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CAIN, D. P. AND D. J. STEWART. lbotenic acid lesions of the basal forebrain cholinergic system retard amygdala kindling. 
PHARMACOL BIOCHEM BEHAV 36(1) 207-210, 1990.--The effect of ibotenate lesions of septum and substantia innominata on 
electrical kindling of the amygdala was investigated in rats. The lesions significantly retarded kindling in the absence of a change in 
initial seizure sensitivity. This suggests that cholinergic neurotransmission can contribute to, but is not crucial for, amygdala kindling, 
and that a major component of the cholinergic circuitry involved in amygdala kindling may originate in the septum or substantia 
innominata or both. 

Kindling Seizures Ibotenic acid Acetylcholine 

CONSIDERABLE evidence links cholinergic function and epilep- 
tic phenomena. Cholinergic agonists and anticholinesterases can 
evoke or intensify seizure activity (11,13), and repeated adminis- 
tration of initially subconvulsant doses of the cholinomimetic 
carbachol can kindle generalized convulsions (21). Carbachol 
kindling and dietary choline facilitate subsequent electrical kin- 
dling (4,15), and prophylactic administration of cholinergic antag- 
onists retards kindling (1, 2, 5, 23). Collectively, these data 
suggest that cholinergic mechanisms play a role in amygdala 
kindling. 

The location of the cholinergic circuitry that is of importance 
for kindling is unknown. Results obtained with histochemical 
procedures that stain for cholinergic markers indicate that there are 
no cholinergic cell bodies in the amygdaloid complex (14). 
However, the amygdaloid complex and a number of neuroanatom- 
ically related structures that are probably involved in kindling 
receive afferents from cholinergic neurons originating from the 
medial septum and in or near the substantia innominata (SI) (10, 
14, 18). In an initial attempt to identify cholinergic circuitry that 
participates in amygdala kindling we have selectively destroyed 
the septum and SI by injection of ibotenic acid prior to amygdala 
kindling. This treatment results in the excitotoxic destruction of 
neural cell bodies with sparing of fibers of passage, and avoids the 
confounding effect of seizures that accompany lesions produced 
by other excitotoxic agents such as kainic acid (8). 

Male hooded rats of the Royal Victoria strain weighing 
250-350 g served as subjects. They were housed individually and 
maintained on ad lib food and water and a 12/12-hr light/dark 
cycle. They were anesthetized with 60 mg/kg sodium pentobar- 

bital IP and placed in a stereotaxic apparatus. For the lesioned 
group ibotenic acid was stereotaxically injected into the medial 
septum (coordinates: +4.8 mm from bregma, midline, - 7 . 0  mm 
below skull surface) and the left caudal SI ( - 0 . 9 2  mm from 
bregma, 2.5 nun from midline, - 7 . 5  mm below skull surface) 
(16,17). Each injection contained 10 ~g ibotenic acid in 1 Ixl 
Locke's solution (without glucose). For the control group equiv- 
alent injections of Locke's solution were made. Injections were 
made over 6 or 15 min using an infusion pump. These lesion 
procedures result in substantial functional damage to forebrain 
cholinergic systems with much less mortality than typically occurs 
as a result of bilateral electrolytic lesions of SI (13, 19, 20). 

After a minimum 14-day recovery period the subjects received 
implantation of a bipolar electrode into the left basolateral amygdala 
using standard stereotaxic techniques. The electrodes were con- 
structed of twisted Teflon-insulated nichrome wire 127 p~m in 
diameter that was soldered to small contacts. The contacts were 
placed in a headcap assembly that was attached to the skull with 
small screws and dental acrylic. At least one week after recovery 
from surgery the subjects were connected to a polygraph and Grass 
$88 electrical stimulator for determination of afterdischarge thresh- 
old (ADT). An initial current of 40 p,A base-to-peak was applied, 
which subsequently was raised in small steps until an AD was 
observed on the polygraph. The ADT was defined as the weakest 
current that would evoke an AD of 4 sec or longer. The current 
consisted of biphasic square wave pulses, each 1.0 msec in 
duration, at 60 Hz and a total duration of 1 sec. All subjects were 
stimulated once daily at their ADT until a stage 5 convulsion 
occurred. 
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TABLE 1 

EFFECTS OF IBOTENIC ACID LESIONS ON AMYGDALA KINDLING 

Group 

AD Initial AD Final AD 
Threshold Duration Duration ADs to 

N (~A) (sec) (sec) Stage 5 
Damage 
Rating 

Experimental 7 53.6 +_ 6.4 5.4 -+ 0.9 47.6 - 7.9 16.7 --- 2.1" 1.6 - 0.3* 
Control 7 67.9 _ 13.0 7.6 --- 1.2 61.0 - 13.5 9.9 --- 0.5 0.1 --- 0.1 

Measures are means - S . E . M .  

*Different from control group, p<0.01. 

At the end of testing the subjects were perfused with cold saline 
followed by formol sucrose ammonia, and the brains were 
removed and prepared for sectioning on a freezing microtome. 
Alternate sections were stained with cresyl violet/luxol fast blue 
and prepared for acetylcholinesterase (ACHE) histochemistry 
using the technique described by Stewart et al. (19). Sections from 
all subjects were rated on a 3-point scale for damage to septum and 
SI and density of ACHE stain in the ipsilateral amygdala and 
neocortex by one of us (D.J.S.) who did not know the results of 
the kindling phase of the experiment (see below). All subjects 
discussed below had electrode placements in or on the border of 
the basolateral amygdala, but not in or on the border of the cortical 
amygdala (12). 

The resuks are presented in Table 1. The experimental group 
kindled significantly slower than the control group (p<0.01, 
t-test), and exhibited somewhat attenuated mean initial and final 
AD durations. However, the differences in AD duration and 
threshold between the groups did not reach statistical significance 
(p>0.05, t-tests). 

The histological ratings ranged from 0 (no detectable damage 
in septum or SI apart from the needle track, or loss of ACHE 
staining) to 3 (marked lateral septum and SI damage and marked 
loss of ACHE staining in amygdala and neocortex in lesioned 
hemisphere compared to unlesioned hemisphere). All but one of 
the experimental brains showed clear evidence of cell loss in the 
lateral septum and the lesioned SI, and moderate to strong loss of 
ACHE staining in the basolateral amygdala in the lesioned 
hemisphere compared to the unlesioned hemisphere. Lesioned and 
control brain sections stained for acetylcholinesterase are illus- 
trated in Fig. 1. Comparison of ACHE staining in lesioned and 
control rats revealed normal levels of staining in the unlesioned 
hemisphere of the lesioned group. There was no evidence of cell 
loss in the basolateral amygdala of any rat. One control rat was 
found to have a small amount of septum and SI damage. The 
difference in the mean damage rating (Table 1) was statistically 
significant (p<0.01, t-test). The correlation between the damage 
rating and rate of kindling to stage 5 for the experimental group 
was not significant (p>0.05). 

The main result of this study is the finding that ibotenic acid 
lesions of the septum and SI significantly retard kindling of the 
basolateral amygdala. The fact that initial measures of seizure 
sensitivity did not differ between the groups suggests that the 
retardation effect of the lesions was not secondary to a decrease in 
seizure sensitivity. 

Previous attempts to study the effects of lesion damage on 
cholinergic afferents to the amygdala on amygdala kindling have 
yielded mixed results. Walker et al. (22) electrolytically lesioned 
the lateral preoptic area but failed to observe a retardation in the 

rate of amygdala kindling. Kimura et al. (13) found that large 
electrolytic lesions of the SI ted to high rates of mortality, and 
were forced to abandon this approach. In an acute assessment of 
the effects of large electrolytic lesions of SI in rats previously 
kindled in the amygdala, Kimura et al. (13) found that the lesions 
almost completely suppressed the kindled response. Chronic and 
acute lesions of the diagonal band of Broca, medial septum, 
interpenduncular nucleus, or the habenula did not significantly 
affect the seizures, suggesting that the retardation effect was 
specific to the SI. 

It is not clear why Walker et al. (22) failed to observe a chronic 
retardation effect, whereas Kimura et al. (13) observed a strong 
acute seizure suppression effect. It is possible that the electrolytic 
lesions made by Walker et al . ,  which did not lead to the expected 
high rate of mortality that typically results from electrolytic 
damage to the SI, failed to destroy circuits involved in amygdala 
kindling. Our results, which were obtained with a unilateral lesion 
technique that damages cholinergic input to the amygdala with low 
rates of mortality, are consistent with the acute data reported by 
Kimura et al. (13). 

The retardation of kindling observed in this study is similar to 
that reported to result from the prophylactic administration of 
muscarinic antagonists (1, 2, 5, 23). Our results are consistent 
with these and other results linking muscarinic cholinergic func- 
tion with kindled seizure development, and suggest that a major 
component of the cholinergic circuitry involved in amygdala 
kindling may originate in the septum or SI or both. However, in 
view of the fact that damage to the medial septum was minimal or 
absent, while damage to the lateral septum was generally pro- 
nounced among the experimental rats [similar to our previous 
observations, (20)], it is possible that the main contribution to the 
observed retardation effect was the reduction in cholinergic 
innervation of the amygdala and neocortex originating in the SI. 

The fact that interference with cholinergic mechanisms in this 
and earlier studies did not completely block kindling indicates that 
cholinergic mechanisms contribute to, but are not crucial for 
kindling. Evidence obtained in our laboratory and elsewhere 
indicates that a number of excitatory neurotransmitters can con- 
tribute to amygdaloid kindling, and that kindling may normally 
proceed in part through a mechanism involving the summation of 
excitatory neurotransmission (5, 6, 9, 16). Thus, interference with 
a single excitatory neurotransmitter would be expected to retard 
but not block kindling. The contribution of other excitatory 
neurotransmitters as well as other possible mechanisms to the 
kindling process might account, in part, for our failure to find a 
significant relation between kindling rate and rated damage to 
cholinergic structures, and for the occasional failure of muscarinic 
antagonists to significantly retard kindling (3, 7, 16). 

FACING PAGE 

FIG. 1. Histological sections (acetylcholinesterase stain) through the amygdala in rats injected with ibotenic acid (top) and control solution (bottom). The 
injections were made in the hemisphere on the left. Note the marked paling of the neocortex and baso|ateral amygdala in the injected hemisphere (top), 
but normal staining in the control brain (bottom). 
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