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DBA/2J (D2) and C57BL/6J (B6) mice exhibit differential sensi-
tivity to seizures induced by various chemical and physical
methods, with D2 mice being relatively sensitive and B6 mice
relatively resistant. We conducted studies in mature D2, B6, F1,
and F2 intercross mice to investigate behavioral seizure re-
sponses to pentylenetetrazol (PTZ) and to map the location of
genes that influence this trait. Mice were injected with PTZ and
observed for 45 min. Seizure parameters included latencies to
focal clonus, generalized clonus, and maximal seizure. Laten-
cies were used to calculate a seizure score that was used for
quantitative mapping. F2 mice (n = 511) exhibited a wide range
of latencies with two-thirds of the group expressing maximal
seizure. Complementary statistical analyses identified loci on
proximal (near D1Mit11) and distal chromosome 1 (near

D1Mit17) as having the strongest and most significant effects in
this model. Another locus of significant effect was detected on
chromosome 5 (near D5Mit398). Suggestive evidence for addi-
tional PTZ seizure-related loci was detected on chromosomes
3, 4, and 6. Of the seizure-related loci identified in this study,
those on chromosomes 1 (distal), 4, and 5 map close to loci
previously identified in a similar F2 population tested with kainic
acid. Results document that the complex genetic influences
controlling seizure response in B6 and D2 mice are partially
independent of the nature of the chemoconvulsant stimulus
with a locus on distal chromosome 1 being of fundamental
importance.
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Human epilepsies are complex neurobehavioral disorders result-
ing from abnormal excitability of neurons in various brain regions.
The origin of abnormal excitability in a specific subset of neurons,
an epileptic “focus”, and its subsequent propagation to secondary
brain regions determines a specific clinical seizure phenotype.
Although family (Beck-Mannagetta et al., 1989; Ottman et al.,
1989) and twin studies (Berkovic et al., 1996) provide compelling
evidence for genetic influences in epilepsy, the clinical and ge-
netic heterogeneity characteristic of the epilepsies as a group
have hindered the search for causative genes. Nonetheless, a
number of significant genetic linkages have been reported (Lep-
pert et al., 1989; Lehejoski et al., 1991; Lewis et al., 1993; Liu et
al., 1995; Phillips et al., 1995), and several of these have led to the
identification of mutated genes (Steinlein et al., 1995; Pennacchio
et al., 1996; Biervert et al., 1998; Charlier et al., 1998). However,
whereas human epilepsy genes isolated to date are involved in
clinical syndromes inherited largely in Mendelian fashion, the
majority of seizure disorders in humans are genetically complex.
This provides a rationale for developing strategies to conduct a
search for seizure-related genes of partial effect.

Identification and characterization of strain differences in com-
plex phenotypic traits using experimental models provides a
starting point for dissecting genetic influences involved in com-

Received Feb. 9, 1999; revised May 19, 1999; accepted May 26, 1999.
This work was supported by National Institutes of Health Grant NS33243. We
thank Lisa Tarrantino for assistance with nonparametric Mapmaker analyses.
Correspondence should be addressed to Dr. Thomas N. Ferraro, University of
Pennsylvania, Department of Psychiatry, Center for Neurobiology and Behavior,
Room 127 CRB, 415 Curie Boulevard, Philadelphia, PA 19104-6140.

Copyright © 1999 Society for Neuroscience 0270-6474/99/196733-07$05.00/0

plex traits in humans. The well documented difference in seizure
sensitivity between DBA and C57 mice is largely independent of
the mode of seizure induction (Hall, 1947; Schlesinger et al.,
1968; Taylor, 1976; Marley et al., 1986; Freund et al., 1987;
Engstrom and Woodbury, 1988; Kosobud and Crabbe, 1990;
Ferraro et al., 1995, 1997, 1998a) and offers a unique opportunity
to study how differences between common allelic variants influ-
ence behavioral seizure responses. Use of seizure models involv-
ing administration of pentylenetetrazol (PTZ) are integral com-
ponents in the process used to identify clinically useful
anticonvulsant drugs (Porter et al., 1984) and, as such, the iden-
tification of murine genes involved in determining sensitivity to
PTZ may provide important insight into the pathogenesis of
certain forms of epilepsy in humans. Moreover, if genetic loci that
influence seizure response to PTZ overlap loci that influence
response to other convulsants, then it may be possible to localize
genes of fundamental importance in controlling seizures in these
strains of mice and, in doing so, provide candidate genes for
examination in human epilepsy.

We have undertaken a systematic evaluation of PTZ-induced
seizure responses in D2 and B6 mice and their F1 and F2
progeny. Previous work in our laboratory has identified genetic
loci that influence the differential seizure response of these
strains of mice to kainic acid, the locus of greatest effect mapping
to the distal region of chromosome 1 (Ferraro et al., 1997).
Results presented here confirm previous work on the relative
seizure sensitivity of D2 mice compared to B6 mice and docu-
ment that the differential response of these strains to PTZ is
highly heritable with a multilocus determinism. Furthermore,
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Table 1. Tonic hindlimb extension in D2 and B6 mice” treated with
various doses of PTZ

Dose (mg/kg, s.c.)

Strain 60 70 80 90

D2 0=0(7) 14 =7 (14) 90 = 7 (20) 95 =5 (19)
B6 0+0(8) 0+ 0(10) 0+0(18)** 14 + 13 (15)*
F1 80 = 10 (15)

F2 65 = 2 (511)

“Values represent the percentage (+SE) of animals exhibiting tonic hindlimb
extension. The number in parentheses indicates the number of mice treated.

**p = 0.0014; *p = 0.0046 versus respective D2 value (Fisher’s Exact Test,
two-tailed).

several PTZ seizure-related loci detected in this study are in the
same genomic vicinity as those mapped using a kainic acid seizure
screening model, including the locus of largest effect on distal
chromosome 1 (Ferraro et al., 1997).

MATERIALS AND METHODS
Animals

DBA/2J (D2) and C57BL/6J (B6) mice of both genders were purchased
from the Jackson Laboratory (Bar Harbor, ME) at ages 5-6 weeks and
bred in-house to propagate mice for these studies. Male D2 mice were
crossed with female B6 mice to produce an F1 generation. F2 progeny
were produced via F1 intercross. Mice were generally weaned at 4 weeks
of age and then group housed (three or four mice per cage) by gender.
Mice were maintained on a 12 hr light/dark schedule with food and water
available ad libitum. All experiments were approved by Animal Care and
Use Committees governing the participating laboratories.

Seizure testing

Testing was conducted when mice were 8—10 weeks of age using a single
subcutaneous injection of PTZ (Sigma, St. Louis, MO). Mice were taken
from their home cages and placed individually into Plexiglas cubicles
(width, 15 cm; length, 20 cm; height, 30 cm) with a wire mesh floor for 30
min before PTZ injection. After injection, they were returned immedi-
ately to the cubicle and observed for 45 min. Latencies to focal (partial
clonic), generalized (generalized clonic), and maximal (tonic-clonic)
behavioral seizures were recorded. Three mice were observed simulta-
neously with seizure latencies derived using individual digital timing
devices. A dose-response survey was conducted with male mice from
each of the two parental strains (n = 7-20 per dose per strain) in order
to determine a dose of PTZ that best distinguished their seizure sensi-
tivity. Based on the results of these experiments (Table 1), testing of F1
(n = 20) and F2 (n = 511) generation mice was conducted with a dose of
80 mg/kg, s.c. At the end of the 45 min observation period, mice were
killed by cervical dislocation. Brain and liver were harvested and frozen
at — 70°C. Nuclear DNA was extracted (Lahiri and Nurnberger, 1991)
from liver, quantified using the 280/260 UV absorbance ratio, and diluted
with deionized water to a final concentration of 15 ng/ul.

PTZ seizure phenotype

We defined four phases in the continuum of behavioral response to
subcutaneous PTZ injection.

Phase 1. Hypoactivity. This phase was characterized by a progressive
decrease in motor activity until the animal came to rest in a crouched or
prone position with abdomen in full contact with cage bottom.

Phase 2. Partial clonus: clonic seizure activity affecting face, head, and/or
forelimb or forelimbs. Partial or focal seizures were brief, typically lasting
1 or 2 sec, and often accompanied by vocalizations. Partial seizures
occurred either individually or in multiple discrete episodes before
generalization.

Phase 3. Generalized clonus: sudden loss of upright posture, whole body
clonus involving all four limbs and tail, rearing, and autonomic signs. At
times phase 3 also included wild running and jumping, although typically
these latter signs signaled the onset of a maximal seizure. The duration
of generalized seizures was variable but typically involved behavioral
changes lasting for 30-60 sec followed by a quiescent period. Most mice
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exhibited multiple generalized seizures irrespective of their subsequent
status for tonic hindlimb extension.

Phase 4. Tonic-clonic (maximal) seizure: generalized seizure character-
ized by tonic hindlimb extension. Tonic-clonic maximal seizures were
associated with death, although this could be avoided through the use of
artificial respiratory techniques. Some mice recovered spontaneously. It
was not unusual for mice to exhibit multiple episodes of tonic hindlimb
extension within the 45 min observation period.

Seizure score

Latencies (inverse) to partial clonus (PC), generalized clonus (GC), and
tonic-clonic (TC) seizures were summed to assign each mouse a seizure
score that was used as a quantitative trait measure for mapping according
to the following equation:

Seizure score = (0.2) (1/PC latency) + (0.3) (1/GC latency) + (0.5)
(1/TC latency).

At the dose of PTZ used, all F2 mice exhibited partial and generalized
clonic seizures. Only the most severely affected mice developed tonic-
clonic seizures. The weighting factors (0.2, 0.3, and 0.5) were included as
a means of incorporating a measure of the progressive nature of the
PTZ-induced seizure phenotype into the severity rating because gener-
alized clonus is regarded as a more significant event than partial clonus,
and tonic hindlimb extension is regarded as the most severe component
of the phenotype. In this way, the seizure score reflects the degree of
progression of the seizure syndrome in each mouse. This strategy is
similar to that used for mapping loci influencing kainic acid-induced
seizures (Ferraro et al., 1997).

Genotyping

DNA markers used for genotyping were chosen from recently published
maps based on a set of DNA microsatellite polymorphisms (Dietrich et
al., 1996) with a spacing of 10-20 cM. An effort was made to use markers
with alleles that differed in size between strains by >8 bp. For such
markers, PCR-amplified sequences were analyzed by agarose gel elec-
trophoresis with ethidium bromide staining (Ferraro et al., 1998b). After
electrophoresis, genotypes were recorded from Polaroid 667 (3000 ISO)
black and white prints by two independent readers and entered into a
database for subsequent error checking through comparison of the two
readings. Discrepancies were resolved by reference to a third reader.
Irreconcilable discrepancies were discarded from analysis with the geno-
type listed as unknown. Alternatively, gels were analyzed with a digital
gel documentation system (Gel Doc 1000; Bio-Rad, Hercules, CA) that
provides thermal prints of digitized images from ethidium bromide-
stained gels. For marker loci having alleles with <8 bp strain difference,
genotyping involved the use of P32 end-labeled primers, PAGE, and
autoradiography as described previously (Ferraro et al., 1997).

Data analysis

Latencies to the first partial and generalized seizure and to tonic hind-
limb extension were recorded by a trained observer. All data were
entered into a Microsoft Excel (Office 97) workbook, and statistical
evaluation of seizure phenotypes was carried out with the Excel Analysis
Toolpak or with Truepistat (Richardson, TX) statistics software. Results
from dose-response experiments were analyzed with two-way ANOVA
for strain, dose, and strain-by-dose interaction effects. Strain differences
in expression of tonic hindlimb extension (maximal seizure) were inves-
tigated using Fisher’s Exact test. Gender differences were examined in F2
generation mice by comparison of percentages of males and females
exhibiting a maximal seizure using contingency analysis and also by
comparison of gender-specific means for each of the latency measures
and the total seizure score using Student’s ¢ test. Additionally, F2 mice
were divided into two groups based on the presence or absence of tonic
hindlimb extension (maximal seizure), and focal and generalized seizure
latencies and seizure scores were compared in these groups using Stu-
dent’s ¢ test.

The approach used for mapping PTZ seizure-related loci involved
multiple analytic strategies used previously in studies of polygenic sei-
zure models (Ferraro et al., 1997) as well as other polygenic models
(Risch et al., 1993; McAleer et al., 1995; Schork et al., 1995). The first
strategy involved evaluation of associations between genotypes deter-
mined at 92 marker loci and tonic-clonic seizure response through use of
ANOVA and x? contingency procedures with marker locus genotypes
taken as the grouping variables. y? analysis determines the probability
that the distribution of genotypes within “seizure” and “no seizure”
subgroups of mice differs significantly from what would be expected to
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Table 2. Summary of seizure trait parameters for B6, D2, F1, and F2 generation mice treated with PTZ*

Partial clonus latency

Generalized clonus latency

Tonic-clonic latency Seizure score

Strain n Mean Variance Mean Variance Mean Variance Mean Variance
B6 18 8.67* 2.80 15.7%* 4.36 2.5%%x 0.85
D2 20 3.95 1.66 4.42 2.49 16.7 7.56 12.3 3.0

F1 15 5.73 4.71 6.74 4.78 34.9 134 8.44 17.2

F2 511 5.73 8.98 7.26 15.3 23.5 192 9.64 60.5

“Mice were given a single injection of PTZ (80 mg/kg, s.c.) and observed for 45 min to record latencies and determine seizure phenotype. Values for mean and variance are

expressed in minutes.

*p < 0.005; **p < 0.001; ***p < 0.0005 versus respective D2 value (ANOVA, Neuman-Keuls).

occur, assuming independent segregation of alleles. Markers found to be
significant in univariate x? analyses (threshold, p < 0.02) were evaluated
to determine which mode of inheritance gave best fit to the data.
Construction of simple genetic models for the effects of putative seizure-
related loci linked to each marker locus was carried out through use of
linear logistic regression analysis as described previously (McAleer et al.,
1995; Schork et al., 1995). The second strategy employed stepwise
multiple regression analysis to simultaneously evaluate the influence of
multiple locus (marker) effects that surpassed a liberal statistical thresh-
old (p < 0.02) applied in the first strategy. Multivariate regression allows
the examination of effects of multiple independent variables (genetic and
phenotypic) on a quantitative or qualitative outcome variable and also
facilitates evaluation of locus interactions. In the present study, the
dependent variable for F2 mice was a tonic-clonic (maximal) seizure, and
thus, for both contingency table and logistic regression analyses, F2 mice
were grouped based on expression (n = 335) or no expression (n = 176)
of tonic hindlimb extension. One outcome parameter of logistic regres-
sion analysis is an odds ratio that reflects the chance that a specific mouse
will express a PTZ-induced maximal seizure if it harbors a specific
genotype. The third analytic mapping strategy involved refining the
position and effect of seizure-related loci through interval mapping using
the standard (Lander et al., 1987; Lander and Botstein, 1989) and
nonparametric (Kruglyak and Lander, 1995) Mapmaker programs with
the overall seizure score taken as the quantitative mapping trait. Because
seizure latencies served as quantitative parameters, and the presence of
tonic-clonic activity added a heavily weighted component to the overall
seizure score, mice expressing tonic-clonic seizures earned higher scores
that were graded by seizure latency. The final analytic strategy involved
investigating epistatic interactions between seizure-related loci using a
logistic regression model (Schork et al., 1995) but made use of marker-
based genetic models for loci evaluated in the second strategy. We view
these analyses as complementary approaches for the dissection of a
multilocus trait.

RESULTS

Dose-response studies and subsequent seizure testing docu-
mented the relative seizure susceptibility of D2 mice to PTZ
compared to B6 mice. Tonic-clonic seizure responses were ob-
served for D2 mice over the range of PTZ doses tested, whereas
B6 mice were responsive only at the highest dose (Table 1). Based
on these results, screening of F1 and F2 intercross progeny was
conducted using a dose of 80 mg/kg, s.c. Table 2 presents a
summary of strain data for the seizure latency traits and the
overall seizure score. Heritability estimates based on values for
F1 and F2 variance indicated a substantial genetic component for
each measure (Table 3); however, these estimates are rough
because they are based on relatively small numbers of observa-
tions. The distribution of F2 seizure scores is shown in Figure 1.
F2 mice distinguished by the expression of a tonic-clonic seizure
were characterized by significantly shorter latencies to partial and
generalized clonus and correspondingly greater seizure scores
compared to F2 mice without tonic-clonic seizures (Table 4).
There was no significant effect of weight (7' = 0.495; p = 0.31) or
gender (F = 2.029; p = 0.15, ANOVA) on latency measures or on
expression of tonic-clonic seizure activity.

Table 3. Heritability (h?) estimates” for PTZ seizure traits

Trait h?

Latency to partial clonus 0.48
Latency to generalized clonus 0.69
Latency to tonic hindlimb extension 0.30
Seizure score 0.71

“Heritability was estimated as the difference between F2 and F1 generation vari-
ances (see Table 2) following log transformation of latency data.
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Figure 1. Distribution of seizure scores among F2 mice. Scores were

calculated as described in Materials and Methods. Other population
summary data are given in Tables 2 and 3.

Genome scanning used a total of 92 DNA markers with the
mean (= SD) interval for adjacent markers estimated to be
14.5 = 6.5 cM. The largest interval was 29 cM between markers
D18Mit29 and D18Mit123. Other intervals greater than 20 cM
included D4Mit303—D4Mit189 (275 cM), DO6Mitl159—
DoMit243 (235 cM), D8Mit287—D8Mit69 (23 cM),
D12Mit182—D12Mit114 (27 cM), and D16Mit9—D16Mit13
(23.6 cM). Contingency analysis conducted to examine the asso-
ciation between genotype and tonic-clonic seizure phenotype
detected groups of linked markers on chromosomes 1, 5, and 6
with additional individual markers detected on chromosomes 3
and 18 (Table 5). Logistic regression analysis revealed significant
or suggestive evidence for linkage on chromosomes 1, 3, 5, and 6
(Table 6). As expected for a polygenic trait, PTZ seizure suscep-
tibility loci are derived from both “sensitive” (D2) and “resistant”
(B6) strains with D2-derived susceptibility alleles on chromo-
somes 1 and 6 and B6-derived susceptibility alleles on chromo-
somes 3 and 5.
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Table 4. Comparison of clonic seizure latencies and seizure scores in
F2 generation mice as a function of maximal seizure status”

F2 Mice with
maximal seizure

F2 Mice with no
maximal seizure

(n = 335) (n = 176)
Latency” to partial clonus 511 +2.53% 6.69 = 3.15
Latency to generalized clonus 6.48 =+ 3.32%* 8.44 = 4.28
Seizure score 11.8 = 8.1%#* 5.44 = 485

“F2 mice (n = 511) were given a single injection of PTZ (80 mg/kg, s.c.) and
observed for behavioral seizure activity.

>Seizure latencies are given in minutes; seizure scores are arbitrary units.

*P < ]077; **P < ]076; ***p < ]0710'

Table 5. PTZ-induced seizure-related loci: univariate contingency table
analysis of allele frequencies and seizure response in F2 generation
mice

Susceptibility

Marker X p Value? allele Mode*
D1Mit235 12.6 0.002 D2 A
D1Mit7 42.9 107° D2 D
Di1Mitl1 48.1 107° D2 A
D1Mit54 36.8 1077 D2 A
DI1Mit30 41.7 107° D2 A
D1Mitl6 223 10°* D2 A
D1Mit150 36.2 1077 D2 A
D1Mitl17 18.8 107 D2 A
D3Mit268 11.6 0.003 B6 D
D5Mitl1 13.2 1073 B6 R
D5Mit15 10.2 0.006 B6 R
D5Mit398 14.1 103 B6 R
D5Mit95 11.6 0.003 B6 R
D6Mit102 9.9 0.007 D2 D
D6Mit55 7.6 0.02 D2 D
D6Mit59 9.0 0.01 D2 D
D18Mit49 8.4 0.015 D2 D

“Represents the association between genotype and seizure status based on the
presence (n = 335) or absence (n = 176) of a PTZ-induced tonic-clonic seizure.

>Only markers attaining a p < 0.02 threshold are shown.

‘Mode of inheritance was determined by best-fit regression analysis following
marker recoding with seizure status as the dependent variable (D, dominant; R,
recessive; A, additive).

Multipoint interval mapping conducted on the full dataset
demonstrated significant or suggestive evidence for linkage on
three chromosomes, supporting results from logistic regression
analysis for loci on chromosomes 1 and 5. In addition to corrob-
orating locus effects that were detected by multivariate regression,
interval mapping also yielded suggestive evidence for a B6-
derived susceptibility locus on chromosome 4. Logarithm of odds
(LOD) plots for chromosomes 1, 4, and 5 are shown in Figure
2A-C. The peak LOD score on chromosome 1 (Fig. 24) was
associated with more distal markers D1Mit30 and DI1Mitl6
(LOD = 12.7, with 14.7% of total variance explained), whereas a
second LOD peak was detected more proximally, near markers
D1Mit7 and D1Mit11 (LOD = 10.3 with 11.6% of total variance
explained). This result is consistent with retention of both prox-
imal and distal chromosome 1 markers in the logistic regression
analysis and suggests the presence of at least two distinct seizure-
susceptibility loci on chromosome 1. Analyses conducted using
the nonparametric version of Mapmaker/QTL yielded similar
evidence for linkage on chromosome 1 (data not shown). Inter-

Table 6. PTZ-induced seizure-related loci: multivariate stepwise logistic
regression analysis®

Marker” Coeft = SE° Wald 2 p value? Odds ratio®
D1Mitl1 1.87 £ 0.45 17.0 <0.0001 6.50
D1Mitl17 1.42 =045 10.0 0.0015 4.16
D3Mit268 0.88 = 0.34 6.85 0.0089 241
D5Mit398 1.18 = 0.42 8.19 0.0042 3.25
D6oMit102 1.13 £ 0.33 12.0 0.0005 3.09

“Regression was conducted with the dependent variable defined as the presence (n =
335) or absence (n = 176) of tonic-clonic seizure activity.

®Markers with significant phenotype-predictive value (see Table 5 for markers
entered into analysis). Marker data were recoded to reflect the best-fitting mode of
inheritance. Results are expressed in terms of the seizure-susceptibility allele.

“Mean regression coefficient (=SEM) for the marker.
9Probability that the regression coefficient equals 0.00.

°Odds of expressing a PTZ-induced tonic-clonic seizure when possessing the sus-
ceptibility genotype at the indicated marker locus.

estingly, the location of the distal chromosome 1 LOD peak
coincides closely with the peak LOD score obtained in a previ-
ously reported study of kainic acid (KA)-induced seizure suscep-
tibility in these two strains of mice (Ferraro et al., 1997). The KA
LOD plot for chromosome 1 markers is redrawn in Figure 24 for
purposes of comparison with the PTZ plot. Genome-wide inter-
val mapping also revealed the presence of a significant PTZ
seizure-related locus on chromosome 5 (LOD = 4.18 with 5.8%
of the total variance explained) and a suggestive locus on chro-
mosome 4 (LOD = 3.14 with 4.6% of the variance explained).
Epistatic interactions between mapped loci were evaluated in a
stepwise logistic regression model (Table 7). The main effects
fixed in this analysis were the five markers from Table 5. Overall
the results indicate two significant interactions involving
D3Mit268, one with D1Mit17 and another with D5Mit398. As is
evident, the main effects from these three loci are diminished in
this model because their effects are explained by epistasis. Thus,
with regard to the D2-derived major susceptibility allele on distal
chromosome 1, its effect to increase PTZ-induced seizure risk is
only observed in the presence of a B6-derived allele at D3Mit268.

DISCUSSION

We have conducted a full genome scan to detect influences
mediating sensitivity to maximal seizures induced by PTZ and
show that a locus on distal chromosome 1 near markers D1Mit16
and D1Mitl7 exerts the most prominent genetic effect in this
model. Based on recent convention (Lander and Kruglyak, 1995),
this locus surpasses criteria for declaring significant linkage. In
addition, the position of the chromosome 1 locus reported in the
present PTZ-induced seizure model corresponds closely with the
location of a chromosome 1 influence (near D1Mit16) detected in
a KA-induced seizure model (Ferraro et al., 1997) consistent
with the possibility that the underlying genes are identical. The
fundamental importance of the D2-derived seizure susceptibility
gene or genes represented by this distal chromosome 1 locus is
underscored and given added biological significance by virtue of
the fact that the KA model of seizure induction is mechanistically
different from that using PTZ. Whereas PTZ-induced seizures
are initiated by blockade of brain GABA receptors (Olsen, 1981;
Ramanjaneyulu and Ticku, 1984), KA-induced seizures are ini-
tiated by activation of glutamate receptors (Simon et al., 1976). It
is likely that a genetic locus that affects the broad function of the
two main neurotransmitter systems in the CNS may represent an
important component of a final common pathway for regulating
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Figure 2. Genetic maps indicating interval LOD scores for linkage to
loci controlling PTZ-induced seizure susceptibility in F2 mice. LOD
scores were determined with Mapmaker/QTL using seizure score as the
trait measure. Scores represent the results of model-independent analyses.
A, Chromosome 1 [for comparison, this plot also contains data on kainic
acid seizure susceptibility redrawn from Ferraro et al., (1997)]; B, chro-
mosome 4; C, chromosome 5.
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Table 7. Epistatic interactions between PTZ-induced seizure-related
loci: multivariate stepwise logistic regression analysis®

Marker” Coeff + SE°  Wald *> p value? Odds ratio®
D1Mitl1 1.75 2037 221 <0.0001 5.78
D1Mitl7 —0.16 = 0.65  0.06 0.81 0.85
D3Mit268 -0.30 =050  0.37 0.54 0.73
D5Mit398 -020*+0.63 0.11 0.74 0.81
D6Mit102 091 027 111 0.0009 2.48
D1Mit17*D3Mit268 1.85+0.79  5.56 0.018  6.39
D3Mit268*D5Mit398  1.72 = 0.76  5.10 0.024 556

“Regression was conducted with the dependent variable defined as the presence (n =
335) or absence (n = 176) of tonic-clonic seizure activity.

®Main effects (Table 5 markers) were fixed in this analysis. Marker data were
recoded to reflect the best-fitting mode of inheritance. Results are expressed in
terms of the seizure-susceptibility allele.

“Mean regression coefficient (+SEM) for the marker.
“Probability that the regression coefficient equals 0.00.

°Odds of expressing a PTZ-induced tonic-clonic seizure when possessing the sus-
ceptibility genotype at the indicated marker locus or loci.

neuronal excitability. We also have preliminary results indicating
that the influence of the seizure susceptibility locus on distal
chromosome 1 crosses over into a nonpharmacological seizure
induction paradigm involving maximal electroshock threshold
(Ferraro et al., 1998a,c).

Additional evidence for a seizure-related influence on distal
mouse chromosome 1 comes from a recent report involving a
model of ethanol withdrawal (Buck et al., 1997) suggesting that
the withdrawal severity locus detected in that study may reflect a
generally lower seizure threshold in D2 compared to B6 mice
rather than being related specifically to physiological dependence
on ethanol. Several other polygenic mouse models of epilepsy
have been studied, but none have been shown to involve chromo-
some 1 loci (Frankel et al., 1994, 1995; Martin et al., 1995). It is
particularly noteworthy that none of the loci for audiogenic sei-
zure susceptibility map to chromosome 1 (Neumann and Collins,
1991); however, since D2 mice develop resistance to audiogenic
seizures as they mature yet are sensitive to electroshock and PTZ
seizures, it is likely that different genes are involved, with audio-
genic seizure sensitivity mediated by genes whose expression is
under developmental control. This phenomenon might be related
to a brain region-specific alteration in gene expression because
audiogenic seizures involve auditory and vestibular pathways that
may not be involved in maximal electroshock seizure threshold or
PTZ seizures. Another possibility is that the chromosome 1 locus
does have an influence on sensitivity to audiogenic seizures but
that the effect is relatively small compared to Aspl, Asp2, and
Asp3 and escapes detection by the methods that were used for
study. Nonetheless, the possibility that the same distal chromo-
some 1 locus participates in controlling neuronal hyperexcitability
in such diverse models as PTZ, KA, and ethanol-withdrawal
seizures provides considerable impetus to identify the responsible
gene or genes, and those genes whose protein products are
involved in transmembrane ion flux represent logical candidates
(Ferraro and Buono, 1999). Based on this idea, candidates on
distal chromosome 1 include genes for subunits of Na,K-ATPase
(Atpla2, Atp1bl) and a potassium channel gene (Kcnj10).

In addition to the distal chromosome 1 locus of significant
effect, a second chromosome 1 locus that also exceeds criteria for
declaring significant linkage (Lander and Kruglyak, 1995) was
detected more proximally. Although the interval mapping proce-
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dure inherent in the Mapmaker/QTL program does not reliably
distinguish two linked trait-influencing loci from a single locus,
the detection of two discrete LOD peaks in the Mapmaker
analysis (Fig. 24) is consistent with retention of two distinct
chromosome 1 loci in the multivariate regression analysis (Table
5) and suggests that there is also a proximal seizure-related locus
on chromosome 1 that influences the differential response of D2
and B6 mice to PTZ. This locus was not detected in the KA
model (Ferraro et al., 1997) and has not been reported to be
involved in other multigenic seizure models to our knowledge. A
relevant candidate gene near this locus is Slc4a3, the gene for an
anoin transport protein. The use of interval-specific congenic
strains will help to dissect these two potentially distinct chromo-
some 1 influences.

Among other loci that meet proposed criteria for significant or
suggestive linkage (Lander and Kruglyak, 1995), the locus on
chromosome 5 near marker D5Mit398 represents another influ-
ence whose location overlaps that of a KA seizure-related locus
(Ferraro et al., 1997). In the present study, the chromosome 5
locus was detected both with interval mapping procedures as well
as with multivariate analysis. Consistent with results from the KA
model, the chromosome 5 seizure-susceptibility allele is derived
from the relatively seizure-resistant B6 strain and functions in a
recessive mode. Although the location of this locus appears to
map slightly more distal than that reported in the KA study, it is
nonetheless within a 1-LOD confidence interval and may reflect
the same genetic influence. To our knowledge, this locus does not
coincide with seizure susceptibility loci reported by other inves-
tigators. Relevant candidate genes near this locus include Gabra2
and Gabrbl, which code for subunits of GABA receptors.

Novel QTLs detected in this study include a D2-derived sus-
ceptibility factor on chromosome 6 near D6Mit102 and a B6-
derived susceptibility factor on chromosome 3 near D3Mit268.
Although these regions have not been identified as harboring
susceptibility factors in other polygenic seizure models, the chro-
mosome 6 influence maps to the general vicinity of genes studied
in several knock-out mice with seizure-related phenotypes, in-
cluding the neuropeptide Y gene Npy (Erickson et al., 1996), a
potassium channel gene, Kcnal (Smart et al., 1998), a gene for an
inositol triphosphate receptor, ltprl (Matsumoto et al., 1996), and
the tumor necrosis factor receptor genes Tnfrsfla and Tnfrsfib
(Bruce et al., 1996). The possibility that these genes represent
genes of partial effect in controlling seizure responsiveness in
multifactorial models deserves investigation with regard to natu-
ral variation in sequences between B6 and D2 mice.

Interval mapping also yielded suggestive evidence for a
seizure-related locus on the proximal part of chromosome 4. This
effect is relatively weak and might be expected to occur by chance
frequently enough in a genome scan as to be regarded as a
potential false-positive result. Interestingly, a proximal chromo-
some 4 locus was also detected in the KA study, however in that
case, the seizure susceptibility allele originated in the B6 strain
(Ferraro et al., 1997), whereas in the present study, higher PTZ
seizure scores are associated with the presence of D2 alleles. It is
possible that the locus detected here may be related to the
audiogenic seizure susceptibility locus Asp-2, a D2-derived sus-
ceptibility factor mapped to this approximate chromosome 4
region (Neumann and Collins, 1991) or to a D2 susceptibility
locus for ethanol withdrawal-induced seizures also recently
mapped to this area (Buck et al., 1997). The possibility that this
locus influences such diverse seizure phenotypes suggests that it
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too may represent a fundamentally important gene involved in
neuronal hyperexcitability.

In summary, we continue to characterize the genetic factors
that mediate the dramatic difference in seizure response between
D2 and B6 mice. Based on results of this and previous studies
(Ferraro et al., 1997), we conclude that, like susceptibility to
kainic acid-induced seizures, sensitivity to PTZ-induced seizures
is a multifactorial trait with the strongest genetic influence orig-
inating from the distal region of chromosome 1. Isolation of the
gene or genes responsible for this effect may lead to fundamental
new insights into the control of neuronal excitability and the
understanding of seizure disorders.
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