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Abstract
The aim of the study was to investigate neurochemical
changes in a kainic acid (KA; 10 mg/kg, s.c.)-induced
spontaneous recurrent seizure model of epilepsy, 6
months after the initial KA-induced seizures. The neuro-
nal markers of cholinergic and Á-aminobutyric acid
(GABA)ergic systems, i.e. choline acetyltransferase
(ChAT) and glutamic acid decarboxylase (GAD) activi-
ties, and a marker for neuropeptide, i.e. level of somato-
statin, have been investigated. The brain regions investi-
gated were the hippocampus, amygdala/piriform cortex,
caudate nucleus, substantia nigra and the frontal, pari-
etal, temporal and occipital cortices. Six months after KA
injection, reduced ChAT activity was observed in the
amygdala/piriform cortex (47% of control; p ! 0.001),
increased ChAT activity in the hippocampus (119% of
control; p ! 0.01) and normal ChAT activity in the other

brain regions. The activity of GAD was significantly
increased in all analysed cortical regions (between 146
and 171% of control), in the caudate nucleus (144% of
control; p ! 0.01) and in the substantia nigra (126% of
control; p ! 0.01), whereas in the amygdala/piriform cor-
tex, the GAD activity was moderately lowered. The so-
matostatin level was significantly increased in all cortical
regions (between 162 and 221% of control) as well as in
the hippocampus (119% of control), but reduced in the
amygdala/piriform cortex (45% of control; p ! 0.01). Six
months after KA injection, the somatostatin:GAD ratio
was lowered in the amygdala/piriform cortex (49% of
control) and in the caudate nucleus (41% of control),
whereas it was normal in the hippocampus and moder-
ately increased in the cortical brain regions. A positive
correlation was found between seizure severity and the
reduction of both ChAT activities and somatostatin levels
in the amygdala/piriform cortex. The results show a spe-
cific pattern of changes for cholinergic, GABAergic and
somatostatinergic activities in the chronic KA model for
epilepsy. The revealed data suggest a functional role for
them in the new network that follows spontaneous re-
petitive seizures.
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Introduction

The behavioural alterations in the rats and the neuro-
chemical and histopathological changes in their brains
after systemic kainic acid (KA) application show, at least
in part, similarities to the behavioural, neurochemical
and histopathological alterations observed in rats with
amygdala-kindled seizures and complex partial seizures
or temporal lobe epilepsy in humans [1–7]. KA serves as
the prototype pharmacological agonist for pre- and post-
synaptic, non-N-methyl-D-aspartate KA subtypes of glu-
tamate excitatory amino acid receptors [2, 3, 8]. KA-
induced seizures cause lesions consisting in a degenera-
tion of the nerve cells of limbic brain regions, tissue necro-
sis and haemorrhages involving the amygdala, piriform
cortex, entorhinal cortex, hippocampus and other limbic
structures [2–5, 9–13]. Previous neurochemical investiga-
tions revealed significant changes characterised by early
enhancement of the prostaglandin synthesis [14], in-
creased turnover of mono-aminergic neurotransmitters
[4, 15] and a reduction of neuropeptide somatostatin [16]
in the acute phase (3 h) after KA injection. Later, a
selective reduction of glutamic acid decarboxylase (GAD)
activity was observed in the hippocampus and the amyg-
dala/piriform cortex as well as a reduction of choline ace-
tyltransferase (ChAT) activity in the amygdala/piriform
cortex complex 3 days after KA injection, indicating
a destruction of cholinergic and Á-aminobutyric acid
(GABA)ergic neurons in these brain regions [4]. One
month after KA injection, a recovery of GAD activities in
the hippocampus was observed [4], suggesting the possi-
bility of regenerative processes in this area. A regenera-
tion of GABAergic activity has been reported due to
sprouting of GABAergic neurons after KA-induced neu-
rodegeneration in the hippocampus [17] and furthermore,
an increased GAD mRNA level in a rat model of tempo-
ral lobe epilepsy has been demonstrated [18]. Two
months after KA injection, increased GAD activity in the
frontal cortex was found [19]. In human studies, both
increase and decrease in GABAergic activities in the epi-
leptic tissues have been documented [20–23]. Therefore,
it is very likely that the type and extent of axonal sprout-
ing modify the brain excitability and also affect the bio-
chemical molecular processes in the epileptic brain. Elec-
trophysiological studies have shown recurrence of sponta-
neous seizures after subcutaneous, intraperitoneal or in-
tracerebral KA injection [1, 24, 25]. The present study
aims at the investigation of the involvement of ChAT and
GAD activities in the brain of rats with spontaneous
recurrent seizures 6 months after KA administration.

Since somatostatin is a cotransmitter of GABAergic neu-
rons [26] and plays a role in modulation and/or propaga-
tion of seizures [27–29], we also analysed the somatosta-
tin levels. Part of the study has been presented in abstract
form [30].

Materials and Methods

Animals and Materials
Male Sprague-Dawley rats (Forschungsinstitut für Versuchstier-

zucht, Himberg, Austria) of 280–320 g body weight were used. The
animals were housed in groups of 4–5 per cage, in a room with a
controlled light/dark cycle (12 h light/12 h dark), and were given free
access to laboratory chow and tap water. All chemicals were obtained
from commercial suppliers and were of the highest purity available.

KA (Sigma, USA) dissolved in saline at 10 mg/ml and adjusted to
pH 7.0 was administered subcutaneously in the neck area at a dose of
10 mg/kg. The control animals were treated with the corresponding
amount of saline. The injections were given in the morning, between
9 and 10 a.m.

Evaluation of the Behavioural Changes after KA Treatment
According to the rating scale previously described by Sperk et al.

[4], the behaviour of each animal was continuously evaluated during
3 h after KA or vehicle injection. The following scores were used for
rating the severity of KA-induced seizures: 0 = normal, rare wet dog
shakes (WDS), no convulsions; 1 = intermediate number of WDS,
staring, rare focal convulsions affecting head and extremities; 2 =
frequent WDS, frequent focal convulsions, eye closure, sniffing,
facial clonus, staring; 3 = frequent WDS, frequent convulsions, head
nodding associated with more severe facial clonus, unilateral or bilat-
eral forelimb clonus with rearing and salivation (but without falling);
4 = continuous generalised seizures, rearing with loss of balance and
falling accompanied by generalised clonic seizures; 5 = sustained gen-
eralised clonic convulsions, frequently death within 3 h.

For the 6-month experiment, KA-treated rats showing developed
seizures, i.e. rating 3 and 4, were used. The behaviour of the KA-
treated animals (n = 15) and control animals (n = 10) was observed
every Monday and Wednesday from 9 to 10 a.m. and their behaviour
was evaluated by counting the occurrences of WDS, focal epileptic
activities and spontaneous seizures. During the 6-month period, 4
KA-treated animals died due to status epilepticus.

Dissection and Preparation of Homogenate
Six months after KA (10 mg/kg, s.c.) or saline administration, the

rats were decapitated, the brains were quickly removed and the fron-
tal cortex, cingulate cortex, occipital cortex, parietal cortex, temporal
cortex, amygdala/piriform cortex, dorsal hippocampus, nucleus cau-
datus and substantia nigra were dissected according to the dissection
guides [31, 32]. The dissected areas were immediately frozen,
weighted and stored for up to 2 weeks at –70°C.

The brain areas were homogenised by sonicating in 20 vol of
H2O/N2 (0 °C) and the homogenates were divided into three ali-
quots. Two aliquots were used immediately for GAD and ChAT
measurement; the third aliquot was prepared for somatostatin deter-
mination.
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Table 1. Occurrence of focal convulsions and spontaneous seizures
in KA-treated rats during 6 months after KA administration (10 mg/
kg, s.c.)

Time period after
KA injection

Focal epileptic
activities per rat

Spontaneous
seizures per rat

0–1 month 1.3B0.34 0.0B0.0
1–2 month 1.2B0.39* 0.5B0.17*
2–3 month 0.5B0.17* 0.6B0.16*
3–4 month 0.0B0.0 1.6B0.27*
4–5 month 0.0B0.0 0.6B0.16*
5–6 month 0.0B0.0 3.3B0.26*
F 9.529 160.672
p 0.006 !0.001

Focal convulsions and spontaneous seizures were calculated for
each month after KA administration. The data represent means B
SEM of 11 KA-treated animals.

* p ! 0.05 (one-way ANOVA).

Determination of GAD Activity
GAD activity, as a marker for GABAergic neurons, was mea-

sured by trapping [14C]CO2 formed from L-1[14C]glutamic acid (Am-
ersham) as described by Roberts and Simonsen [33]. The homoge-
nates were diluted with H2O/N2 to a final concentration of 1:100 and
centrifuged at 15,000 g for 10 min. The incubation mixture con-
tained 100 Ìl of supernatant, 0.1 M imidazole-HCl buffer, pH 7.1,
0.5 mM pyridoxal phosphate (Sigma) and 4 mM [14C]glutamic acid
(0.1 mCi/mmol; Amersham), saturated with N2 at a final volume of
200 Ìl. The incubation was carried out in polycarbonate tubes cov-
ered with a rubber stopper top (Kontes, New Jersey), exposing
a small plastic basket in which a small piece of filter paper (11 !
90 mm) soaked with 100 Ìl hyamine hydroxide (Packard) was
placed. The vials were incubated at 37°C for 1 h. The reaction was
stopped by putting the tubes on ice and injecting 0.5 ml of 0.3 M
perchloric acid through the rubber cap. The vials were incubated
again at 37°C for 1 h to allow [14C]CO2 to develop and to be trapped
on the filter paper. Finally, the filter papers were transferred to poly-
ethylene vials containing 8 ml scintillation fluid and processed for
liquid scintillation counting.

Determination of ChAT Activity
ChAT activity, as a marker for cholinergic neurons, was deter-

mined by the rate of formation of [14C]acetylcholine from choline
and 14C-labelled coenzyme A according to the procedure described
by Fonnum [34]. The homogenate was diluted with 10 mM EDTA,
0.5% Triton X-100, 30 mM sodium phosphate buffer, pH 7.4, to
yield a final dilution of 1:150. An aliquot of the homogenate (40 Ìl)
was incubated with 30 mM NaCl, 20 mM EGTA, 8 mM choline chlo-
ride, 0.2 mM [14C]acetyl coenzyme A (0.8 mCi/mmol; Amersham)
and sodium phosphate buffer, pH 7.4, at 37°C for 30 min. The final
volume was 130 Ìl. The reaction was stopped by adding 5 ml ice-cold
10 mM sodium phosphate buffer, pH 7.4, and placing the tubes on
ice. The labelled acetylcholine formed during the reaction was
extracted with 1 ml heptanon-3 containing 1% tetraphenylborate.
After vigorous shaking, the tubes were centrifuged at 5,000 g for

10 min and 500 Ìl aliquots of the organic phase were transferred to
counting vials and processed for liquid scintillation counting.

Determination of Somatostatin Level
For somatostatin determination, an aliquot of the homogenate

was mixed with 4 N acetic acid (vol/vol), centrifuged at 28,000 g at
4°C for 10 min, and the supernatant was lyophilised. Somatostatin
was measured by radio-immunoassay using the antibody M-6 [35]
and iodinated N-Tyr or Tyr1 somatostatin as tracer [36].

Data Analyses
All data are given as means B SEM. For statistical analyses, the

one-way ANOVA was applied. A Student t test was used, where
appropriate. Asterisks indicate a significant difference: * p ! 0.05;
** p ! 0.01; *** p ! 0.001 compared to control.

Results

Behaviour
Rats with KA-induced seizures, i.e. rating scale scores

3.36 B 0.15 (n = 11) and WDS 68.64 B 17.8 (n = 11),
recovered within 2 weeks and then were seizure free; how-
ever, during the first, second and third month, myoclonic
movements (focal convulsions) occurred (table 1). One
month after KA injection, spontaneous seizures were
observed. Up to the fifth month 1–2 and during the sixth
month 3–5 spontaneous seizures per month and rat were
observed. A progressive decline of focal convulsions and a
progressive, but fluctuating enhancement of spontaneous
seizures, in parallel with an increase in the time period
after KA administration could be observed (table 1). One-
way ANOVA revealed a significant effect of time period
after KA injection on focal convulsions and spontaneous
seizure occurrences (F = 9.529, p = 0.006; F = 160.672,
p ! 0.0019; table 1). Each of the KA-treated rats showed
5–9 WDS per month. Clinically, apparent seizure activi-
ties, manifesting as whisker twitching, tail extension,
body twisting and body rearing with pedalling of the fore-
paws were observed. Spontaneous seizures lasted from 5
to 15 s. Generally, the animals were aggressive on han-
dling, particularly on touching their backs (very sensitive
part pointing to pain induction). The control animals did
not show WDS or any epileptic symptoms.

Neurochemical Changes
In control animals, the activities of ChAT and GAD

and the somatostatin level in the frontal, cingulate, occipi-
tal, parietal and temporal cortices, the amygdala/piriform
cortex, hippocampus, caudate nucleus and substantia ni-
gra showed an uneven regional distribution in the brain
(table 2). Data are in line with previously published stud-
ies [4, 16, 37].
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Fig. 1. Activities of GAD and ChAT and somatostatin levels in different rat brain regions in the chronic KA epilepsy
model, 6 months after KA injection (10 mg/kg, s.c.). Data are expressed in percent of control and represent mean B
SEM of 11 KA-treated animals. Significance of differences vs. the corresponding control group: * p ! 0.05; ** p ! 0.01;
*** p ! 0.001 using the unpaired Student t test.
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Table 2. Control values of GAD and ChAT
activities and somatostatin levels in
different rat brain regions

Region GAD
nmol/mg wet tissue
weight/h

ChAT
nmol/mg wet tissue
weight/h

Somatostatin
fmol/mg wet tissue
weight

Frontal cortex 19.23B0.56 6.32B0.44 64.6B3.4
Cingulate cortex 17.65B0.67 7.15B0.12 99.3B9.4
Occipital cortex 16.25B0.46 5.34B0.19 64.4B6.4
Parietal cortex 18.34B0.33 5.74B0.28 49.7B3.8
Temporal cortex 20.30B0.26 5.86B0.08 62.5B5.8
Amygdala/piriform cortex 17.03B0.76 13.91B0.40 43.4B3.3
Hippocampus 17.12B0.37 7.10B0.17 39.6B2.8
Caudate nucleus 16.57B0.40 26.46B0.99 47.3B4.3
Substantia nigra 66.01B4.82 NE NE

Data represent means B SEM of 10 animals. NE = Not estimated.
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Table 3. Somatostatin:GAD ratio in different rat brain regions in the
chronic KA epilepsy model 6 months after KA administration
(10 mg/kg, s.c.)

Region Somatostatin:GAD
ratio, % of control

Frontal cortex 122
Cingulate cortex 110
Occipital cortex 103
Parietal cortex 130
Temporal cortex 119
Amygdala/piriform cortex 51
Hippocampus 108
Caudate nucleus 59
Substantia nigra NC

Ratio was calculated between somatostatin and GAD levels in
brain regions of KA-treated and control animals and data are
expressed in percent of control. NC = Not calculated.

Six months after KA injection, the ChAT activity was
reduced in the amygdala/piriform cortex (53% of control;
p ! 0.001), while it was moderately increased in the hip-
pocampus (119% of control; p ! 0.01) (fig. 1) and no alter-
ation of ChAT activity was seen in cortical regions and
caudate nucleus. Six months after KA injection, the GAD
activity was increased in the occipital (171% of control;
p ! 0.001), temporal (170% of control; p ! 0.001), parietal
(163% of control; p ! 0.001), frontal (149% of control; p !
0.01) and cingulate cortices (146% of control; p ! 0.01)
(fig. 1). An increase in GAD activity was also measured in
the caudate nucleus (144% of control; p ! 0.001) and the
substantia nigra (126% of control; p ! 0.01), whereas in
the amygdala/piriform cortex, GAD activity was moder-
ately lowered and in the hippocampus, it was comparable
to the control animals. An increased somatostatin level
was found in the parietal (221% of control; p ! 0.001),
temporal (203% of control; p ! 0.001), frontal (183% of
control; p ! 0.001), occipital (176% of control; p ! 0.001)
and cingulate cortices (162% of control; p ! 0.001) and in
the hippocampus (119% of control; p ! 0.05) (fig. 1). The
somatostatin level was considerably lowered in the amyg-
dala/piriform cortex (45% of control; p ! 0.001) and mod-
erately lowered in the caudate nucleus.

Somatostatin:GAD Ratio
Six months after KA injection, the somatostatin:GAD

ratio was reduced in the amygdala/piriform cortex (51%
of control) and in the caudate nucleus (59% of control)

and moderately increased in the parietal (130% of con-
trol), frontal (122% of control) and temporal cortices
(119% of control) (table 3). In the cingulate and occipital
cortices and in the hippocampus, the somatostatin:GAD
ratio was comparable with that of the control animals.

Correlation between Seizure Severity and ChAT
Activity and Somatostatin Levels
Significant differences in the ChAT activity and so-

matostatin level in the amygdala/piriform cortex have
been found between KA-treated rats of rating 3 and rating
4, 6 months after KA injection (table 4). Rats with higher
seizure activity in the 6th month of the study showed sig-
nificantly decreased ChAT activity in the amygdala/piri-
form cortex. Similarly, the somatostatin levels in the
amygdala/piriform cortex were also significantly de-
creased in rats with higher seizure activity. A negative
relationship was found between changes of ChAT activity
in amygdala/piriform cortex and the rating of KA-treated
animals (R = –0.9372; p ! 0.0001) or the number of spon-
taneous seizures observed during the last month (6th)
after KA injection (R = –0.73366; p = 0.01017). Similarly,
a negative relationship was also found between changes of
somatostatin levels in the amygdala/piriform cortex and
the rating of KA-treated animals (R = –0.8748; p !

0.0001) or the number of spontaneous seizures observed
during the last month (6th) after KA injection (R =
–0.82226; p = 0.00189).

Discussion

Within 6 months after the initial KA-induced seizures,
the rats developed repetitive seizures, the number of
which was fluctuating. The neurochemical investigation
has revealed increased GAD activity in all cortical brain
regions as well as in the caudate nucleus and the substan-
tia nigra. The ChAT activity was only increased in the
hippocampus and significantly lowered in the amygdala/
piriform cortex, whereas the somatostatin levels were
increased in all cortical regions and in the hippocampus,
but reduced in the amygdala/piriform cortex. These neu-
rochemical alterations in the brain 6 months after KA
injection show a pattern that is different from the alter-
ation observed after the initial KA-induced seizures [4, 5,
11–16]. Interestingly, the reduction of ChAT activity and
of the somatostatin levels in the amygdala/piriform cortex
6 months after KA injection significantly correlates with
the severity of the initial induced seizures and is in line
with the high number of spontaneous seizures occurring
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Table 4. ChAT and somatostatin levels in the amygdala/piriform cortex in rats with different seizure activities
6 months after KA injection

Behaviour

rating of rats within 2 h
after KA injection

spontaneous seizures
during the last month
(6th) after KA injection

ChAT

nmol/mg wet tissue
weight/h

Somatostatin

fmol/mg wet tissue weight

3.00B0.00 (7) 3.00B0.00 (7) 8.66B0.12 (7)b

62%1
21.53B0.52 (7)b

52%1

4.00B0.00 (4)a 4.25B0.25 (4)a 5.47B0.49 (4)a, b

39%1
17.65B0.13 (4)a, b

41%1

The data present means B SEM. The number of animals is given in parenthesis. For behavioural rating, see
Materials and Methods. The control value of ChAT activity and somatostatin level in the amygdala/piriform cortex
was 13.91 B 0.40 nmol/mg wet tissue weight/h and 43.4 B 3.3 fmol/mg wet tissue weight, respectively. Significance
using Student’s t test: a p ! 0.001 vs. KA-treated rats with rating 3.00 B 0.00; b p ! 0.001 vs. control animals.
1 Percent of control.

during the 6th month of the experiment. This marked
reduction of ChAT activity and somatostatin level in the
amygdala/piriform cortex may be due to a loss of neurons
containing acetylcholine and somatostatin; however, it
could also be attributable to the extensive tissue damage
[4].

On the other hand, an increase in ChAT activity in the
hippocampus 6 months after KA injection could at least
partially be attributable to the sprouting of cholinergic
fibres, e.g. in the dentate gyrus. Indeed, our finding of
increased ChAT activity in the hippocampus of the KA
chronic temporal epilepsy corresponds to the findings of
increased expression of both cholinergic fibre and mossy
fibre sprouting into the inner molecular layer of the den-
tate gyrus following KA-induced seizures [38]. It is inter-
esting to note that the increased ChAT activity in the hip-
pocampus was accompanied by an increase in the so-
matostatin level. The reorganisation of different fibre sys-
tems including those derived from GABAergic and cho-
linergic neurons is already recognised [17, 38]. It is there-
fore very likely that the type and extent of sprouting ulti-
mately modify the hippocampal excitability. Somato-
statin has already been suggested as a possible excitatory
transmitter in the hippocampus [27]. According to the
study performed by Higuchi et al. [28], the administration
of cysteamine, a compound which reduces the central
somatostatin content, had a profound anticonvulsive ef-
fect in pentylenetetrazol-kindled rats. There are also other
significant findings, which indicate that somatostatin
may reduce seizure activity and inhibit neurons. Vezzani

et al. [29] reported that the infusion of a peptidase-resis-
tant somatostatin agonist during quinolinate- and KA-
induced convulsions resulted in a reduction of seizure
activity. However, the mechanism that initiates and me-
diates the cholinergic and the hypothetical somatostatin-
ergic axonal sprouting in the hippocampus following re-
petitive seizures has not been found out so far.

It is remarkable that the magnitude of the increase in
GAD activity in all cortical brain regions is very similar to
that of the increase in somatostatin 6 months after KA
injection. Sustained increase in the inhibitory neurotrans-
mitter GABA by increased activities of the synthesizing
enzyme GAD can represent an endogenous anticonvul-
sive mechanism. The effectiveness of the GABAergic and
somatostatinergic systems in modulating the seizure ac-
tivities has been demonstrated by pharmacological ap-
proaches in the acute KA-induced epilepsy [29, 37, 39,
40]. However, the pathophysiological mechanism un-
derlying increased synthesis of neuropeptide contained
within GABAergic neurons in cortical brain regions 6
months after KA has not been clarified yet. In the chronic
KA-induced epilepsy model, hyperactivity of GABAergic
neurons in the nigrostriatal pathway might also suppress
the occurrence of spontaneous seizures. There are signifi-
cant data showing that the inhibition of neuronal activity
in the substantia nigra by GABAergic agonists leads to the
suppression of tonic epileptic events of generalised con-
vulsions [41, 42]. Turski et al. [43] demonstrated that a
selective activation of excitatory amino acid receptors in
the substantia nigra reticulata considerably lowers the
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threshold for induced seizures. On the other hand, it is
reasonable to question to what extent an increased activi-
ty of the GABAergic system may protect the brain from
excitotoxic processes, since in cortical cultures a cell death
acceleration after adding GABA has been found [44]. The
wide variation of disturbances of the neuronal balance
between excitatory and inhibitory neurotransmitters and/
or between neuro-active compounds may be the main
cause of the complex pathological process in the epileptic
brain [6]. In our study, the somatostatin:GAD ratio was
reduced in the amygdala/piriform cortex and in the cau-
date nucleus and was moderately increased in other brain
areas. Although the mechanisms that initiate and mediate
axonal sprouting following seizures are still unknown, it
has been suggested that endogenous nerve growth factors
play a functional role in mediating permanent structural
changes and permanent biochemical alterations following
seizures [28]. The authors have demonstrated that intra-
ventricular infusion of a nerve growth factor-specific anti-

body, which blocks nerve growth factor biological activity
in vitro, attenuated the cholinergic axonal sprouting of
basal forebrain cholinergic neurons following seizure-
induced injury in vivo. In the future, experiments with
GABA-mimetic drugs or drugs characterised by N-meth-
yl-D-aspartate receptor-mediated release of GABA [45] or
even reagents that influence the sprouting of cholinergic
and GABAergic neurons will be of particular significance
in order to prove their anti-epileptic properties and capa-
bility to modulate the progression of neural degeneration
in the chronic KA model for epilepsy and may give new
insight into the treatment of chronic epilepsy.
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