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Increased Numbers of GABAergic Neurons Occur in the Inferior Colliculus of an 

Audiogenic Model of Genetic Epilepsy 

ROSALINDA C. ROBERTS 1, CHARLES E. RIBAK 1 and WOLFGANG H. OERTEL 2 

I Department of Anatomy, University of California, lrvine, CA 92717 (U.S.A.) and 
2Department of Neurology, Technical University, Munich ( F.R. G. ) 

(Accepted April 23rd, 1985) 
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The numbers of GABAergic neurons as determined by GAD immunocytochemistry and total neurons as determined from Nissl 
preparations were counted and classified at the light microscopic level in the inferior coUiculus (IC) of the genetically epilepsy-prone 
rat (GEPR) and the non-epileptic Sprague-Dawley (SD) strain of rat. GAD-positive neurons are abundant in the IC in all 3 subdivi- 
sions. Several sizes of multipolar neurons as well as medium-sized bipolar or fusiform neurons are GAD-positive..GAD-positive punc- 
tate structures that were interpreted to be axon terminals and transversely-sectioned dendrites and preterminal axons are abundant in 
the IC of both the GEPR and SD. A dramatic increase in the number of GAD-positive neurons occurs in the GEPR as compared to the 
SD. This increase is most evident in the middle of the rostrocaudal extent of the IC. Although the increase is statistically significant in 
all subdivisions of the IC, it is most pronounced in the central nucleus, especially the ventral lateral portion. Within the central nucle- 
us, the increase in the number of GAD-positive neurons is due to a selective increase in the small (200%) and medium (90%) cell body 
size populations (10-15 ~m and 15-25 #m in diameter, respectively) Concomitant with this increase in the number of GAD-positive 
neurons, an increase in total numbers of neurons occurs as determined from Nissl preparations. A 100% increase in the number of 
small neurons and a 30% increase in the number of medium-sized neurons occur in the GEPR as compared to the SD rat. The propor- 
tion of GAD-positive neurons to total neurons is also increased in the GEPR. Approximately 25% of the neurons in the IC in SD rat 
are GAD-positive, while about 35% of the neurons in the GEPR are GAD-positive. These data demonstrate an anatomical difference 
in the IC of the GEPR as compared to the SD which appears to be preferential for the GABAergic system. 

INTRODUCTION 

The genetically epilepsy-prone rat (GEPR)  exhib- 

its severe generalized motor seizures in response to 

intense auditory stimuli. Lesion studies indicate that 

the primary neuronal  pathways involved in the man- 

ifestation of audiogenic seizures are subcortical be- 

cause ablation of auditory cortex does not prevent 

seizures1, 2,13.14. Lesions of the inferior colliculus (IC) 

prevent seizures and other data support the notion 

that the IC is involved with audiogenic seizures. 

Pharmacological studies indicate that G A B A  and 

benzodiazepine binding is abnormal  in the IC 5. In ad- 

dition, infusion of G A B A  agonists into the IC atten- 

uates seizures and conversely, infusion of G A B A  an- 

tagonists causes seizures 2,3. Also, an increase in after 

discharge-like responses similar to that observed in 

other types of seizures has been observed in the IC of 

the G E P R  4. These studies indicate several abnorma- 

lities within the IC of the G EP R ,  including a possible 

loss of GABA-media ted  inhibition. 

A number  of studies have indicated that a decrease 

in the neurotransmit ter ,  G A B A ,  can cause a signifi- 

cant loss of CNS inhibit ion and result in a hyperexci- 

table state t8,25. Anatomical  studies of focal models of 

epilepsy by Ribak and coworkers are consistent with 

this notion because they have demonstrated a prefer- 

ential loss of GABAergic  terminals at epileptic foci 

created by alumina gel in monkeys 28-30 and in the  iso- 

lated cortical slab model of focal epilepsy 31. Only one 

genetic model of epilepsy, the seizure sensitive ger- 

bil, has been analyzed using G A D  immunocyto- 

chemistry and the results a re  the opposite to those 

observed in the focal models 24. 

Correspondence: R.C. Roberts, Department of Anatomy, University of California, Irvine, CA 92717, U.S.A. 
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We wanted to know if changes in the GABAergic 

system occurred in another genetic model of epilep- 

sy. To determine if the GABAergic system was dif- 
ferent in the IC of the GEPR as compared to the non- 
seizuring Sprague-Dawley rats, we utilized immuno- 
cytochemical methods to localize GABAergic neu- 
rons. In addition, total cell counts as determined with 

an analysis of Nissl preparations were performed. 
Together, these results indicate that the GABAergic 
system in this genetic model of epilepsy is different 
from that found in the normal rat. A preliminary re- 

port of this work was presented at the 14th Annual 
Meeting of the Society for Neuroscience 35. 

MATERIALS AND METHODS 

Rats 
The genetically epilepsy-prone rats (GEPRs) used 

in this study were offspring of the U A Z  strain re- 
ceived from Dr. Phillip Jobe, LSU School of Medi- 
cine, Shreveport, LA. The non-seizuring Sprague-  

Dawley (SD) rats were obtained from Simonsen Lab- 

oratories, Gilroy, CA. Both groups of animals were 

tested in a padded box in an acoustic chamber con- 
taining two standard electric doorbells (Fig. 1). Both 
groups were given an audiogenic response score 
according to the scale established by Jobe et al. 12. 

GEPRs were used after receiving three consecutive 
scores of 9 and SD rats were used if their audiogenic 

response score was 0. 

Immunocytochemistry 
Adult animals were deeply anesthetized with nem- 

butal and injected with 10/zl of a 1% colchicine solu- 

tion into the lateral ventricle to enhance the staining 
of somata 32. Twenty-four hours later the animals 

were transcardially perfused with physiological sa- 

line followed by a 4% paraformaldehyde solution. 
Brains were soaked in a 30% sucrose solution over- 

night and sectioned in the coronal plane on a sliding 
freezing microtome the following day. Immunocyto- 
chemical localization of glutamic acid decarboxylase 

Fig. 1. A GEPR rat shown in tonic extension phase of seizure in padded testing chamber. These rats exhibit a fit of wild running fol- 
lowed by clonus and full tonic extension in response to intense auditory stimuli, in this case two electric doorbells (arrows). 
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(GAD),  the synthesizing enzyme for GABA.  was 
used to identify GABAergic neurons and axon termi- 
nals. Every fifth 40/~m section was processed for 
GAD immunocytochemistry using an anti-GAD se- 
rum 22 and an avidin biotin peroxidase complex (Vec- 

tastain ABC Kit, Vector Laboratories, Burlingame, 

CA). Omission of the primary antiserum served as 
the immunocytochemical control. The ABC method 
employs a biotinylated antibody and an avidin bioti- 

nylated horseradish peroxidase complex. The advan- 
tage of this ABC method is that the sensitivity is su- 
perior to other immunoperoxidase staining tech- 

niques. Briefly, this method uses solutions that are 
dissolved in Tris buffered saline (TBS). 'Wash' refers 

to 3 10-rain rinses in TBS. First the sections are incu- 
bated in 0.1 M D,C-lysine in 10% normal rabbit se- 

rum for 12 h and then incubated in the primary anti- 
serum raised in sheep against GAD for 24-48 h. Fol- 
lowing a wash the sections are incubated in the bioti- 

nylated secondary antibody, rabbit antisheep IgG 
(1:227) for 45 rain. After another wash the sections 

are then incubated for 45 min in a mixture of avidin 
and biotinylated peroxidase complex (1:114). Fol- 
lowing a wash the sections are reincubated with the 
secondary antibody for 30 min, washed and reincu- 
bated in the avidin biotinylated peroxidase complex 
for 30 min. The reason for this reincubation is to form 

a double bridge which results in enhanced immuno- 
staining 23. After a wash the sections are reacted for 

15-30 min in a DAB solution (6 mg diaminobenzi- 
dine/10 ml TBS + 0.002% hydrogen peroxide). Fol- 
lowing a wash the sections are mounted on gelatin 

subbed slides, air dried, and then reacted in 0.005% 
O s Q  for 60 min. Finally, the slides are defatted, de- 
hydrated and coverslipped. The criteria for identify- 
ing GAD-positive neurons included distinct cytoplas- 
mic boundaries and the presence of dark brown reac- 
tion product within the perikaryal cytoplasm. All 
GAD-positive cell bodies in 4-8  sections 200 ~m 
apart throughout the rostrocaudal extent of the IC 
were counted. Somata from a representative 62,500 
/am 2 grid in the ventral lateral portion of the central 
nucleus of the IC (ICCN) were counted and classified 
according to size and morphology. Somata from a 
representative 31,250/~m 2 a r e a  were also counted for 
the pericentral nucleus (PCN) and the external nu- 
cleus (EN). Data were analyzed statistically using a 
Student's t-test. To determine if the increase in num- 

ber of GAD-positive neurons was present in other 
brain regions, the oculomotor nucleus (cnlII) and the 
medial superior olive (MSO) were analyzed in 5 sec- 

tions 200/~m apart in two SD rats and 3 GEPRs. 

Nissl preparations 
Two animals from each strain were perfused with 

4% paraformaldehyde and their brains were em- 

bedded in paraffin. The brains were sectioned in the 
coronal plane on a rotary microtome at a thickness of 
10~tm, mounted on slides and stained with cresyl vio- 
let. Every 10th section throughout the rostrocaudal 
extent of the IC was analyzed. Cell bodies were 
drawn from a representative 62,500/~m 2 grid in the 

ventral lateral portion of the ICCN using a camera lu- 
cida. Somata were classified as small (10-15 ~tm in di- 
ameter), medium (15-25/~m in diameter) or large 

(greater than 25 ~tm in diameter), and the average 
cell number in each size group was tabulated. Data 
were statistically analyzed using a Student's t-test. 
Cell bodies were also counted from every 10th sec- 
tion in cnllI and MSO. Six to 10 sections from each of 
these nuclei were analyzed. Since both cnlll  and 

MSO are small, a large sample of the total number of 
neurons in each nucleus could be counted in these 

sections. 

RESULTS 

Distribution of GAD-positive structures in the IC of 
the Sprague-Dawley rat 

Numerous GAD-positive neuronal somata were 
found in the IC in all 3 of its subdivisions, the central 
nucleus (ICCN), the pericentral nucleus (PCN) and 
the external nucleus (EN). The ICCN has a hetero- 
geneous population of somata displaying several 
sizes and morphological characteristics. In addition, 
dendritic staining of some GAD-positive somata 
demonstrated that some cells had dendrites oriented 
within a lamina (Fig. 4), or across a lamina (Fig. 2) or 
both (Fig. 3). Multipolar neurons of all sizes (10-30 
/~m in diameter) were found in the ICCN (Figs. 5 and 
6). In addition, some somata were bipolar or fusiform 
(Fig. 7). However, the majority of the GAD-positive 
somata were small multipolar type neurons (Figs. 6 
and 8). The morphology of these multipolar cells 
whose dendrites radiate in all directions within 
and/or across several laminae suggests that they are 
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Figs. 2-4. GABAergic neurons in the inferior colliculus identified by immunocytochemical localization of GAD. Fig. 2. Bipolar 
GAD-positive neuron with dendrites oriented perpendicular to the laminae in the ventral-lateral portion of the central nucleus. Fig. 3. 
Pyramidal-shaped GAD-positive neuron with dendrites at right angles to one another. One crosses a lamina (arrow) and the other 
courses within another lamina. Fig. 4. Fusiform, GAD-positive neuron with a dendrite oriented within a lamina. Note the abundance 
of dark, punctate structures (arrowheads) that represent GAD positive axon terminals or transversely-sectioned dendrites. 900 x. 
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Fig. 5. Large, multipolar GAD-posi t ive  neuron with dendrites (arrows) oriented in several directions. 900 x .  

Fig. 6..Two large (large arrows) and one small (arrowhead) multipolar GAD-posi t ive  neurons with dendrites (small arrows) oriented 
in the same direction. 900 ×. 

Fig. 7. Large fusiform neuron with bulbous stem dendrite (arrow). 900 ×. 

Fig. 8. Several small neurons  are shown (arrowheads).  These small cells and the one shown in Fig. 6 are the type that are increased the 
most in number  in the GE P R .  900 ×.  
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Fig. 9. Photomicrograph of the ventral lateral portion of the central nucleus of the inferior colliculus of the Sprague-Dawley rat. The 
typical distribution of GAD-positive somata (arrows) is shown. 225 ×. 

Fig. 10. An enlargement of another field from a region similar to Fig. 9. Four GAD-positive somata are shown (arrows). 640 x. 
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local circuit neurons, in contrast, bipolar or fusiform 
cells with dendritic staining had polarized dendrites 
oriented either across or within a lamina (Figs. 2 and 
4). Based on the shape and dendritic orientation of 

these latter cells, they appeared similar to previous- 
ly described projection neurons 36. GAD-positive 

neurons in the PCN were small, oval or fusiform, and 
some were multipolar. The EN contained medium- 
sized spindle or triangular-shaped GAD-positive 

cells, some of which were multipolar. 
The IC also contained GAD-positive punctate 

structures that represent GAD-positive axon termi- 

nals and perhaps some small transversely-sectioned 
dendrites and preterminal axons (Figs. 2-4).  GAD-  

positive puncta were more densely concentrated in 
the ICCN than in the PCN or the EN. The puncta ap- 
peared mainly in the neuropil but some were occa- 

sionally observed around unstained somata. The 
staining of GAD-positive somata was usually too 

dark to discern if GAD-positive puncta were found 
adjacent to them. However, GAD-positive puncta 
were found in close association with some paler 
stained large GAD-positive somata. 

Distribution of GAD-positive structures in the IC of 
the GEPR 

The GAD-positive neuronal somata in the IC of 

the GEPR were similar to those found in the SD rat. 
For example, GAD-positive somata were present in 

the 3 subdivisions of the IC and displayed a wide vari- 
ety of sizes and shapes similar to that found in SD 
rats. Dendrites of multipolar cells were observed to 

radiate in all directions whereas dendrites of fusiform 
cells either crossed or stayed within a lamina. In addi- 
tion, the majority of GAD-positive cells were small 

and multipolar. 
One major difference was that many more GAD- 

positive cells occurred in the GEPR than in the SD 
rat. This difference was apparent at low magnifica- 
tions of the ventral lateral portion of the ICCN (Figs. 
9 and 11). Enlargements of representative regions of 
the ICCN (Figs. 10 and 12) revealed that the distribu- 
tion of large cells in the SD rat and the GEPR was 
similar, but that the small- and medium-sized GAD- 
positive neurons were dramatically increased in num- 
ber in the GEPR. Note that in the field shown in Fig. 
10 only 4 GAD-positive neurons are shown in the SD 
preparation. In contrast, at least 10 GAD-positive 

somata are present in a similar region in the GEPR 
(Fig. 12). 

GAD-positive puncta representing axon terminals 
and some transversely-sectioned axons and dendrites 
were abundant in all 3 subdivisions of the IC of the 

GEPR. The apparant density of the puncta was ho- 
mogeneous throughout the IC. Since the 40-/~m thick 
sections had such dense staining in both groups of an- 

imals, counting puncta in these preparations was not 
possible. 

Quantitative analysis 
A quantitative analysis of GAD immunocytochem- 

ical preparations confirmed the observations noted 
in our qualitative descriptions (see above). A signifi- 
cant increase (P < 0.001) in the number of GAD- 
positive neurons occurred in the IC of the GEPR as 

compared to the SD rat. GAD-positive neurons were 
counted from representative grids in each region of 
the IC: EN, PCN, ventral lateral ICCN and dorso- 
medial ICCN (Fig. 15). Although there were more 
GAD-positive cells present in the GEPR in all subdi- 
visions of the IC, the most dramatic increase was in 
the ICCN, especially the ventral-lateral portion. 
Throughout the rostrocaudal extent there were more 

GAD-positive neurons in the GEPR than in the SD 
(Fig. 14). This increase was most prominent in the 
center of the rostrocaudal extent where there was a 

200% increase in the number of small cells (10-15 
#m in diameter) and a 90% increase in the number of 
medium-sized cells (15-25 ~m in diameter) in the 
GEPR as compared to the SD rat (Fig. 16). In con- 
trast, the number of GAD-positive large cells (diam- 
eter > 25/~m) was similar in both groups of animals. 
A representative example of the number and loca- 
tion of GAD-positive somata in the IC of both types 
of rats as well as the boundaries of the subdivisions of 

the IC are shown in Fig. 13. 
The Nissl preparations revealed a heterogenous 

population of small, medium and large neurons in the 
ICCN. Consistent with the quantitative data on 
GAD-positive cells, there were more neurons in the 
GEPR than in the SD rat (Figs. 17 and 18), This in- 
crease occurred in the numbers of small- (100%) and 
medium-sized (30%) neurons, consistent with the in- 
crease in the GAD-posit ive cell types (Fig. 19). No 
regional differences were observed throughout the 
rostrocaudal extent of the ICCN, so the mean num- 
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Fig. 11. Photomicrograph of the ventral-lateral portion of the central nucleus of the inferior colliculus of the GEPR at an equivalent 
level to that shown for the SD rat. The typical distribution of GAD-positive somata (arrows) is shown. At this magnification, it is ap- 
parent that there is an increase in the number of GAD-positive neurons. 225 x. 

Fig. 12. An enlargement of another representative field in the same region of the GEPR of the IC as Fig. 10. The relative number of 
large neurons (arrows) is similar to that observed in the SD (cf. Fig. 10). However the number of small cells (arrowheads) is increased. 
640 x. 
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Fig. 13. Line drawing of a transverse section through the middle portion of the rostrocaudal extent of the IC. Lines represent bounda- 
ries of the subdivisions within the IC (EN, PCN, DM, VL - -  see text for description). Dots represent GAD-positive somata counted 
from one representative section in the GEPR and the SD, respectively. Boxes represent the region from which Figs. 9-12 were photo- 
graphed and representative grids for quantitative analysis (Figs. 15.16 and 19) were located. 
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Fig. 14. Histogram showing the total numbers of GAD-positive cells counted from 8 similar levels of the rostrocaudal extent of the IC 
from both GEPR and SD rats. The GAD-positive neurons are more numerous throughout the IC of the GEPR than in the SD. The in- 
crease is most dramatic in the middle of the rostrocaudal extent. In animals where 8 sections were not available, the sections were 
matched to the appropriate levels. 
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Fig. 15. Histogram showing the number of GAD-positive cells 
counted from representative 31,250/~m 2 areas in the PCN and 
the EN and from 62,500/tm 2 areas in the ventral-lateral (VL) 
and the dorsomedial (DM) portion of the ICCN. Although the 
increase in the numbers of GAD-positive neurons is statistical- 
ly significant for all regions of the IC in the GEPR as compared 
to the SD, the increase is most dramatic for both portions of the 
ICCN. n = number of rats; 20-25 areas were sampled in the 
GEPR and 25-43 areas were sampled in the SD to obtain the 
averages. 
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Fig. 16. Histogram showing the averagenumber of small, me- 
dium and large cells, based on diameter of soma, counted from 
62,500/tm 2 areas in the ICCN, ventral-lateral portion. The 
GEPR displays a 200% increase in the number of small GAD- 
positive cells (P < 0.001) and a 90% increase in the number of 
medium sized cells (P < 0.001). In contrast, the number of 
large GAD-positive cells in the GEPR was similar to that for 
the SD. n = number of rats; 35 grids from SD brains were sam- 
pled and 20 grids from GEPR brains were sampled. 

ber  represents  the averages from all levels of  the IC. 

To de te rmine  if the increased number  of  neurons 

present  in the IC was found in other  brain regions,  

two other  nuclei were chosen for cell quantif icat ion 

analysis in Nissl prepara t ions:  the medial  super ior  
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olive (MSO) and the oculomotor  nucleus (cnlII) .  

These nuclei were chosen because cnl I I  is another  

midbrain  nucleus not re la ted to the pr imary  audi tory 

pathway and MSO is another  pr imary audi tory brain- 

stem nucleus. In addit ion,  they are small and have 

discrete boundaries .  Neurons in MSO and cnl I I  were 

counted in 6 -10  transverse sections 100 ~m apart .  

The results for cnlI I  were: SD rat,  n = 2, 22 sections 

measured,  x = 15.86 +_ 0.66 cells/nucleus/section; 

G E P R ,  n = 2, 19 sections measured,  x = 15.37 + 

0.57 cells/nucleus/section. No significant difference 

was found between the SD rats and the G E P R s  using 

a Student ' s  t-test (t = 0.55, df = 39). The results for 

MSO were: SD, n = 2, 31 data  points taken,  x = 

15.4 + 0.7; G E P R ,  n = 1, 12 data points taken,  x = 

12.7 + 0.6, P < 0.05. There  was no increase in cell 

number  in the G E P R  in these two regions, rather  a 

slight decrease was found in the number  of cells in 

MSO. The number  of GAD-pos i t i ve  somata  were 

also counted in these two regions in the immunocyto-  

chemical preparat ions .  The results showed no differ- 

ences between the G E P R s  and the SD rats in both 

brain regions and are consistent with the Nissl data.  

DISCUSSION 

GAD-positive neurons in the IC 

The ICCN is organized in a laminar  a r rangement  

with fascicles of afferent axons interlaced between 

dendri tes  and cell bodies.  Several  sizes of mult ipolar  

neurons exist within the ICCN,  some of which are 

probably local circuit neurons 20.26.36. Some mult ipo- 

lar neurons in all size ranges are G A B A e r g i c  suggest- 

ing that at least some of the local neuronal  circuitry is 

media ted  by G A B A .  Fusiform neurons with both the 

long axis of their somata  and dendri tes  or iented with- 

in laminae have been described previously as princi- 

pal cells 21.26,36. A no the r  fusiform principal cell type 

that has the long axis of its soma and dendri tes  

or iented across several laminae is present  within the 

ICCN 36. Some of  these two types of cells are G A D -  

positive and these findings suggest that some projec-  

tion neurons are G A BA e rg i c .  

Some mult ipolar  neurons as well as one type of  

principal cell have dendri tes  that  cross several lami- 

nae. Since the IC is tonotopical ly  organized37 and this 

is reflected by the anatomical  laminat ion,  the neu- 

rons whose dendri tes  are or iented across laminae are 
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Figs. 17 and 18. Nissl preparations obtained from the ICCN of the SD (Fig. 17) and the GEPR (Fig, 18) to show the distribution of 
neuronal somata (arrows). The GEPR displays a dramatic increase in the number of neuronal somata as compared to the SD. 900×. 
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Fig. 19. Histogram showing the average number of small, me- 
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a 100% increase in the number of small cells and a 30% in- 
crease in the number of medium-sized cells in comparison to 
the SD rats. There is no difference in the number of large neu- 
rons in both groups of rats. n = number of animals; 17-24 sam- 
ples were counted from each animal. 

apt to receive input from a group of cells conveying 

information about several frequency ranges. In con- 

trast, the cells with dendrites oriented within a lami- 

na are most likely receiving information about a 

more restrictive frequency range. The ICCN is in- 

volved in the localization of sound and the inhibitory 
interactions that are involved in the processing of in- 

teraural time and intensity differences could be me- 
diated in part within the IC by intrinsic, small, multi- 

polar cells, many of which are GABAergic. 
In Golgi preparations 36 some of the principal cells 

give rise to axons that enter the brachium of the IC en 

route to the medial geniculate body (MGB). Since 

some of these cell types are GABAergic, it is possible 

that one source of GABAergic terminals in the MGB 
may arise from these neurons, in addition to those 
derived from local circuit neurons 33. The IC also 
projects to the dorsal cochlear nucleus 27 and various 

periolivary subnuclei, all of which contain fairly 
dense concentrations of GAD-positive axon termi- 
nals 19,34,38. The cell type giving rise to this descending 

auditory pathway to these two regions has not yet 
been identified. However, since some of each cell 

type within the IC contains GAD, it is reasonable to 
expect that at least some of the GAD-positive axon 
terminals arise from GAD-positive cells in the IC. 
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Therefore, GABAergic pathways emerging from the 

IC possibly modulate ascending input. 

Increased numbers of GABAergic neurons in the IC 

of the G E PR 
The GABA hypothesis of epilepsy states that de- 

creases in the neurotransmitter, GABA, can cause a 

significant loss of CNS inhibition and result in a hy- 

perexcitable state. This hypothesis has been demon- 

strated in anatomical preparations for certain models 

of focal epilepsy where a preferential loss of 

GABAergic terminals and somata are associated 

with the cortical focus caused by alumina gel in mon- 

keys 28-30. GABAergic terminals are also selectively 

lost in the isolated cortical slab model of epilepsy 31. 

In both these cases the epileptic activity has been at- 

tributed to these deficits in GABAergic transmis- 

sion. In contrast to these studies, a statistically signif- 

icant increase in the number of GABAergic neurons 

occurs in the IC of GEPRs as compared to the SD 

rats. These results are opposite to those expected 

from the models of focal epilepsy. 

Quantitative analysis of immunocytochemical 

preparations is difficult because of the inherent capri- 

ciousness of the technique. We have tried to circum- 

vent this problem by quantifying only the best stained 

preparations in both groups. The magnitude of the 

difference we have observed in these preparations 

was consistent and warrants the use of these prepara- 

tions for quantitation. In addition, we never ob- 

served as many GAD-positive neurons in the SD rats 

as found in the GEPRs. Furthermore, the increase in 

GAD-positive neurons seen in the IC of the GEPR 

does not seem to be a whole brain phenomena be- 

cause the numbers of GAD-positive neurons in cnlII 

and MSO were similar between the two groups. The 

data for the Nissl-stained preparations are consistent 
with these findings. 

How can this increase in GABAergic cells in the 

GEPR be responsible for epileptic activity? If the in- 
crease in GABAergic neurons results in the in- 

creased inhibition of other GABAergic cells which 
are involved in a tonic inhibition of excitatory projec- 

tion neurons, then the result would be a disinhibition 
of projection neurons. Therefore, these data suggest 

that two different neuronal circuits, loss of inhibition 
and disinhibition, may cause epilepsy. 

The neuronal circuitry in genetic models of epilep- 
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sy appears to be quite different from the focal mod- 
els. Data from another genetic model of epilepsy, the 
seizure sensitive gerbil 24, supports this notion. In this 

model increased numbers of GABAergic basket cells 
occur in the dentate gyrus of the hippocampus of the 

seizure-sensitive gerbil. Basket cells provide recur- 
rent inhibition to the granule cells, which are excita- 

tory projection neurons. It is possible that the extra 
GABAergic ceils interfere with the normal recurrent 

inhibition by inhibiting the normal basket cells. 

Therefore, the disinhibition hypothesis of epileptic 
activity may also be true for this genetic model. 

A specificity in the increase in number of cells 
A 100% increase in the number of small cells and a 

30% increase in the number of medium-sized cells is 
found in the Nissl preparations of ICCN of the 
GEPR. Thus, the 200% increase in small GABAer-  

gic cells and the 90% increase in medium-sized 
GABAergic cells could, in part, be accounted for by 
the increase in the total number of cells. The in- 
creased numbers of all cells, and GABAergic cells in 

particular, is the first evidence of an anatomical dif- 
ference in the IC of the GEPR as compared to the 
SD. The increase in total cell number along with the 
increase in GABAergic cell number is interesting be- 
cause only the small- and medium-sized cells are in- 

creased in number, and these are the sizes of 
GABAergic cells that are increased in number. 

The proportion of GAD-positive neurons to total 
neurons is increased in the GEPR despite the parallel 
increase in both measurements. For example, about 
25% of the total number of small neurons in the SD 
rat are GAD-positive, whereas about 36% of the to- 
tal number of small neurons are GAD-positive in the 
GEPR. A similar increase occurs in the proportion of 

GAD-positive medium-sized neurons, with about 
25% in the SD rat and about 30% in the GEPR. 

The most dramatic increase in the number of 
GABAergic neurons occurs in the central portion of 
the rostrocaudal extent of the IC. In contrast, the in- 
crease in total number of cells is relatively uniform. 
These data indicate for the rostra! and caudal poles of 
the IC that the increase in total number of cells ex- 
ceeds the increase in GABAergic cells. It is possible 
that in these regions another transmitter system may 
be affected in addition to the GABAergic system. 

The cnlII and the MSO did not display increased 

numbers of neurons in the GEPR as compared to the 
SD. These data as well as qualitative findings from 
other brain regions suggest that the increase in neu- 
ronal density is not a whole brain phenomena but is 
possibly restricted to the IC. While this does not rule 
out the possibility that other brain regions may be 
similarily affected, it suggests that the change ob- 
served in the IC may be preferential. 

Conclusion 

These results indicate a change in the GABAergic 
system in the IC of the GEPR. Previous studies in 

this brain region suggest several abnormalities in its 
pharmacology and physiology2-S but this is the first 

report of an anatomical difference. Biochemical 
studies show an increase in the levels of glutamic acid 
decarboxylase (GAD) and GABA in the IC of the 

GEPR as compared to the control. Although these 
increases are not statistically significant, they were in 
the range of about 10% over normal levels 6. These 

data support our results of an increase in the number 
of GAD-positive neurons in the GEPR. 

Previous studies of these models have indicated 
deficits in two other neurotransmitters, norepineph- 
rine and serotoninT-12A 5-17, so it is unlikely that the 

GABAergic defect is the only problem. Since the 

norepinephrine system is one of the first neurotrans- 
mitter systems to develop, it may play a role in the 
generation of increased numbers of GABAergic neu- 
rons in the IC of the GEPR. The control of audiogen- 
ic seizures is very complex and undoubtedly involves 
an interplay of transmitters and possibly pathways. 

One question that remains unanswered is how these 
changes in the IC relate to motor seizures. A possible 
pathway is from the IC to the spinal cord either via 
the: (1) tectospinal tract or (2) reticulospinal projec- 

tion. Evidence for the support of the latter is that le- 
sions of the midbrain reticular formation 15 abolish 

audiogenic seizures in rats. Since the integrity of the 
IC is also necessary for the propagation of seizures it 
follows that some efferent projection that connects to 
the motor system may be an anatomical substrate for 
these seizures. 
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