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Hippocampal kindling: corticosterone modulation of induced seizures 
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The effect of adrenalectomy (ADX) and corticosterone replacement was studied on seizures induced by hippocampal kindling. A 
complex series of changes occurred in after-discharge (AD) and behavioural depression (BD) during the immediate hours after ADX, 
culminating at day 1 in markedly decreased AD and BD, which returned to normal over the next several days. These changes were 
normalized after replacement of the ADX group with low doses of corticosterone. It is concluded that the expression and maintenance 
of hippocampal kindled seizures is under short-term control of corticosterone. 

Certain corticosteroid increase an animal's suscep- 

tibility to seizures and lower the convulsive threshold 
in animal and man 9,16,17. Endr6czi 5, Halmi et al.8 and 

Feldman 6 showed that the hippocampus is implicated 

in this hormone action. The hippocampus is an im- 

portant target for corticosterone, and the hippocam- 

pal neurone contains a large number of receptor sites 
specific for this naturally occurring glucocorticoid of 
the rat~,ll./2,15. We were interested in specifying the 

physiological role of the adrenal hormonal system in 

the excitability of the hippocampus as studied on es- 
tablished hippocampal-induced seizure behaviour. 

The kindling method 7 was used to produce reliable 

and repeatable seizures from the hippocampus. The 
role of the adrenals was investigated using a classical 

endocrine approach: kindling induced after-dis- 
charge (AD) and behavioural depression (BD) were 

disturbed up to two days following removal of endo- 
genous corticosteroids by adrenalectomy (ADX), 
and restored after substitution of the ADX rat with 

exogenous corticosterone. 
Ninety-three male Wistar rats bred in the Rudolf 

Magnus Institute were used in this study. The rats 
were anaesthetized with Nembutal or Hypnorm and 

implanted bilaterally with bipolar electrodes made of 

twisted, teflon-coated, stainless-steel wire (0.15 mm) 

in the dorsal hippocampus. A stainless-steel wire 
(0.15 mm) was implanted in the neck muscle to serve 

as a ground. The rats were kindled, the current 

threshold for reliable seizures determined, they were 
first used in another experiment involving peptide 

treatment3. Kindling was then maintained with daily 

threshold current for 1-2 weeks before the start of 
the present experiment. At this time, the animals had 

been given regular kindling sessions for 4-6  months 
and weighed 500-600 g. 

Behavioural measurements and electroencephalo- 

graphic (EEG) recordings were made during each 
test session. The EEG was continuously recorded 

through one hippocampal electrode on a Grass mod- 

el 79C polygraph/electroencephalograph. The rat 
was stimulated through the contralateral electrode 
(1-s train, 1ms pulses, 60 Hz, individual current in- 

tensity). The duration of the BD (defined as the 
whole period of behavioural disturbance, i.e. tonic- 
chloric seizures, behavioural arrest, etc.), until the 

animal started moving around the test cage again was 
recorded. The duration of the A D ,  i.e. the period of 
synchronous bursting electrical activity, was meas- 
ured from the EEG record. 
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Electrode sites were verified as being within the 
anterior dorsal hippocampus, with the majority lo- 

cated about 2.5 mm lateral to the midline at the level 

of the hippocampal fissure, uppe rb lade  of the den- 
tate gyrus and CA4. 

Experiment 1 involved three series of obser- 

vations. The rats were adrenalectomized (ADX)  or 

sham-operated either 1 h (Experiment 1A), 4 h (Ex- 

periment 1B) or 8 h (Experiment 1C) before the kin- 

dling session. Bilateral A D X  was performed under 

ether anaesthesia. Kindling sessions were continued 

every day for 5 or 14 days. 

Difference scores were analyzed by an SPSS MA- 
N O V A  computer program for repeated measures 10. 

The difference score was the duration of the A D  or 

BD following operation and/or treatment minus pre- 
intervention baseline value for each rat. Three ani- 

mals were discarded from the analysis due to incom- 

plete data. The results from the three series of obser- 

vations in Experiment 1 are presented in Fig. 1. 
Experiment 1A. At 1 h pos t -ADX or sham-opera- 

tion, the percentage of animals having seizures was 

reduced in both A D X  (11%) and sham (25%) 
groups. The duration of the A D  and BD was signifi- 

cantly reduced in both groups (AD,  t = -5.315,  P < 
0.0001; BD, t = -5.173, P < 0.0001) as compared to 

pre-operative measures, but the A D  and BD in the 

two groups was not significantly different. However ,  

by one day postoperation the sham groups had re- 
turned to pre-operation baseline levels (i.e. were 

having normal seizures); while in the A D X  group the 

number of seizures (33%) and the duration of A D  
and BD was still significantly reduced (AD,  t = 
-3.591, P < 0.003; BD, t = -2.134, P < 0.05). Two 

days postoperation, the A D  was still significantly re- 
duced (t = -2.908, P < 0.011), while the BD had re- 

turned to p re -ADX baseline levels. On the third day 
post -ADX, the duration of the A D  had returned to 
normal. 

Experiment lB. At 4 h pos t -ADX,  the A D X  group 
exhibited a significantly longer BD (t = 2.453, P < 
0.025), but normal AD.  At one day pos t -ADX,  the 
A D X  group exhibited significantly decreased A D  
and BD (AD,  t = -2.798, P < 0.012; BD,  t = -2.094, 
P < 0.05). By two days post -ADX, the A D  and BD 
had returned to p re -ADX baseline levels. The shams 
were normal throughout,  i.e. their A D  and BD were 
not influenced by the sham operation in comparison 

to pre-operative levels. 

Experiment 1C. At 8 h there appears to be no dif- 

ference between A D X  and sham-operated groups, as 
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Fig. 1. Effect of 1 (Experiment 1A), 4 (Experiment 1B) or 8 h 
(Experiment 1C) adrenalectomy (O O) or sham-op- 
eration (Q-------O) on the duration of the after-discharge 
(left) and of the behavioural depression (right) in hippocampal 
kindled rats. The mean difference scores have been plotted as a 
deviation from pre-operative baseline. There were 7-12 rats 
.per group. Statistical significance of differences between 
adrenaleetomized and sham-operated rats is shown by aster- 
isks: *P < 0.05; **P < 0.01. 
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can be seen in Fig. 1C. However, the mean BD of the 
ADX group is not representative and is, in reality, 
composed of a bimodal distribution. Seven rats ex- 
hibited the 4-h effect, an increased BD (:t = 3.04), 
while 5 rats showed the one-day effect, decreased 
BD (R = -2.234). These two subpopulations are sig- 
nificantly different from each other (t = 4.138, P < 
0.01) and from the sham group (F = 8.064, P < 0.01). 
At one day post-ADX, the ADX group exhibited 
decreased AD and BD (AD, t = -2.870, P < 0.011; 
BD, t = -2.079, P < 0.05). At two days post-ADX, 
the AD had returned to normal, but the BD was! still 
significantly reduced (t = -2.552, P < 0.021). By_day 
3 post-ADX, the BD had also returned to normal. 

All of the above animals were tested until the fifth 
day postoperation. Twenty-two of them were tested 
for 14 days. Following the disappearance of the initial 
effect as described above, the AD and BD remained 

unchanged. 
The second series of experiments was designed to 

investigate whether adrenalectomy-induced altera- 
tions were due to the absence of corticosterone. 
There were three groups in these experiments: sham, 
ADX and ADX with corticosterone substitution 
(ADC). The operation was performed 4 h prior to 
the kindling session. Corticosterone, 0.5 mg/kg (in 
5% propylene glycol), was administered subcuta- 
neously at four time points 0, 1, 2 and 3 h post-ADX 
to the ADC group. This dose regimen had been 
found, in pilot studies, to produce plasma levels of 
corticosterone equivalent to physiological levels at 
the time of kindling. The ADX and sham groups re- 
ceived vehicle injections. All animals received vehi- 
cle injections on days preceding and following the op- 
eration. Immediately following the kindling session, 
at 4 h post-operation, eye-plexus blood was taken un- 
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Fig. 2. Effect of 4 h adrenalectomy (ADX; C) O), adrenalectomy plus corticosterone substitution (ADC; [] I-q) or 
sham-operation (sham; 0------0)  on the duration of the after-discharge (AD) and of the behavioural depression (BD) in hippo- 
campal kindled rats. Each point represents the mean difference score. Statistical significance of differences between sham and ADX 
rats is shown by asterisks: *P < 0.05; **P < 0.01. The symbol + depicts the statistical difference between ADX and ADC rats: +P < 
0.05. 
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der light ether anaesthesia, and corticosterone con- 

centration was determined in the plasma by radioim- 

munoassay. The mean corticosterone levels 4 h after 

operation were 7.0 + 1.0 /~g/100 ml in the sham 

group, nearly below detection level in the ADX 

group, and 9.5 _+ 1.4/~g/100 ml in the ADC group. 

Thus, the plasma corticosterone levels in the sham 
and ADX groups are very similar, showing that the 

corticosterone substitution regimen was appropriate. 

The results are presented in Fig. 2. The 4-h ADX 

and sham groups performed as in Experiment lB. 

Shams did not significantly deviate from their base- 

line. While, at 4 h, the ADX group exhibited an in- 

creased BD (t = 3.713, P < 0.003), at one day a de- 

creased AD and BD (AD, t = -3.797, P < 0.007; 
BD, t = -2.443, P < 0.01), at two days a normal AD 

and decreased BD (t = -2.437, P < 0.021), and at 3 

days normal AD and BD. The ADC group did not 
show the increased BD at 4 h, and their performance 

was not significantly different from the shams. Their 

AD and BD showed a moderate reduction at one day 
post-ADX, but was not significantly different from 

the sham group's performance. According to pilot 

experiments one may expect at one day comparable 

undetectable plasma corticosterone levels both in 

ADX and ADC rats. 

The present findings suggest that removal of the 

adrenal cortex in the rat is followed by complex but 

short-term changes in the electrical and behavioural 
consequences of hippocampal kindling. There were 

short-term effects of ADX on hippocampal kindled 
seizures lasting from 4 h to 3 days post-ADX. First an 

effect of 1 h was observed in both ADX and sham 
groups. Then an ADX-induced increase in BD at 4 h, 

and subsequently at 8 h and lasting 1-3 days, there is 

an ADX-induced reduction in AD and BD. The 
changes caused by adrenalectomy could be normal- 

ized by corticosterone substitution. 
At 1 h, both ADX and sham groups exhibited few- 

er seizures and a decreased duration of AD and BD. 
This 1-h effect is probably a generalized stress effect. 
It is, however, not due to the ether alone (or ether-in- 
duced increase in corticosterone) as ether adminis- 
tration alone, 1 h before stimulation, had no effect on 
the kindled seizure (unpublished observation). Possi- 
bly it concerns the stress evoked by surgical proce- 
dure. Stress-induced protection against convulsions 
has also been observed by Oliverio et al. 14. They 

found that mice subjected to immobilization stress 

were protected against ECS-induced seizures. 

Whether classical 'stress-hormones' (corticosteroids 

and catecholamines) or pituitary and/or brain-born 

peptides are involved in depression in the kindling- 

induced AD and BD after surgeries remains to be de- 

termined. 
The BD exhibits greatly variable responses (large 

increases or decreases in duration) depending upon 

the amount of time that has elapsed following ADX. 

Thus, the BD would appear to be extremely sensitive 

to ADX. However, the 1-h and 1-3-day decreased 

BD can be accounted for by the absence of AD or de- 

creased AD; i.e. when there is no convulsion there is 

no BD, when a convulsion is mild the BD is usually 

short. That leaves the 4-h (and sometimes 8-h) in- 

crease in BD to be explained. It is not due to the op- 

eration since sham-operated rats, which do have con- 
vulsions, exhibit BD of normal length. One possibili- 

ty is the absence of corticosterone. This hypothesis is 

supported by the finding that corticosterone replace- 
ment therapy, which produced physiological levels of 

corticosterone in the plasma of ADX rats, prevented 

an increase in the duration of BD at 4 h. Thus, we 

postulate that corticosterone is important for the ex- 

pression of seizure behaviour. 
Of particular note is the fact that this corticoster- 

one substitution, at the time of ADX, also abolished 

the consequence of ADX on AD and BD on the fol- 
lowing days. It is possible that this is, in fact, caused 

by the action of corticosterone during the 4-h test; 
i.e. abolishing the changes in seizure pattern re- 

instates the preoperative seizure levels. This expla- 
nation is not likely as normal seizures can occur after 

a period of abnormal seizure behaviour. For exam- 
ple, the sham group exhibited markedly decreased 

AD and BD at 1 h, but normal AD and BD at one 

day. The normalization is not due to the presence of 
corticosterone at day 1, as there is no corticosterone 
in the plasma of substituted rats 24 h post-corticoster- 

one replacement therapy (unpublished observation). 
It is more likely that the reinstatement is due to some 
secondary action of corticosterone. 

Dana et al.4 have also reported an ADX-sensitive, 
corticosterone-specific change in an electrically stim- 
ulated modulation of hippocampal function. They 
found that ADX rats failed to develop long-term po- 
tentiation (LTP) following high-frequency stimula- 



tion of  the per forant  path.  Fur ther ,  they also found 

that cor t icosterone subst i tut ion res tored  the abil i ty to 

develop LTP. No long-term effect,  4 -14  days,  was 

found. This agrees with the findings of Mcln ty re  13 

who also found no effects of  A D X  on seizures elicited 

from amygdala  kindled rats that  had been adrenalec-  

tomized for one week.  Fur the rmore ,  behavioural  al- 

terat ions have been observed short ly following A D X  

in the rat. These deficits could be normal ized  by cor- 

t icosterone in agreement  with the specificity of gluco- 

cort icoid receptors  in the brainl,2. 

In conclusion, a disrupt ion in the p i t u i t a r y - a d r e -  

n a l - h i p p o c a m p a l  neuroendocr ine  system can disrupt 

h ippocampal  k indled seizures often result ing in mild- 

er seizures. The data  indirectly imply that  cortico- 

s terone receptors ,  in the h ippocampus ,  may  be in- 

volved in the maintenance  of the kindled seizure,  as 

the A D  and BD are d is rupted  by removal  of endoge-  

nous cor t icosterone and re ins ta ted by a physiological  

dose of cort icosterone.  However ,  the animal  can 

adapt  to a change in its hormonal  milieu after A D X  as 

381 

kindled seizures re turn to baseline with t ime. It re- 

mains to be shown whether  the adapta t ion  (reinstate-  

ment)  is indeed due to an 'escape '  from hormonal  

control  or  whether  o ther  neuroendocr ine  mecha-  

nisms (of pept idergic  nature)  compensa te  for the ab- 

sence of  adrenal  cortical hormones.  
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