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Abstract. Congenic mouse strains made by transferring epilepsy 
predisposing alleles Ell, El2, and El3 from the EL/Suz strain to the 
ABP/Le recipient were tested for seizure frequency following gen- 
tle rhythmic stimulation. Mice homozygous for El2, but not El1 or 
El3, experienced seizures much more frequently than ABP con- 
trols, while respective Ell homozygotes and El2 heterozygotes had 
only a modest increase over ABP, and El3 homozygotes showed 
no increase. Association between marker genotypes and seizure 
frequency in small intra-strain crosses showed that the phenotypic 
effects of El2 map to the selected interval, and that segregation of 
El2 accounts for virtually all genetic effects. However, in separat- 
ing El2 from other EL susceptibility alleles, the seizure frequency 
phenotype was weaker and less heritable than in crosses between 
parental strains. These results confirm El2 as an important QTL 
and show that it has significant phenotypic effects in the absence 
of other EL-derived alleles, including Ell. In addition, the present 
localization of El2 on Chr 2 suggests several potential candidate 
genes for El2, including the 13 subunit of phospholipase-C. The 
approach to dissecting complex traits by making congenic strains 
for individual QTL is discussed. 

similar to temporal lobe epilepsy in humans (Imaizumi et al. 1959; 
Seyfried et al. 1992; Suzuki and Nakamoto 1977a, 1977b; Suzuki 
et al. 1982). In EL mice, seizures can be readily induced with a 
gentle stimulation protocol, and susceptibility can be measured as 
a highly heritable, semi-quantitative trait, seizure frequency 
(Frankel et al. 1995; Fueta et al. 1986; Rise et al. 1991). In crosses 
of EL with the inbred strain ABP, several EL-derived seizure 
frequency alleles were previously identified as quantitative trait 
loci (QTL): Ell  (distal Chr 9), El2 (Chr 2), El3 (Chr 10), and 
recently, El4 (proximal Chr 9) (Frankel et al. 1995; Rise et al. 
1991). In these crosses, it was possible to estimate the genetic 
location of each QTL, its effect on the trait variance, and also its 
mode of inheritance. However, the individual characteristics of 
each locus are likely to be muddied by effects of other QTL. Thus, 
we sought to separate the known EL-derived susceptibility alleles 
by transferring the respective chromosomal region onto the ABP 
strain background, and testing each resultant strain for seizure 
frequency, 

Materials and methods 

Introduction 

Efforts to understand genetic factors that underly multigenic traits 
require a systematic dissection of the complex array of genetic and 
environmental factors into separate components. Although there 
has been much recent technological advancement in mammalian 
genetics, a simple and directed approach to take with mapped loci 
is to utilize congenic mouse strains, first developed for the study of 
histocompatibility in 1948 by George Snell at The Jackson Labo- 
ratory (Snell 1948). In essence, a piece of the genome from one 
mouse strain ("donor")  is simply transferred to another strain 
background ("recipient")  by successive backcrosses and selection 
for phenotype or genotype (for a review, see Flaherty 1981). The 
resulting congenic strain offers much greater genetic control than 
two parental strains, as the only effective genetic differences be- 
tween the congenic and the recipient strain are within the selected 
segment. Hence, one can study the effects of particular loci that 
influence a complex trait in isolation from other segregating ge- 
netic factors. A recent example of the successful use of congenic 
strains in this manner is in dissecting out genetic factors that in- 
fluence insulin-dependent diabetes of the NOD mouse (Leiter 
1989; Prins et al. 1993; Serreze et al. 1994). 

We are utilizing a congenic strain approach to dissect the in- 
heritance of genetically complex epilepsy in certain mouse strains. 
The EL/Suz (EL) inbred mouse strain exhibits a form of epilepsy 
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Mice. The mouse strain EL/Suz was obtained in Fall 1991 from T. Sey- 
fried (Boston College) at F76 + and is maintained as an inbred strain at The 
Jackson Laboratory by brother-sister matings. ABP/Le mice were obtained 
from JAX production at F102. ABP females were mated to F76 § EL males, 
and the resulting F 1 hybrids (males or females) were successively back- 
crossed to ABP (males or females) to generate congenic strains, as dis- 
cussed further in Results. Individual mice were identified by an ear mark- 
ing system. Mice were raised on acid-treated water and fed 96WA grain 
(Old Guilford) ad libitum, depending on breeding success. All procedures 
were done according to National Institute of Health (NIH) guidelines for 
the humane treatment of animals and were approved by the Institutional 
Animal Care and Use Committee (IACUC). The Jackson Laboratory is 
fully accredited by the American Association of Accreditation for Labo- 
ratory Animal Care (AAALAC). 

Genetic marker analysis. Genomic DNA was prepared from mouse tail 
tips by a modified salt-out procedure as described by Taylor and associates 
(1993). Tail DNAs were typed by the polymerase chain reaction (PCR) 
with SSR (simple sequence repeat) markers purchased from Research Ge- 
netics, Inc, according to Dietrich and colleagues (1992) with minor mod- 
ifications (Frankel et al. 1994). Markers were radiolabeled with 32p by 
direct incorporation into the PCR reaction, and PCR products were elec- 
trophoresed on denaturing polyacrylarnide gels. Gels were exposed to 
X-ray film for 4-24 hours to analyze SSLP (simple sequence length poly- 
morphism). 

Seizure tests. Mice were weaned from parents at 21 days, males and 
females housed separately, and, at 30 days of age, mice were subjected to 
gentle rhythmic tossing (vertical displacement of -1 cm, 256 cycles per 
minute), for up to 30 s or until seizure development on a quiet, mechani- 
cally driven plastic mouse cage as described recently (Frankel et al. 1994). 
Mice were scored as either plus or minus for seizure. The qualitative 
features of seizure in EL mice and ABP mice and criteria for scoring them 
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are very similar to those recently described for the epileptic SWXL-4 strain 
(Frankel et al. 1994). For convenience, multiple cagemates were tested 
simultaneously. Testing was done once every 3 days for a total of 20 tests, 
to arrive at the trait "seizure frequency per 20 tests." 

QTL analysis. Genotype and trait data were stored and sorted with Excel 
(Microsoft, Inc). MAPMAKER/QTL was used as previously described for 
interval mapping (Lander et al. 1987; Paterson et al. 1988). Analyses of 
variance (ANOVA) were carried out with Statistica 4.1 (StatSoft, Inc.) or 
Excel. 

Results 

Construction of congenic strains for Ell, El2, El3 and El4 by using 
marker-assisted selection. The epilepsy loci El1 and El2 were 
defined initially as quantitative trait loci (QTL) that inflnence sei- 
zure frequency in (ABP x EL) F 1 x ABP and various reciprocal 
backcross progeny (Rise et al. 1991). To develop congenic strains 
ABP.EL-ElU and ABP.EL-EI2 ~, (where the " e "  allele is derived 
from the EL strain and " a "  from ABP), genetic markers were 
chosen to readily distinguish ABP from EL, spanning a broad, 30- 
to 40-cM interval around the most likely position of each QTL. For 
Ell on Chr 9, the simple sequence length polymorphisms (SSLP) 
D9Mit2, D9Mit4, D9Mit32, D9Mit35, and D9Mitl6 were chosen 
as flanking markers. D9Mit2 and DgMit4, though well centromeric 
to the suspected location of El1, were added to include a new QTL 
we mapped recently to this interval, El4 (Frankel et al. 1995). 
Thus, the five markers should span both Ell and El4. For El2 on 
Chr 2, D2Mitll, D2Mit43, D2Mit30, D2Mit21, and D2Mit55 were 
similarly chosen. In addition, a new QTL on Chr 10, El3, noted as 
an association with Mpmv26 in Rise and coworkers (1991), and 
confirmed by us (Frankel et al. 1995) was transferred by use of 
markers DlOMit42, DlOMitl2, and DlOMitl4. To construct con- 
genic strains, (ABP x EL) Ft hybrids were backerossed to ABP, 
and individuals heterozygous for SSLP for one chromosomal in- 
terval, but homozygous (ABP) for the other two, were selected 
separately for repeated backcrossing to ABP. At the fifth backcross 
generation (N6), individuals heterozygous for Ell or El2 were 
intercrossed, and subsequent progeny homozygous for the EL al- 
lele of the selected interval were maintained by brother-sister mat- 
ing. This resulted in two incipient congenic strains, ABP.EL-ElU 
and ABP.EL-E12 ~. At the N6 generation, these strains should be 
approximately 98.5% ABP-like (1/2 N • 100), in all unsetected 
intervals. A homozygous ABP.EL-EI3 ~ strain was not derived until 
the tenth backcross generation (Nl l ) .  

The two incipient and one full congenic strains were then 
tested for sensitivity to epileptic seizures induced by gentle rhyth- 
mic stimulation, as previously described (Flavin et al. 199l; 
Frankel etal .  1994), and compared with our data accumulated for 
ABP and EL parents, aud for (ABP x EL) F 1 hybrids. Seizures 
exhibited by EL, hybrid, or ABP mice are comprised of a progres- 
sion of behavioral abnormalities from twitching and forelimb clo- 
nns, to loss of postural control, to" generalized, tonic-clonic sei- 
zures and Straub tail (stiff tail with anterior curvature), and finally 
post-ictal automatisms such as forepaw grooming and salivation. 
Although the mean seizure frequencies of ABP and EL strains are 
very different, qualitatively the seizures are similar. Seizures were 
scored as al!-or-none, with the minimum criterion being the loss of 
postural control. Seizure frequencies for individual mice were then 
plotted as frequency distributions (Fig. 1), and differences between 
genotypic means tested by ANOVA for statistical significance 
(Table !). The EL inbred strain was the most sensitive, and the 
ABP strain the most resistant. As described previously, (ABP x 
EL) F~ hybrids were sensitive, but l e ss  so than EL. The mean 
seizure frequency of ABP.EL-El3~/El3 ~ congenic mice was not 
significantly different from that of ABP (Fig. 1, Table 1). How- 
ever, the seizure frequencies of either ABP.EL-EIU/E1U or AB- 
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Fig. 1. Seizure frequency distribution of ABP.EL congenic and parental 
strains. Histograms show the distribution of seizure frequency per 20 tests 
(xl00) on the X-axis, the percentage of mice on the Y axis (25% shown), 
and the sample sizes of each group (N). Group means are given in Ta- 
ble 1. The Ell congenic also contains El4. 

P.EL-El2e/El2 ~ mice were significantly higher than those of ABP, 
and differed from each other as well (Table 1). Seizure frequencies 
ofF1 hybrids between ABP and ABP.EL-Ell (That is, EIU/Ell a or 
heterozygous genotype) were not different from ABP, although 
El2 heterozygotes exhibited a marginal increase, suggesting an 
additive mode of inheritance. 

Segregation of El2 in a backcross and intercross. To confirm that 
the higher seizure frequency of the ABP.EL-E12 e congenic strain 
maps to the selected intelwal on Chr 2, 39 (ABP.EL-E12 e x ABP) 
F1 x ABP.EL-ElU backcross progeny were seizure tested and 
genotyped. In addition, the " fu l l "  El2 congenic strain (N10F2 or 
higher) was similarly tested by analyzing 19 progeny from inter- 
crosses between heterozygotes. The frequency distributions of the 
crosses and parents are shown in Fig. 2, Chr 2 markers D2Mitll, 
D2Mit30, and D2Mit55 were then typed in all cross progeny, and 
the in tervening markers  D2Mit43, D2Mitl06, D2Mit258, 
D2Mit259, and D2Mit21 were typed in progeny that contained 
obligate crossover events. The inheritance of EL versus ABP al- 
leles of these markers was then examined for association with 
seizure frequency by interval mapping, by use of MAPMAKER/ 
QTL, in each cross (Fig. 2), In the 39 backcross progeny, the 
maximum LOD score was 2.6, between D2Mit258 and D2Mit259. 
In the 19 intercross progeny, the maximum LOD score was 4.0, 
near D2Mitl06 and D2Mit258. In the intercross where additivity 
could be examined, the most likely mode of inheritance was re- 
cessive, followed by additivity (ALOD 1.6), then dominance 
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(0.o4) 

Genotype N Mean _+ SD 

p (ANOVA) 

ABP EtI~/E1U Etl"/EI1 ~ El2e/El2 ~ EI2~IEt2 ~ 

ABP 34 0.09 +- 0.10 
EIU/EI1 ~ 43 0.22 -+ 0.09 
E1U/EIU 11 0.05 + 0.06 
El2r ~ 74 0.35 -+ 0.10 
El2qEl2 ~ 34 0.13 -+ 0.08 
El3r ~ 13 0.07 -+ 0.07 
EL 59 0.72 + 0.08 
(ABP x EL)F1 20 0.50 + 0.07 

2.77 • 10 -8 
(.17) 1.53 x 10 v 
5.22 x 1W 23 3.44 x 10 -l~ 2.10 X 10 -15 
(.11) 8.23 x 10 -6 0.007 5.77 • 10 -20 
(.50) 7.65 • 10 .7 (.38) 2.35 x 10 -]5 
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Fig. 2. Seizure frequency distribution crosses between ABP.EL-E12 and 
ABP strains, compared with parents. As in Fig. 1. Also shown are the mean 
seizure frequencies and the total variance. To estimate heritability, the 
environmental variance, V z (from El2a/EI2 a, El2e/El2 a, and El2e/El2 e pop- 
ulations), was subtracted from total variance V T (from backcross or inter- 
cross) and divided by the total variance. Vz was 0.008. Heritability was 
estimated to be 0.29. 

(ALOD 3.6). We note that the significance level need not be as 
stringent compared with genome-wide QTL searches (Lander and 
Schork 1994), because our congenic analysis is restricted to a 
portion of Chr 2. Nevertheless, higher probabilities were obtained 
with ANOVA for marker genotypes in both crosses combined, 
peaking at p < 0.00003 for D 2 M i t l 0 6  and D2Mi t258  (Fig. 3 leg- 
end). The higher association in the intercross compared with the 
backcross, the rejection of dominance within the intercross, and 
the original mapping of El2 as a dominant or additive factor are all 
supportive of the additive mode of inheritance deduced from Fig. 
1. By estimating the environmental component of variance as an 
average from El2a/El2  a, E12alEl2 e, and El2e/El2 e populations 
(0.008), the overall heritability of seizure frequency in either cross 
was estimated to be 0.29. The total variance fraction explained by 
El2 in the backcross to the incipient congenic strain was 0.27, or 
93% of the genetic effect. The total variance fraction explained by 
El2 in the intercross (utilizing the full congenic) was 0.63, or 
virtually 100% of the genetic effect (that the actual genetic vari- 
ance estimated as >100% is an artifact of the small sample size and 
indirect means by which the environmental variance is estimated). 
Thus, it seems reasonable to conclude that El2 accounts, as ex- 
pected, for most, if not all of the genetic contribution to seizure 
frequency in these crosses. 
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Table 1. Seizure frequency differences between El locus genotypes ~ 
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Discuss ion 

Our approach to dissecting the genetically complex EL mouse 
model for epilepsy has been to select for a chromosomal genotype 
that spans the most likely position of a particular QTL and to 
separate it from unlinked QTL by successively backcrossing the 
susceptible allele to a relatively resistant strain background. Be- 
cause QTL that underly seizure frequency in the EL and similar 
models depend heavily on genetic background (Frankel et al. 1994; 
Paigen 1995), it was necessary to use the same partner strain as 
used to define the QTL initially. Thus, we have bred the EL alleles 
of E l l  (distal Chr 9, along with the provisional El4, on proximal 
Chr 9), El2 (Chr 2), and El3 (Chr 10), which were defined initially 
in backcross or intercross progeny between EL and ABP, into the 
ABP sn'ain. In the original backcross to ABP, El2 had the largest 
association and effect, followed by E l i  and El3, respectively 
(Frankel et al. 1995; Rise et al. 1991). Together in the backcross, 
these loci accounted for most genetic effects. In the (ABP x EL) F 2 
intercross, however, only El3 and the provisional El4 had large 
effects, with little effect from the presumed location o f  E l l  and El2 

Hg, 3. Association between Chr 2 markers and seizure frequency in 
crosses of the ABP.EL-EI2 strain with ABP. Genetic map of Chr 2, with 
map distances in cM. Likelihood curves for El2 were generated by MAP- 
MAKER/QTL. D2Mit11, D2Mit30, and D2Mit55 were typed in all back- 
cross and intercross progeny, recombinants were identified, and the re- 
maining markers were typed only in recombinants (non-recombinant gen- 
otypes inferred for others). 2-LOD confidence intervals for the location of 
El2 are s!aown by a tkick bar. Probabilities (ANOVA) for association 
between seizure frequency and individual marker genotypes from the 
crosses combined were: D2Mit l l ,  p < 0.003; D2Mit43, p < 0.003; 
D2Mit30, p < 0.00004; D2Mitl06, p < 0.00003; D2Mit258, p < 0.00003; 
D2Mit259, p < 0.00008; D2Mit21, p < 0.00008; D2Mit55, p < 0.003. 
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(Frankel et al. 1995). We hypothesized in a recent study that the 
expression of Ell and El2 requires the presence of several reces- 
sive modifier alleles from ABP; such modifiers would have been 
better represented in a backcross than in an intercross population 
(Frankel et al. 1995). Our results here for El2, which has signifi- 
cant effects on a homozygous ABP background, confirm that it 
was " rea l"  and at the same time support our hypothesis invoking 
epistasis with recessive, ABP modifier loci. Presumably the lesser 
effects of one copy of the El2 e allele here compared with the 
original backcross reflect additional interaction with EL-derived 
alleles. Finally, the comparatively higher mean seizure frequency 
of ABP.EL-EI2 compared with ABP.EL-Ell congenic strain is 
consistent with the relative effects of these two loci in the original 
backcross. 

It was fortunate that El2 had measurable effects separate from 
other known epilepsy QTL of EL origin, though perhaps not sur- 
prising in view of the large effect of El2 in the original backcross. 
Nevertheless, the low mean seizure frequency of ABP.EL-El2 
mice (35%, compared with 51% for F 1 hybrids, and 72% for EL 
itself) has clearly reduced the reliability of the phenotype so that 
the within-strain variance, which cannot be due to genetic effects, 
is similar to that of inter-strain crosses which include genetic ef- 
fects. Nevertheless, El2 seems to explain virtually all of the genetic 
effects in congenic strain crosses. Also, from our results it is clear 
that restricting the genetic variance to a single QTL does not 
necessarily nmTow the location of the gene; the confidence interval 
for the location of El2 is still about 20 cM (Fig. 3). Because of the 
additive effect and the large nongenetic contribution to variance, it 
would be difficult to determine which individual recombinants in 
backcross or intercross mice are predictive for the location of El2; 
this shortcoming would ultimately hold true even for larger 
crosses. Thus, our strategy is not simply to increase sample size, 
but to select cross progeny that contain specific recombinants, to 
breed each to homozygosity, and to test each recombinant in larger 
groups of isogenic mice. Thus, by comparing phenotypes of re- 
combinants we should be able to delimit the location of El2 to 
successively smaller regions. This approach should also address 
whether El2 is a single gene or two or more closely linked genes - -  
alternatives which cannot be distinguished presently. 

One strategy for improving the heritability of the seizure phe- 
notype in this congenic strain may be to analyze the segregation of 
El2 on a background that is fixed for other EL susceptibility al- 
leles. This approach is consistent with our long-term goal of learn- 
ing how several QTL contribute to a high seizure frequency, and 
we are in the process of testing multiple ("double"  and " t r iple")  
congenic strains to determine if seizure frequency is higher/more 
reproducible than that of the El2 congenic strain. In addition, it 
may be of value to seek a "sub-phenotype" for which El2 is 
uniquely responsible. Although this approach seems to work for 
complex traits that are manifest at the systemic level, such as 
insulin-dependent diabetes (Letter 1989; Serreze et at. 1994), it 
could be more difficult for a complex, central nervous system 
disorder such as that exhibited by EL mice. Finally, it might be 
possible to find other means of inducing seizure differences be- 
tween the strain pairs, for example by chemical means; in addition 
to giving a more sensitive assay, a directed chemical induction 
approach might give hints as to the specific role of  El2 in increas- 
ing seizure frequency. 

There are several possible candidate genes near the confidence 
interval of El2. One candidate is Slcla3, a high-affinity glutamate 
transporter that is expressed in glia (Kirschner et al. 1994). Al- 
though this locus was suggested previously as a candidate for El2, 
we note that the map position for SIcla3 is nearer D2Mit43 and not 
the likelihood peak. Mapping nearer the likelihood peak is Snap25, 
a 25-kDa protein expressed in various neuronal populations cor- 
relating with the onset of synaptogenesis during development 
(Hess et al. 1992) However, sequence of the coding region re- 
vealed no differences between EL and ABP, and Northern blot 

analysis showed no gross differences in expression (unpublished 
results). Also near the likelihood peak is Plcb, encoding the p-sub- 
unit of  phospholipase-C, an important signaling molecule (Hess et 
al. 1992). Plcb may be of particular interest because of recent 
results in knockout mice implicating the role of serotinergic (5- 
HT) neurotransmission in seizure suppression (Tecott et al. 1995), 
possibly in the EL model itself (Frankel et at. 1995) and also in that 
5-HT2 receptors are coupled to phospholipase-C [~ (Julius et at. 
1990). However, additional candidates include Pcsk2, a neuroen- 
docrine convertase, and several neuropeptide genes including pro- 
dynorphin (Siracusa and Abbot 1994). Given this abundance of 
potential candidates and that many genes have yet to be discov- 
ered, coupled with the difficulty of testing candidates in a system 
for which there is no coisogenic control strain, sporadic cases, or 
simple means by which to test alleles in various other inbred 
strains (because of the genetic complexities), we will endeavor to 
systematically eliminate these as candidates for El2 with individ- 
ual recombinant strains. The congenic strain pairs may also serve 
as subjects for differential gene expression approaches to identi- 
fying new candidates for El2. 
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