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Research Reports 

Anatomical and behavioral analyses of the inheritance of 
audiogenic seizures in the progeny of genetically epilepsy-prone 

and Sprague-Dawley rats 

Charles E. Ribak, Rosalinda C. Roberts, Michael Y. Byun and Howard L. Kim 

(Received 2 July 1987; accepted 9 February 1988) 
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Our previous studies have shown an increase in the number of GABAergic and total neurons in the inferior colliculus (IC) of the ge- 
netically epilepsy-prone rat (GEPR-9) as compared to the non-seizing Sprague-Dawley (SD) rat. To determine whether an increase 
in neuron number in the IC is genetically associated with seizure behavior, seizing and non-seizing offspring of GEPR-9 and SD proge- 
nitor strains were studied as well as offspring from backcrosses made with F, and either GEPR-9 or SD rats. In addition, the ontogeny 
of seizure behavior was studied in seizing rats from these same backgrounds. The development of seizure behavior in GEPR-9s was 
shown to be dependent on age and the number of exposures to sound stimulus up until the age of 9 weeks. The F, and F, generations 
displayed different audiogenie seizure profiles than those of the two progenitor strains. In the F, generation, the ratio of seizing to non- 
seizing rats was always greater than 3:1, and the distribution of seizure scores was similar for males and females. In addition, the off- 
spring from backcrosses made with F, rats (high or low seizing) and GEPR-9s displayed maximal audiogenic response scores (ARS) of 
9, a characteristic of the GEPR-9s used in this study. The results of these genetic studies indicate a polygenetic inheritance of this auto- 
somal dominant trait of audiogenic seizure susceptibility. 

For the quantitative study of neuronal density in the IC, neurons were counted from cresyl violet-stained preparations from seizing 
and non-seizing F, and Fz rats, backcrosses from different categories and age-matched SD rats. Statistically significant increases in the 
number of both small (70% increase) and medium-sized (14% increase) neurons occurred in the high seizing animals (ARS = 7-9) as 
compared to either the non-seizing F, or SD rats. In addition, a significant increase in the number of small neurons (77% increase) oc- 
curred in the high seizing offspring of the F, X GEPR-9 backcross as compared to that of the non-seizing offspring of the F, x SD back- 
cross. The data from 25 rats generated a 0.9 coefficient of linear correlation between ARS and the number of small neurons. The re- 
sults from the anatomical studies suggest that the inheritance of audiogenic seizures appears to be closely linked to the increase in cell 
number. Therefore. the increase in cell number in the IC may be an important determinant of seizure behavior for GEPR-9s. 

INTRODUCTION 

The genetically epilepsy-prone rat (GEPR-9) 
exhibits severe generalized motor seizures in re- 
sponse to intense auditory stimuli14. Results of le- 

Correspondence to: Dr. Charles E. Ribak, Department of 
Anatomy and Neurobiology, University of California, Irvine, 
CA92717, U.S.A. 

sion studies indicate that the primary neuronal 
pathways involved in the manifestation of audio- 
genie seizures are subcortical because partial or 
total ablation of cortex does not prevent seizures3 
whereas bilateral lesions of the inferior colliculus 
(IC) and brain-stem reticular formation prevent 
seizures2’15*16*3’. Other data show that the IC is ab- 
normal in the GEPR-9. For example, results of 
pharmacological studies indicate that neurons in 
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the IC of the GEPR-9 may be less sensitive to 
GABA and benzodiazepine iontophoresis than 
neurons in the IC of control rats’.‘. Also, an in- 
crease in afterdischarge-like responses similar to 
that observed in other types of seizures has been 
observed in the IC of the GEPR-9’. We have pre- 
viously shown that the IC of adult GEPR-9s dis- 
plays an increase in the total number of neurons 
and an increase in the number of GABAergic neu- 
rons as well*“. In addition, we have shown a signifi- 
cant increase in the levels of GABA in the central 
nucleus of the IC of GEPR-9s as compared to SD 
rats in a recent biochemical study”. The increase 
in cell number within the IC is present prior to sei- 
zure activity because an increase in the total num- 
ber of neurons has been demonstrated in GEPR- 
9s at an age prior to the onset of seizures”. There- 
fore. the increase in the total number of neurons 
and in the number of GABAergic neurons is not 
caused by seizure activity or exposure to an acous- 
tic stimulus. A similar increase in the number of 
GABAergic neurons was observed in the hippo- 
campal dentate gyrus of another model of genetic 
epilepsy’“, and interruption of the entorhina1 af- 
ferents to this structure will bIock seizures”. Thus, 
increased numbers of GABAergic neurons could 
be a determinant of seizure behavior in some ge- 
netic models of epilepsy. 

In the present study we wanted to determine 
whether the increase in cell number is genetically 
associated with audiogenic seizure behavior. 

Thus, we have crossed Sprague-Dawley (SD) 
rats, that are non-susceptible to seizures following 
acoustic stimuli, with rats from our GEPR-9 (max- 
imal seizures) colony to produce an F, generation. 
An Fz generation was produced by mating various 
F, animals that had different seizure susceptibili- 
ties. In addition, backcrosses were produced. The 
number of neurons in the IC of these different off- 
spring were counted and correlated with the level 
of seizure susceptibility. Since only a brief descrip- 
tion of the development of seizure behavior has 
been reported in GEPR-9s’.“” and no other data 
have been reported on the behavior sf the progeny 
of GEPR-9s and SD rats. this study will also de- 
scribe the development of seizures in GEPR-9s. 
F,, F, and backcross progeny. 

METHODS 

All animals received a series of exposures to in- 
tense auditory stimuli (2 electric doorbells) and 
the seizure behavior was rated according to the 
scale established by Jobe et al.lJ. Briefly, the audi- 
ogenic response scores (ARS) range from 0 to 9, 
with 0 equal to no seizure and 9 equal to a maxi- 
mal, tonic-clonic seizure. Rats that scored 7-Y on 
this scale were referred to as high-.seizing, whereas 
others that scored 1-3 were classified as low-scix- 

irzg. The GEPR-9s used in this study were from the 
same colony as those used in our previous stud- 
ies~‘.‘J,?5, GEPR-9s and Sprague-Dawley (SD) 
rats were bred to produce F, progeny. F, animals 
were tested and those which exhibited wild run- 
ning (ARS = 1) or no seizures were bred to pro- 
duce several litters of F, progeny. Backcrosses 
were produced by mating high-seizing F, rats with 
GEPR-9s. low-seizing F, rats with GEPR-Ys. high- 
seizing F, rats with SD rats or low-seizing F, rats 
with SD rats. All GEPR-Ys were given at least 3 
tests that were administered at 3 week intervals 
beginning at: (1) IX days of age. (2) 3 weeks, (3) 6 
weeks, or (4) 9 weeks. Members of the F, and F, 
generations were tested at least 6 times at similar 
ages to the GEPR-9s. Members of the various 
backcrosses were also tested at least 4 times at sim- 
ilar ages to the GEPR-Ys. SD rats received 3 tests 

at 3.6 and 9 weeks of age and they were shown to 
be non-susceptible to seizures following acoustical 
stimuli. 

After seizure records were obtained for the pro- 
geny of the different crosses and backcrosses. the 
animals at an age of 1 OO- 120 days were deeply/ an- 
esthetized with Nembutal and intracardialfy per- 
fused with 0.9% saline followed by a 4% parafor- 
maldehyde solution in phosphate buffer (pH 7.4). 
The brains were dehydrated in alcohol, embedded 
in paraffin and sectioned in the coronal piane at a 
thickness of 10 ;tm. Every tenth section through- 
out the midbrain was stained with cresyl violet and 
analyzed, Samples from both right and left collicu- 
Ii from 10 to 12 levels throughout the rostrocaudal 
extent of the IC were examined. 

The somata of neurons were counted from a rep- 
resentative 62.500 j,rnt grid in the ventral lateral 
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portion of the central nucleus af the IC from 29 
rats, The quantitative analysis included 5 high- 
seizing (ARS = 7) and 4 non-seizing rats (ARS = 
O-l) from the F, generation, 4 high-seizing back- 
crosses (ARS = 9) from high-seizing F, x GEPR- 
9,4 high-seizing backcrosses (ARS = 9) from low- 
seizing F, x GEPR-9, 3 high-seizing backcrosses 
(ARS = 7-9) from high-seizing F, X SD, 5 low- 
seizing backcrosses (ARS = O-2) from low-seizing 
F, x SD, and 4 age-matched SD rats. The exact lo- 
cation of this analysis and criteria for neuronal 
identification have been described previously23-25 
Somata were classified as small (~15 pm in diame- 
ter), medium (15-25 pm in diameter) or large 
(~25 pm in diameter) and the average cell number 
in each size group was tabulated. The counting of 
neurons was conducted by the same individual in a 
single blind study. 

Data were statistically analyzed using Student’s t 

test when only two groups were compared. To de- 
termine whether significant differences existed be- 
tween the various data groups, a l-way analysis of 
variance for these groups was initially used. When 
the sample populations were small, a non-para- 
metric test, the Kruskal-Wallis method, was em- 
ployed. If significant differences were found be- 
tween the groups, then an unpaired t test or a 

Mann-Whitney U test was used to determine the 
significance of the differences between two of the 
groups. If differences were observed, they were 
expressed relative to the non-seizing SD rats. 

RESULTS 

Seizure ph~no~pes of offspring from crosses 
The GEPR-9 x SD rat reciprocal crosses yielded 

a consistently large number of seizing offspring 
(ARS = l-9) with only a few non-seizing (ARS = 
0) offspring. The ratio of seizing to non-seizing off- 
spring from the 4 litters generated for this study 
was at least 3:l. Both GEPR-9 x SD and SD x 
GEPR-9 reciprocal crosses were made, The ARS 
range was divided into 3 categories (high, medium 
and low or non-seizing). All F, offspring were 
piaced into one of these categories and their sexes 
were determined (see Table I). The data showed 
that the distribution of ARS among male and fe- 
male offspring was similar. The use of low-seizing 

TABLE I 

F, seizure profiles of 3 litters obtained frog reciprocal crosses 

Litters B and C were progeny from a GEPR male x SD female 
cross whereas litter A was derived from the reciprocal cross SD 
male x GEPR female. Note that the distribution of audiogenic 
response scores obtained at Ii weeks of age does not show a 
greater proportion of males with highest seizure scores, These 
results indicate that the genes for audiogenic seizures are auto- 
somal. 
- 

Sex AR.7 

Low- 
seizing 

I?-1) 

Mild- 
seizing 

Q-41 

.- 

High- 
seizing 

P-91 

A Male (n = 3) 2 0 1 
Female (n = 2) 0 1 1 

B Male fn = 7) 0 5 2 
Female (n = 5) 0 3 2 

C Male (n = 6) 3 3 0 
Female (n = 5) 1 0 4 

F, rats from these litters yielded F, litters that had 
a wide range of seizure scores. 

The ARS of the offspring from the backcrosses 
were in the range that was expected from the ap- 
parent autosomal dominance of this seizure 
phenotype. Thus, crosses between high- and Iow- 
seizing F, rats and GEPR-9s yielded all high-seiz- 
ing offspring (ARS = 9). The cross between high- 
seizing F, rats and SD rats also yielded high-seiz- 
ing progeny (ARS = 7-9). In contrast, the back- 
cross between low-seizing F, rats and SD rats 
yielded low- and non-seizing rats (ARS = O-2). 

Behavioral tests 
The percentage of GEPR-9s receiving an ARS 

of 9 increased with age and previous experience 
until approximately 11 weeks of age. This percent- 
age was determined at different ages ranging from 
18 days to 9 weeks. At 18 days of age no animals 
had seizures, whereas at 9 weeks of age 100% of 
the rats exhibited maximal seizures (ARS = 9), re- 
gardless of the number of previous tests (Figs. la 
and b). At intermediate ages, however, the num- 
ber of exposures to sound stimulation, as well as 
the age of the animal, influenced the animal’s sei- 
zure score. For example, at 3 weeks of age, 21% of 



the animals that received their first test had an 
ARS of 9, whereas 33% of the rats that received 
their second test had an ARS of 9 (Fig. la). 

An interesting phenomenon was observed in the 

GEPR-9 SEIZURE PROFILE 

1st test 

2nd test 

3rd test 

3 weeks 

n= 45 

= 33 

1 

dweeks 

GEPR-9 SEIZURE PROFILE 

120 
(b) 

100 ARS 

80 ~0.1 

cctony 60 n 2-4 

q 55-8 

40 

q 9 

20 

0 

3 6 

(age) 

9 (weeks) 

Fig. 1. ;I: histogram showing the percentage of offspring from 

GEPR-9 parents scoring an ARS of 9 after sound stimulation at 

various ages. Note that both age and seizure experience infhr- 

ence the percentage of rats exhibiting a maximal seizure (ARS 

= 9). Also, by 9 weeks of age 100% of these rats have an ARS 

of 9 regardless of the number of previous tests. The numbers 

above each bar indicate the number of animals tested. b: histo- 

gram showing the percentage of offspring from GEPR-9 par- 

ents exhibiting various grades of seizure activity at specific 

ages. By 9 weeks of age 100% of these rats have an ARS of 9. 

These data can be compared with data in Fig. 2 for F, offspring. 

GEPR-9s that were tested at 3 weeks of age. Ap- 
proximately, 27.2% of the rats exhibited :I postic- 
tal aggression response that usually lasted for 
15-2.5 min. Behavioral changes included hyperac- 
tivity. persistent loud vocalization, and acts of ag- 

gression and violence against human hands. other 
cage mates and inanimate objects, such as the cage 
and water bottle. Although this response tended 
to occur more often in rats that displayed seizures 
of low intensity (ARS = 3-3). the response was 
also observed in those with maximal seizure inten- 
sity (ARS = 9). This rage response disappeared by 
6 weeks of age. A small percentage of rats died 
subsequent to this behavioral display: the survival 
rate was improved by leaving the rat in a padded 
chamber until the episode ended. 

At 6 weeks of age, 60% of the rats that expe- 
rienced their first test had an ARS of 9, whereas 
80% of the rats that experienced their second test 
had an ARS of 9. As stated above, the seizure 
scores obtained on or after 9 weeks of age were 
consistently stable at an ARS of 9. Ail GEPR-9s 
exhibited an ARS of 9 and control SD rats did not 
have seizures. The results for the development of 

83 

~ 

Fl SEIZURE PROFILE 

6 9 11 

Fig. 2. Histogram showing the percentage of F, progeny ex- 

hibiting no seizure activity (ARS = O-l), moderate seizures 

(ARS = 2-3) or severe seizures (ARS = 5-9) at various ages. 

The F, generation has audiogenic response phenotypes differ- 

ent from the progenitor strains. In addition. seizure intensity 

continues to vary after 9 weeks of age, whereas the ARS are 

stable in the GEPR after this time point. The number of ani- 

mals (n) tested at each age was: 3 weeks of age. n = 12: 6 weeks 

of age. n = IX: 9 and I I weeks of age. n = 25. 



ARS in GEPR-9s are summarized in Fig. 1. 
The seizure profiles of the F, and Fz generations 

were very different from that of either the GEPR- 
9 or the SD progenitor strains, The F, and F2 
generations exhibited new audiogenic seizure re- 
sponse phenotypes rather than exhibiting the be- 
havior of either of the parental strains (see Fig, 2). 
In addition, the mast severe seizure behavior 
(ARS = 5-9) developed at a later age in the F, and 
F, generations than in the GEPR-9. Also, the sei- 
zure scores were not as cansistent in these two 
generations (individual scores as well as between 
Iitter scores) as in the GEPR-9 colony. For exam- 
pie, at 3 weeks of age, 58% of the F, animals did 
not have seizures (ARS = O-l), 42% of the rats 
exhibited moderate seizures (ARS = 2-4), and no 
animals had high seizures. At 6 weeks of age the 
seizure records were similar. In contrast to the 
CEPR-9 colony, there was no effect of prior expe- 
rience on the seizure records in these animals at 6 
weeks of age. High seizures first occurred at 8 
weeks of age and at 9 weeks of age 36% of the rats 
had high seizures (ARS = S-9). At this age, the 
percentage of rats that had ‘few-seizure scores 

F2 SEIZURE PROFILE 

100 
_i 

i 

Fig. 3. Histogram showing the seizure profiles in several F, 
progeny produced from low-seizing F, animals. The FZ strains 
have audiogenic response ~h~Rot~~~s that are different from 
the progenitor strains. The number af rats tested (n) at each 
age was 3 weeks of age, n = 12: 8 weeks of age, n = 20; 10 

weeks of age. n = 32. 
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dropped to 24%, and 40% of the animals did not 
display seizures. In contrast to the CEPR-9s, sei- 
zure behavior in F, rats did not remain stable after 
this time point. At 12 weeks of age the percentage 
of rats that had high seizures rose to 72% whereas 
the percentage of rats that had no or low seizures 
was 16% and ll%, respectively. Although the ma- 
jority of F, rats had high seizure scores, only 10% 
ever received an ARS of 9, and none of them ex- 
hibited consistent scores of 9. In fact, the seizure 
scores of the animals seldom were consistent. The 
rats would often exhibit different scores on each 
test within the range of scares in either the high 
seizure category or the low seizure category. 

The F? generations were produced from low- 
seizing (ARS = l-2) and non-seizing (ARS = 0) 
F, parents with the aim of producing more individ- 
uals with an ARS of O-1. The seizure profite of the 
F, rats was similar to that of the F, rats in that the 
F7 progeny had different audiogenic phenotypes 
than either of the progenitor strains. Crossing non- 
seizing F, animals with each other produced a col- 
ony of animals in which a higher percentage of rats 
Lacked seizures (41% of the Fz vs. 14% of the F, 
rats). After severaf tests, ap~roximate~y half the 
animals had seizures of high intensity in contrast to 
72% of the F, rats and 100% of the GEPR-9s. At 3 
weeks of age, 56% of the animals had never dis- 
played seizures, whereas 13% had low-intensity 
seizures and 31% had high-intensity seizures. At 8 
weeks, 56% of the animafs had never exhibited 
seizures, 6% had low seizure scores and 38% had 
high seizure scores. At 10 weeks. 41% had never 
displayed seizures, 6% had low intensity seizures 
and 53% had high seizure scores. Similar to the F, 
strains, most high-seizing FZ animals had an ARS 
of 7-8 and only 10% of the rats had an ARS of 9. 
In addition, there was much variability in the sei- 
zure scores between litters as well as in an individ- 
ual’s seizure profile, A summary of these results is 
found in Fig. 3. 

It is important to indicate that the backcrosses 
were produced by each of the 4 possible ways, and 
they were treated as 4 separate groups (see Fig. 4). 
The seizure profiles of these backcrosses were 
very interesting. For exampie, 18% of the progeny 
from the F, high-seizing x GEPR-9 cross showed 
maximal seizures (ARS = 9) at 3 weeks of age. At 
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ARS a 0 1 m 2-4 5-8 ~ 9 

(wei (age) 
Fig. 3. Histogram showing the seizure profiles of’ progeny de- 

rived from the 4 backcrosses (SX). BX progeny have different 

audiogenic response phenotypes as eompnred to their progeni- 

tOr strains. The numbers above each bar indicate rhe percent- 

age of colonies. A. GEPR x F, (high). n = ii: B. GEPR x F, 

(low). n = 10; C, SD x F, (high),n = h:D. SD x F, (low). II = 5. 

9 weeks of age, 63% of this backcross displayed 
maximal seizures and at 12 weeks of age, all 
showed maximal seizures. All of the progeny of 
the second type of backcross (F, low-seizing x 

GEPR-9) exhibited maximal seizures at 11 weeks 
of age although at 3 weeks of age only 30% dis- 
played this seizure type. In contrast, only 83% of 
the progeny from the third backcross (F, high-seiz- 
ing x SD rat) displayed seizures with high intensi- 
ty (ARS = 7-9) at 12 weeks of age. At 3 weeks of 
age. 33% of the offspring from this backcross dis- 
played some seizure activity (ARS = 2). Finally. 
the last backcross (F, low-seizing X SJI rat) dis- 
played relatively no or low ARS throughout the 
entire testing period. 

The Nissl preparations revealed a heteroge- 
neous population of small, medium and large neu- 
rons in the central nucleus of the inferior colliculus 
(ICCN) of all animals (Fig. 5A-C). Statistically 
significant increases in the number of both small 
(70% increase) and medium-sized (14% increase) 

neurons occurred in the high-seizing F, animals as 
compared to either the non-seizing F, or SD rats. 
Also. significant increases (775: ) in the number of 
small neurons occurred in the high-seizing back- 
crosses compared to the backcross progeny that 
did not display seizures. Data are reported as 
mean rt: standard error of the mean (Fig. 6). In the 
SD rats there was an average of 18.0 t- 0.72 small. 
X.8 + 0.54 medium and 1.9 i- 0.18 large neurons 
per unit area. The non-seizing F, had similar num- 

hers of neurons in that there was an average of 
20.4 rt 0.54 small, X.4 F 0.45 medium and I .8 + 

0.45 large neurons per unit area. In contrast, the 
number of small and medium-sized neurons was 
greater in the high-seizing F, rats as compared to 
these latter two groups of rats. Thus, the high-seiz- 
ing F, rats displayed 30.6 t I .O small, 10.0 rs: 0.52 
medium and I .4 i 0. I.7 large neurons per unit 
area. 

The data for the high-seizing progeny of the 4 
backcrosses (Fig. 7) were consistent with the find- 
ings of the F, rats. Also, the high-seizing backcross 
progeny displayed significantly larger numbers of 
total neurons in the IC than the low-seizing back- 
cross rats. A l-way ANOVA was significant be- 
tween groups and f test data indicated significant 
differences for each pair of groups for small ~41 

number except for the 2 backcrosses that involved 
a GEPR-9 parent (see Fig. 7). Thus, the progeny 
from the first backcross (F, high-seizing x GEPR- 
9) displayed 41.7 i .3.7 small. 10.X -t 1.76 medium 
and 1.55 ri: 0.32 large neurons per unit area. The 
second backcross group (F, low-seizing x CJEPR- 
Y) had 39.9 + 2.27 small, 10.3 t 1.08 medium and 
1.69 + 0.32 large neurons per unit area. The third 
backcross group (F, high-seizing x SD rat) had 
somewhat fewer neurons: 31.X 4 1.54 small, 12.9 
+ 1.7 medium and 1.35 + 0.1 large neurons per 
unit area. In contrast to these backcrosses. the 
number of small neurons from the remaining back- 
cross (F, low-seizing x SD rat) was significantly 
smaller than the previous 3 backcrosses: 23.2 + 
2.21 small. 11.3 I- 2.54 medium and 1.69 i (1.72 
large neurons per unit area. These increases in 
neuron number for the high-seizing groups in the 
F, and backcross progeny were similar in magni- 
tude to those previously described in adult GEPR- 
9s/4, 
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1%25pm z&m 

Fig. 6. Histogram showing the awrage number of small. medi- 

um-s&d and large neurons counted from a reprexntativc area 

of the bcntral lateral portion of the central nucleus of the infe- 

rior colliculus in seizing and non-seizing F, animals and age- 

matched Spragw-Dawley rats (SD). Error bars indicate stan- 

dard deviations. The high-seizing F, rats showed a significant 

incrc‘ase in the number <,f small neurons. 

To determine whether a significant relationship 
existed between ARS and the number of small 
neurons in the IC. a coefficient of linear correla- 
tion was calculated (Fig. 8). A 0.9 value was ob- 
tained (P < 0.001.2-tailed test of significance) and 
indicated a strong correlation between the severity 
of seizures and the number of small neurons. This 
finding was consistent with the fact that rats with 
high ARS displayed the largest number of cells in 
the IC and those with small ARS had the lowest 
number of cells. 

The size of the IC was similar in all rats based on 
visual inspection. Our previous study showed that 
the volume of the IC in the SD was similar to that 
in the CEPR@‘. This fact is an important point 
for the present study because our celf counts were 
from a representative region. If. for example, the 
size of the IC was smaller in the GEPR-9 as com- 
pared to the SD. then our observations would have 
reflected an increase in cell density rather than an 
actual increase in cell number. However, since the 
volume of the IC was similar between the seizing 
and non-seizing rats, then the increase in cell num- 
ber was real. 

DISCUSSION 

The major findings in this study were that: (1) 

Small <t spm medium 15-25 large 225pm 

Fig. 7. ~~ist~~~r~ll~l shkng the mean numhcr of small. mcdium- 

krctl and large ncuronb counted in hackcroses (BX) from a 

repreacntative arca in the ~cntral lateral portion of the central 

nucleus of the I(’ Significant mcrcaws in the number of small 

neurons occur in the F, (high) x CiEPR RX. and F, (low) x 

GEPR (BX) ax crwpxcd to low-s&kg F, x SD BX and SD rat. 

the development of seizure behavior in CEPR-% 
appears to be dependent on age and previous ex- 
perience up until 9 weeks of age; (2) the ratio of 
seizing to non-seizing phenotypes in the F, and FZ 
generations and in the backcrosses indicates that 
the gene is d~~rninal~t; (3) similar numbers of males 
and females in the F, generation produced by re- 
ciprocal crosses had similar seizure scores indicat- 
ing that the seizing trait is autosomal; (4) the F, 
and F, generations have different audiogenic sei- 
zure profiles than that of either of the progenitor 
strains; {Sf the increase in neuron number pre- 
viously described in the IC of GEPR-9s is present 
only in the IC of the seizing offspring but not in the 
non-seizing progeny; and (6) the number of small 
cells in the IC is correlated closely with the audio- 
genie response score (ARS j. 

The development of audiogenic seizure behav- 
ior in the GEPR-9 is similar to that described for 
the audiogenic seizure susceptible DBAI2J (D2) 
mouse in that susceptibility is dependent on prior 

9 26.27 auditory exposure”.“‘.” and age of testing . 

Our data indicate that the age of onset of seizure 
susceptibility can bo as young as 21 days of age. 
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Fig. 8. This graph shows the relationship between the number 
of small neurons in the IC and the ARS of 25 rats. The coeffi- 
cient of linear correlation was calculated to be ‘6.91 using the 
following equation: 

SXY 
r=---_ 

sxsy 

where Sxy = covariance, and Sx and Sy = S.D. These data indi- 
cate a significant correlation between small neuronal number in 

the IC and ARS. 

This is consistent with the data from earlier 
GEPR-9 colonies (UAZ strain, Genetic regis- 
try12), with the brief report of Amend et al.’ and 
the Krushinsky strain of audiogenic rats”. DBA12 
mice also exhibit seizures at 21 days of age, but in 
contrast to the audiogenic seizure rats (both 
GEPR-9s and the Krushinsky strain), the mice are 
only maximally susceptible for a short period af- 
terward26V29. However, the seizure behavior in 
GEPR-9s is not dependent on age alone because 
not all rats display their seizures by 21 days of age 
and also, at similar ages after 21 days, a higher 
percentage of animals that have had previous 
sound stimulation will seize. Also, seizure behav- 
ior is not totally dependent on the number of pre- 
vious exposures to audiogenic stimuli because only 
30% of 26-day-old animals experiencing their 
fourth test will have an ARS of 9. These data sug- 
gest that seizure activity during development may 
be dependent on developmental events in the CNS 
as well as environmental events. However, all off- 

spring of GEPR-9s display an ARS of 9 at maturi- 

ty. 
The reciprocal crosses between GEPR-9 and SD 

rats yielded male and female rats with similar dis- 
tributions of ARS. These data suggest that the trait 
for seizing is not sex-linked. Therefore, this trait is 

autosomal. 
The fact that the F, and F, generations have dif- 

ferent audiogenic seizure profiles than either of 
the progenitor strains suggests that the inheritance 
of AGS in rats is not due to a single gene locus. If a 
single gene was responsible for the difference in 
audiogenic susceptibility between the GEPR-9s 
and SD progenitor strains, there would not be a 
continuous distribution of seizure scores observed 
among the F, and F, progeny. In addition to the 
new audiogenic seizure phenotypes exhibited by 
the F, and F, progeny, a high degree of variability 
of seizure activity within and between litters was 
present. 

A polygenetic mode of inheritance has been sug- 
gested for the audiogenic seizure mouse (DBAI2J) 
by Seyfried et al.30. Their conjecture was based on 
an analysis of F, and F, progeny as well as back- 

cross and recombinant inbred strains. These 
authors argued that if the inheritance of audiogen- 
ic seizures were under the control of one gene, 
then there would be a 1:1 phenotypic ratio of F,- 
like to DBA/2J-like mice in the F, x DBA12J 
backcross, and phenotypes similar to either of the 
progenitor strains would be observed in the re- 
combinant inbred strains. Similar to our study, the 
F, generation of mice displayed new phenotypes in 
the recombinant inbred strains. Furthermore the 
ratio of phenotypes of F,-like to DBA/2J-like mice 
in the F, x DBA/2J mice was not 1:l. This latter 
finding has also been found in similar studies in the 
mouse by Schlesinger et al.26 and Collins”. Indeed, 
the ratio of phenotypes in the progeny of the back- 
crosses in the present study was also not 1:l. All 
the progeny from the backcross between GEPR-9 
and high- and low-seizing F, displayed maximal 
ARS of 9 which was characteristic of the GEPR- 
9s. Backcross progeny from F, high-seizing x SD 
rats showed relatively high ARS (7-9) and the last 
group from the F, low-seizing x SD rat backcross 
showed relatively low ARS (O-2). These findings 
suggest that a major gene may underlie audiogenic 



seizure susceptibility in the GEPR-9. 
Although a similar mode of inheritance for AGS 

may exist in both mice and rats, the genetic factors 
influencing seizure behavior are probably differ- 
ent in some respects. This conclusion is based on 
several reports that indicate differences between 
the characteristics of AGS mice and rats. As ai- 
ready mentioned, rats are susceptible throughout 
their lifetime beginning as early as 21 days of age, 
whereas certain mice are only susceptible from 21 
to 2X days of age. Finally, a norepinephrine (NE) 
deficit is important in seizure susceptibility in the 
GEPR-9l’,” whereas a dopamine deficit is impor- 
tant in miceZx. 

It is likely that an interplay of transmitter defects 
influence seizure behavior in the GEPR-9 because 
in addition to the increase in the number of 
GABAergic neurons in the IC, NE and serotonin 
deficits are present in the CNS of GEPR-9s and 
susceptible progeny”.‘“. Jobe et al.” have sug- 
gested that the NE deficit is a determinant of sei- 

zure susceptibility as well as severity based on 
these data and other data that indicate that manip- 
ulations that increase NE content in the brain pro- 
tect against seizures in GEPR-9s. Conversely, de- 
pletion of NE prior to sound stimulation increases 
the severity of seizures in GEPR-9s and elicits sei- 
zures in the non-susceptible progeny of susceptible 
parents. However. it has no effect in control ani- 
mals exposed to sound stimulation. These obser- 
vations have led Jobe et al.“.” to suggest that the 
expression of seizure behavior in rats is dependent 
on more than one genetic factor. 

REFERENCES 

1 Amend, D.L.. Frank, J.E. and Hjeresen, D.L., Ontogeny 
of seizure incidence, latency and severity in genetically epi- 
lepsy prone rats, Sec. Neurusci. Ah@., 11 (1985) 1251. 

2 Browning, R.A., Nelson, D.K., Mogharreban, N., Jobe, 
P.C. and Laird, II, H.E., Effect of midbrain and pontine 
tegmental lesions on audiogenic seizures in genetically epi- 
lepsy-prone rats, Epilepsia, 26 (1985) 175-183. 

3 Chocholova, L., The role of the cerebral cortex in audioge- 
nit seizure in the rat, Physiol. Bohemosh., 11 (1962) 
452-463. 

4 Collins, R.L., Maltese dilution, chromosome 9, and audio- 
genie seizures in DBAiZJ mice: experimental evaluation. 
Bruit? Res. / 70 (1974) 541-546. 

The increase in cell number in the IC‘ oi seizing 
rats represents another defect in the CNS of these 
animals~j,?‘. Since an increase in the number of 
small cells is present in CJEPR-9s. seizing off- 
spring” and the young, naive offspring ctt’ seizing 
parents*’ and is highly correiated with seizure sc- 
verity (present study}, it is possible that this defect 
may play a direct role in the expression of seizure 
behavior. This increase in small neuronal number 
is probably reflecting an increase of GABAergic 
neurons because most GABA neurons in the lC of 
GEPR-9s and SD rats are small neuron? and in- 
creased levels of GABA arc found in the central 
nucleus of the IC”. Therefore, the increase in the 
number of all neurons in the seizing F, and back- 
cross animals probably reflects an increase in the 
number of GABAergic neurons. The role of the 
increased number of neurons and GABAergic 
neurons in the IC of GEPR-9s and in seizing off- 
spring is unclear. This anatomical defect could be 
a compensatory mechanism for the other neuro- 
transmitter abnormalities that are present in the 
CNS of seizing animals’3.“.‘“. Alternatively, the 
increase in cell number may play a more direct role 
in seizure induction through mechanisms that have 
not yet been elucidated. 

ACKNOWLEDGEMENTS 

This project was supported by a Klingenstein 
Fellowship (CER), NIH Grant NS-15669 and a 
grant from the Epilepsy Foundation of America 
(RCR). 

5 Faingold, C.L., Gehlbach, G. and Caspary, D.M.. Effects 
of GABA on inferior colliculus neuronal responses to 
acoustic stimuli. Sot. Neuro~cj. Abstr., 11 (1985) 247, 

6 Faingold, C.L.. Gehlbach. G. and Caspary. D.M., De- 
creased effectiveness of GABA-mediated inhibition in the 
inferior colliculus of the genetically epilepsy-prone rat, 
Exp. Neural., 93 (1986) 14S- 159. 

7 Faingold, CL., Gehlbach, G.. Travis, M.A. and Caspary, 
D.M., Inferior colliculus neuronal response abnormalities 
in genetically epilepsy prone rats: evidence for a deficit of 
inhibition, Life Sci.. 39 (1986) 869-878. 

8 Fink, G.B. and Iturrian, W.B.. Influence of age. auditory 
conditioning, and environmental noise on sound induced 
seizure threshold in mice. In: B.L. Welch and A.S. Welch 
(Eds.), P~~y.~~~)~~~~icai E&YYS of Noise, Plenum Press. New 



355 

York, 1970, pp. 211-226. 
9 Fuller, J.L. and Sjursen, F.H., Audiogenic seizures in elev- 

en mouse strains, J. Hered., 58 (1967) 135-140. 
10 Henry, K.R., Audiogenic seizure susceptibility induced in 

C57BL/6J mice by prior auditory exposure, Science, 158 
(1967) 938-940. 

11 Henry, K.R. and Bowman, R.E., Behavior-genetic analy 
sis of the ontogeny of acoustically primed audiogenic sei- 
zures in mice, J. Camp. Physiol. Psychol., 70 (1970) 
235-241. 

12 Institute of Laboratory Animal Resources, UAZ audiogen- 
ic rat. In: Genetic Stock Registry, National Academy of 
Sciences, Washington, DC. 

13 Jobe, P.C., Laird, II, H.E., Ko, K.H., Ray, R. and Dailey, 
J.W., Abnormalities in monoamine levels in the central 
nervous system of the genetically epilepsy prone rat, Epi- 
lepsia, 23 (1982) 359-366. 

14 Jobe, P.C., Picchioni, A.L. and Chin, L., Role of brain NE 
in audiogenic seizure in the rat, J. Pharmacol. Exp. Ther., 

184 (1973) l-10. 
15 Kesner, R.P., Subcortical mechanisms of audiogenic sei- 

zures in the rat, Exp. Neurol., 15 (1966) 192-205. 
16 Koenig, E., The effects of auditory pathway interruption 

on the incidence of sound induced seizures in rats, J. Camp. 

Nemo/., 108 (1958) 383-392. 
17 Krushinski, L.V., Molodkina, L.N., Fless, D.A., Debrok- 

hotova, L.P., Steshenko, A.P., Semiokhina, A.F., Zorina, 
A.Z. and Romanova, L.B., The functional state of the 
brain during sonic stimulation. In: B.L. Welch and AS. 
Welch (Eds.), Physiological Effects of Noise, Plenum 
Press, New York, 1970, pp. 159-183. 

18 Laird, II, H.E., Dailey, J. W. and Jobe, P.C., Neurotrans- 
mitter abnormalities in genetically epilepsy prone rodents, 
Fed. Proc., 43 (1984) 2505-2509. 

19 Peterson, G.M., Ribak, C.E. and Oertel, W.H., A regional 
increase in the number of hippocampal GABAergic neu- 
rons and terminals in the seizure sensitive gerbil, Brain 

Res., 340 (1985) 384-389. 
20 Reigel, C.E., Jobe, P.C., Dailey, J.W. and Savage, D.D., 

Ontogeny of sound-induced seizure susceptibility and se- 

verity in the genetically epilepsy-prone rat (GEPR), Sot. 
Neurosci. Abstr., 12 (1986) 73. 

21 Ribak, C.E., Byun, M.Y., Ruiz, G.T. and Reiffenstein, 
R.J., Increased levels of amino acid neurotransmitters in 
the inferior colliculus of the genetically epilepsy-prone rat, 
Epilepsy Res., 2 (1988) 9-13. 

22 Ribak, C.E. and Khan, S.U., The effects of knife cuts of 
hippocampal pathways on epileptic activity in the seizure- 
sensitive gerbil, Brain Res., 418 (1987) 146-151. 

23 Ribak, C.E. and Roberts, R.C., The ultrastructure of the 
central nucleus of the inferior colliculus of the Sprague- 
Dawley rat,J. Neurocytol., 15 (1986) 421-438. 

24 Roberts, R.C., Kim, H.L. and Ribak, C.E., Increased 
numbers of neurons occur in the inferior colliculus of the 
young genetically epilepsy prone rat, Dev. Brain Rex, 23 

(1985) 277-281. 
25 Roberts, R.C., Ribak, C.E. and Oertel, W.H., Increased 

numbers of GABAergic neurons in the inferior colliculus of 
an audiogenic model of genetic epilepsy, Brain Res., 361 

(1985) 324-328. 
26 Schlesinger, K., Elston, R.C. and Boggan, W., The genet- 

ics of sound induced seizures in inbred mice, Genetics, 54 

(1966) 95-103. 
27 Schlesinger, K. and Griek, B.J., The genetics and biochem- 

istry of audiogenic seizures. In: G. Lindzey and D.D. 
Thiessen (Eds.), Contributions to Behavior. Genetic Analy- 

sis. The Mouse as a Prototype, Appleton-Century-Crofts, 
New York, 1970, pp. 219-257. 

28 Seyfried, T.N., Audiogenic seizures in mice, Fed. Proc., 38 

(1979) 2399-2404. 
29 Seyfried, T.N., Yu, R.K. and Glaser, G.H., Develop- 

mental analysis of regional brain growth and audiogenic sei- 
zures in mice, Genetics, 88 (1978) S90. 

30 Seyfried, T.N., Yu, R.K. and Glaser, G.H., Genetic analy- 
sis of audiogenic seizure susceptibility in C57BL/6J x 
DBA/ZJ recombinant inbred strains of mice, Genetics, 94 

(1980) 701-718. 
31 Wada, J.A., Terao, A., White, B. and Jung, E., Inferior 

colliculus lesion and audiogenic seizure susceptibility, Exp. 

Neurol., 28 (1970) 326-332. 




