latency, or duration of partial status. The second,
highest stage reached, is a measure of seizure severity. The colocalization of the latency and
severity aspects of susceptibility suggests that this QTL has a broad effect on seizure
susceptibility across different parameters. Defects in some molecular or biochemical
pathways may act to prolong seizures once initiated, whereas others may affect the
mechanism of propagation from partial to generalized seizures. Identification of genes that
raise risk for one or both mechanisms can give insight into the biology of seizure
susceptibility and development of targeted therapies.
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These results may be limited, in that they map seizure susceptibility in response to an acute
stimulus, not epilepsy. However, identification of genes influencing seizure susceptibility is
fundamental to understanding human epilepsy (Noebels, 2003). For example, mutagenesis in
a mouse model identified a single mutation on mouse Ch2, Szt1, conferring susceptibility to
electroconvulsive threshold (ECT) minimal clonic seizures (Yang et al., 2003). Two of the
three known deleted genes—Kcnq2 and Chrna4—are known to be mutated in human
epilepsy families (Singh et al., 1998; Steinlein, 2000), and Kcnq2 haploinsufficiency was
shown to determine the Szt1 susceptibility phenotype. These results demonstrate a direct
correspondence between mouse seizure susceptibility genes and human epilepsy genes.
Furthermore, screening compounds for seizure susceptibility in rodents has led to the
development of many effective anticonvulsant agents (Frankel, 2009). Even if specific genes
identified do not raise risk for epilepsy per se, the information obtained will still be valuable
for elucidating the pathophysiology of seizures and therapeutic targets.

The identification of mouse QTLs and quantitative trait genes (QTGs) can provide a
framework for identifying novel homologous candidate genes for human epilepsy. This has
been demonstrated by the identification of a maximal electroshock seizure threshold
(MEST) locus on mouse chromosome 1 (Ch1), fine mapping, selection of a potassium
channel candidate gene, Kcnj10, and subsequent discovery of genetic association in a human
epilepsy population (Ferraro et al., 2001; Buono et al., 2004; Ferraro et al., 2004). Mutations
in Kcnj10 have also been reported in families with epilepsy, sensorineural deafness, and
renal tubulopathy, supporting the gene’s role in cellular homeostasis in humans
(Bockenhauer et al., 2009; Sala-Rabanal et al., 2010). Improving prior probability by the
identification of biologically probable candidates can help minimize the false-positive
results that plague human genetic association studies (Cardon & Bell, 2001; Emahazion et
al., 2001) We have previously demonstrated success translating from mouse QTL to human
genetic association with the identification of CSNK1E, a candidate gene for
methamphetamine sensitivity in both mice and humans (Veenstra-Vander-Weele et al.,
2006). QTL mapping is a powerful technique with the potential to identify novel loci and
genes involved in epilepsy and other human complex disorders.

Analysis of chromosome substitution strains, Ch10 F2 populations, and ISCS created to date
provides strong evidence for a seizure susceptibility locus on distal mouse Ch10 between
markers rs13480781 and rs13480832. Further congenic strain creation is underway, and will
help improve the resolution of our mapping and narrow the list of potential candidate genes.
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Figure 1.
(A) Marker genotypes across the Ch10 region of interest for C57BL/6J and interval-specific
congenic strains. (B) Markers genotyped and relative positions on Ch10. *Used in congenic
strains only. (C) Seizure susceptibility in Ch10 interval-specific congenic strains.
*Statistically significant difference from B6 control.
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Figure 2.
(A) rQTL-generated LOD curve for time in stage 3 (partial status) on mouse Ch10. Marker
positions are represented by vertical tick marks above the x axis. The dotted horizontal line
is the line for statistical significance (p < 0.05). (B) Effect of genotype on time in stage 3
(partial status) at marker rs1340719. On the x axis, B6 refers to homozygosity for the B6
allele at the locus, Het refers to heterozygosity at the locus, and A/J refers to homozygosity
for the A/J allele at the locus.
Epilepsia © ILAE
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Figure 3.
(A) rQTL-generated LOD curve for highest stage reached on mouse Ch10. Marker positions
are represented by vertical tick marks above the x axis. The dotted horizontal line is the line
for statistical significance (p < 0.05). (B) Effect of genotype on highest seizure stage reached
at marker rs13480871. On the x axis, B6 refers to homozygosity for the B6 allele at the
locus, Het refers to heterozygosity at the locus, and A/J refers to homozygosity for the A/J
allele at the locus.
Epilepsia © ILAE
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Table 1

Limbic seizure stages in pilocarpine-treated mice

Stage 1 Immobility/lying low

Stage 2 Partial (limbic) seizures: twitching/tremor/shaking of tail/head/body/or limbs, not continuous, forelimb and/or tail extension, rigid
posture, repetitive movements, head bobbing

Stage 3 Partial status epilepticus: continuous tremor/clonic seizures of body and tail while retaining posture

Stage 3.1 Partial status epilepticus lasting 10 min or more

Stage 4 Generalized seizures: rearing/hyperexcitability/running/falling, tonic extension/clonic seizuresa with loss of posture

Stage 4.5 Stage 4 seizures, recurrent, but not continuous for 3 or more minutes

Stage 4.75 Stage 4 seizures, recurrent and continuous for 3 or more minutes

Stage 5 Generalized status epilepticus (continuous stage 4 seizures) resulting in death

a
Tonic seizures are characterized by whole body stiffening and extension and clonic seizures by repetitive rhythmic jerking. These two phenomena

are typically seen together in whole body convulsive seizures.
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Table 2

Comparison of individual interval-specific congenic strains with B6 controls

Congenic line Value p-value

R2 10.6607 0.0011*

R3 10.8981 0.0010*

R4 5.0971 0.0240*

This table reports chi-square statistics and p-values for the test of independence between congenic status and the indicator of reaching stage 4 in
analyses restricted to controls compared with individual congenics.

Values marked with * reflect a significant difference from B6 controls.
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Table 3

Effect of genotype at each marker locus in interval-specific congenic strains

Observation Value p-value Locus

1 0.0506 0.8221 rs13480643

2 1.0347 0.3090 rs13480719

3 16.7317 <0.0001* rs13480781

4 17.1236 <0.0001* rs13480832

Chi-square statistics and p-values for the test of independence and genotype in a simultaneous analysis of all congenic strains at each locus.

Values marked with * represent significant effects.
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