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Abstract
The aim of this study was to determine the immunoreactivity of neuronal and inducible nitric
oxide synthetase, argininosuccinate synthetase, argininosuccinate lyase, glutamine synthetase in
different regions of brain in rats of kainic acid mediated epilepsy. Male Sprague-Dawley rats were
used in this study. The acute group animals were sacrificed after 2 hours and the chronic group
animals were sacrificed after 5 days of a single subcutaneous injection of kainic acid (15 mg/kg
body weight). The cerebral cortex, cerebellum and brain stem slices were fixed and immunohistostained for the above enzymes. Images were captured and analyzed. In acute group, argininosuccinate synthetase and inducible nitric oxide synthetase were increased in cerebral cortex and
cerebellum, neuronal nitric oxide synthetase increased in cerebral cortex and brain stem, and
there was no change in argininosuccinate lyase immunoreactivity compared to control group. In
chronic group, glutamine synthetase was decreased and all other enzymes immunoreactivity was
increased in all the brain regions tested. This study demonstrated the up-regulation of citrulline-nitric oxide cycle enzymes and may contribute to enhancing recycling of citrulline to arginine
to support the increased production of nitric oxide in epilepsy. The decreased glutamine synthetase may increase glutamate in chronic epilepsy and may lead to neurodegeneration.
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1. Introduction
Nitric oxide (NO) is postulated to be involved in the pathophysiology of different epilepsy models. NO is synthesized from L-arginine by three isoforms of nitric oxide synthase (NOS) and the citrulline formed as a
co-product may be used for arginine production by the action of argininosuccinate synthetase (AS) and argininosuccinate lyase (AL) through citrulline-NO cycle [1]. The induction of AS, cationic amino acid transporter-2,
and NOS in activated murine microglial cells [2] and induction of inducible NOS, AS and AL in cytokine-stimulated PC12 cells and high production of NO were earlier reported by Zhang et al. [1]. Kainic acid
(KA) is a powerful excitotoxin, and produces acute and sub-acute epileptic activity, ultimately resulting in
widespread irreversible neuropathological changes [3]. The mechanisms contributing to high concentration of
NO in epilepsy are not well understood. It was shown that NOS knockout mice were more severely affected by
epileptic activity than controls and the response to NO during epilepsy depends on its concentration and NO
may be regarded as an anticonvulsant and proconvulsant substance in relation to convulsions induced by pentylenetetrazole (PTZ) [4]. In the CNS increased excitatory glutamate receptors, activation is considered as an important mechanism in neurodegenerative disorders and the conversion of glutamate to glutamine by glutamine
synthetase (GS), that takes place within the astrocytes, represents a key mechanism in the regulation of excitatory neurotransmission under physiological as well as pathological conditions in brain [5]. Earlier studies reported the nitration and inhibition of GS during PTZ induced seizure model at repeated PTZ seizure induction,
but there was no change in protein concentration [6].
However, there were gene expression studies indicating decreased GS expression in chronic phase of epilepsy
induced by KA [7]. It is also reported that haploinsufficiency of GS increases susceptibility to experimental febrile seizures [8]. It is earlier reported the decreased activity of GS and increased activities of NOS, AS, AL in
acute and chronic groups of KA mediated epilepsy [9]. Therefore the present study was conducted to analyze
immunohistochemically the expression of nNOS, iNOS, AS, AL and GS in cerebral cortex (CC), cerebellum
(CB) and brain stem (BS) of rats in acute and chronic groups of KA mediated epilepsy.

2. Material and Methods
2.1. Animals and Epilepsy Induction
Male Sprague Dawley rats weighing 200 - 250 grams were used for the study and these were obtained from the
animal research and service center, Health campus, Universiti Sains Malaysia, Malaysia. The animals had free
access to food and water. Animal ethics committee of Universiti Sains Malaysia, Health campus, Kubang Kerian,
Malaysia, approved the experimental design and number of animals [USM/Animal Ethics Approval/2007/(34)
(105)]. The animals were divided into control, acute group and chronic groups (n = 6 rats/group). In the acute
group, epilepsy was produced by subcutaneous administration of KA (15 mg/kg body weight, dissolved in normal saline). KA was obtained from Sigma Chemical Company, USA. Control group received normal saline
subcutaneously [10]. The animals showed convulsions after 40 - 45 min of KA injection for 2 - 3 min and afterwards became drowsy. The animals were sacrificed after 2 hours of injection using the guillotine. In the
chronic group, the animals were given a KA subcutaneous injection (single dose of 15 mg/kg body weight, dissolved in normal saline) on day one and they were given free access to food and water during the next 5 days
before sacrifice. After sacrificed the brains were quickly removed, placed in ice cold saline and blotted with filter paper to remove blood and the different regions (CC, CB and BS) were separated as described by Sadasivudu
and Lajtha [11].

2.2. Immunohistochemistry Staining for NOS (nNOS and iNOS), AL, AS and Glutamine
Synthethase
The brain tissues were constructed using formalin-fixed, paraffin embedded and then sectioned at 4 µm, transferred onto poly-L-lysine slides. Immunohistochemical staining was done according to the standard AvidinBiotin Complex (ABC) staining technique [12]. Slides of samples were washed in xylene to remove paraffin,
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rehydrated in serial dilutions of alcohols and washed with distilled water. Xylene was obtained from Merck,
Germany. All the other reagents used were analytical grade by the local chemical suppliers. Samples soaked in 3%
hydrogen peroxide to prevent endogenous activity. Antigen retrieved by putting the samples into sodium citrate
buffer (pH 6.0) and heated in microwave for 2 times 10 minutes sessions. Samples were then incubated with
polyclonal primary antibody (Santa Cruz, CA, USA) overnight at 4˚C and continued with secondary antibody
for 1 hour. The Streptavidin peroxidise method (rabbit ABC Staining System: sc-2018, Santa Cruz, CA, USA)
performed for signal development and samples counterstained with hematoxylin. Positive control was gained
from brown stained cells of brain tissues and negative control done by excluding the primary antibody. Slides
were mounted with DPX mounting media for observation and captured by Olympus XC50 (Shinjuku, Tokyo,
Japan).

2.3. Immunohistochemistry Analysis
Positive stained cells were counted using (analysis Software 5.0) in an area approximately 0.1 cm2. By using the
software, a rectangle box was drawn manually on the picture (magnification of 10×) and the total numbers of
positive cells were counted. Two slides per brain region and three areas per slide (i.e. 3 × 2 = 6 observation per
animal) and 36 observations per group were averaged [13].

2.4. Statistical Analysis
Results were reported as mean ± standard error of mean (SEM) values from 6 animals for each parameter calculated for each group. Statistical analysis was carried out by using one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test, using the SPSS software (version 12.0.1) p value of p < 0.05 was considered
as statistically significant at 95% confidence interval.

3. Results
The immunoreactivity of AS, AL, nNOS, iNOS and GS in different regions of rat brain in control, acute and
chronic groups of KA mediated epilepsy were given in Figures 1-5 respectively and their immunoreactivity
analysis was given in Figure 6. In acute group, AS and iNOS immunoreactivity (Figure 1, Figure 4 and Figure
6) were increased in CC and CB, nNOS immunoreactivity (Figure 3 and Figure 6) increased in CC and BS, and
there was no change in AL immunoreactivity (Figure 2 and Figure 6) compared to control group. In chronic
group AS, AL, nNOS and iNOS immunoreactivity was increased when compared to control in all the brain regions tested (Figures 1-6). GS immunoreactivity (Figure 5 and Figure 6) was decreased in all the three brain
regions in chronic group and CB in acute group.
Control

Acute

Chronic

Cerebral cortex

Cerebellum

Brain stem

Figure 1. Immunoreactivity AS in different regions of rat brain in control,
acute and chronic groups of KA mediated epilepsy.
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Figure 2. Immunoreactivity of AL in different regions of rat brain in
control, acute and chronic groups of KA mediated epilepsy.
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Figure 3. Immunoreactivity of nNOS in different regions of rat brain
in control, acute and chronic groups of KA mediated epilepsy.
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Figure 4. Immunoreactivity of iNOS in different regions of rat brain in
control, acute and chronic groups of KA mediated epilepsy.
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Figure 5. Immunoreactivity of GS in different regions of rat brain in control,
acute and chronic groups of KA mediated epilepsy.

Figure 6. Immmunoreactivity analysis AS, AL, nNOS, iNOS and GS in different regions of
rat brain in control, acute and chronic groups of KA mediated epilepsy. Statistical analysis was
carried out by using one-way analysis of variance (ANOVA) followed by Bonferroni post hoc
test; Values are mean ± standard error of mean (SEM) from 6 animals in each group. ap <
0.001, bp < 0.01 and cp < 0.05 versus control group; dp < 0.05 versus acute group.

4. Discussion
Neuronal NO generation is implicated in the pathogenesis of both direct and secondary excitotoxic neuronal injuries in vivo. NMDA receptors may be contributing critically to neuronal injury in various acute conditions, but
several studies support the hypothesis that AMPA/KA receptors may be of greater importance to the neurodegenerative process [14]. Earlier studies reported a high production of NO in cortex than in amygdala and hippocampus, eventhogh there are most kainate receptors in the hippocampus [10]. The increased levels of NO in
brain in epilepsy indicate the involvement of NO in pathophysiology of excitotoxicity [9] [10] [15] [16]. The increased production of NO in acute as well as in chronic group indicates the continuous increased production of
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NO and its deleterious effects in CNS in chronic conditions of epilepsy [9]. The increased iNOS immunoreactivity observed in all brain regions in chronic group in this study supports the increased activity of NOS and increased iNOS mRNA expression reported [9] [17]. The increased iNOS immunoreactivity along with AS and
AL immunoreactivity in chronic group of this study indicates the co-expression of these enzymes in epilepsy.
Such a co-induction of iNOS, AS and AL were reported earlier in cytokine-stimulated PC12 cells [1].
In the CNS increased excitatory glutamate receptors, activation is considered as an important mechanism in
neurodegenerative disorders [18] [19]. The conversion of glutamate to glutamine by GS, that takes place within
the astrocytes, represents a key mechanism in the regulation of excitatory neurotransmission under physiological
as well as pathological conditions in brain [5]. The GS is present in all regions of brain and it is high in cerebral
cortex, cerebellum and hippocampus [20] [21]. The modulation of GS activity is important and its impairment or
saturation can cause pathological consequences in brain [22]. The GS activity was decreased in acute and
chronic groups of epilepsy [9]. The mechanisms of inhibition of GS by NO are not clear, but it is reported to be
as a covalent modification due to nitrosylation or nitration of tyrosine in GS [21] [23]. Earlier studies reported
the nitration and inhibition of GS during PTZ induced seizure model at repeated PTZ seizure induction, but
there was no change in protein concentration [6], however, there were gene expression studies indicating decreased GS expression in chronic phase of epilepsy induced by KA [7] [17]. The decreased GS immunoreactivty
observed in all the brain regions of chronic group in this study support the earlier report of decreased GS expression [7] [17]. The results of GS immunoreactivty in acute group did not show any change in CC and BS,
hence the reported decrease of GS activity [15] may be due to its nitration by NO in this condition. It is also reported that haploinsufficiency of GS increases susceptibility to experimental febrile seizures [8]. The decreased
GS immunoreactivty observed in this study and decreased activity and mRNA expression reported earlier may
contribute for prolonged availability of glutamate for excitotoxicity [9] [16] [17]. The increased formation of
NO along with increased activities and mRNA expression of NOS, AS, and AL reported earlier [9] [16] [17] and
the immunoreactivty results presented in this study are in agreement with increased formation of NO in KA mediated epilepsy and NO involvement in modulation of GS. It is indicated that the decreased GS may provide
sustained availability of glutamate, which may contribute to excitotoxicity in chronic epilepsy.

5. Conclusion
The study clearly shown the increased immunoreactivty of nNOS and iNOS in all the brain regions studied and indicated a complimentary condition for increased NO synthesis in chronic epilepsy. The increased immunoreactivty of AS and AL in all the three brain regions studied in chronic group may contribute for increased recycling
of citrulline to arginine which may support the increased NO generation. Decreased GS immunoreactivty observed in this study provides a reason for the decreased GS activity in addition to the nitration of GS which was
reported earlier. The decreased GS immunoreactivty observed in this study and decreased activity and mRNA
expression (reported earlier) may contribute for prolonged availability of glutamate for excitotoxicity.
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