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Abstract To understand their role in epilepsy, the
nitric oxide synthetase (NOS), argininosuccinate
synthetase (AS), argininosuccinate lyase (AL), gluta-
mine synthetase (GS), and arginase activities, along
with the concentration of nitrate/nitrite (NOx), thio-
barbituric acid reactive substances (TBARS), and
total antioxidant status (TAS), were estimated in
different regions of brain in rats subjected to
experimental epilepsy induced by subcutaneous ad-
ministration of kainic acid (KA). The short-term
(acute) group animals were killed after 2 h and the
long term (chronic) group animals were killed after
5 days of single injection of KA (15 mg/kg body
weight). After decapitation of rats, the brain regions
were separated and in their homogenates, the concen-
tration of NOx, TBARS and TAS and the activities of
NOS, AS, AL, arginase and glutamine synthetase
were assayed by colorimetric methods. The results of
the study demonstrated the increased activity of NOS
and formation of NO in acute and chronic groups
epilepsy. The activities of AS and AL were increased
and indicate the effective recycling of citrulline to

arginine. The activity of glutamine synthetase was
decreased in acute and chronic groups of epilepsy
compared to control group and indicate the modula-
tion of its activity by NO in epilepsy. The activity of
arginase was not changed in acute group; however it
was decreased in chronic group and may favor
increased production of NO in this condition. The
concentration TBARS were increased and TAS
decreased in acute and chronic groups of epilepsy
and supports the oxidative stress in epilepsy.

Keywords Nitric oxide . Citrulline –NO cycle
enzymes . Glutamine synthetase . Thiobarbituricacid
reactive substances . Total antioxidant status . Epilepsy

Introduction

Neuronal excitation involving the excitatory gluta-
mate receptors is recognized as an important under-
lying mechanism in neurodegenerative disorders [11].
Glutamate and related excitatory amino acids are
considered major neurotransmitters in the central
nervous system [10]. In the CNS, 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 neurotrans-
mission under normal conditions as well as in injured
brain [41]. Kainic acid (KA) is a potent CNS
excitotoxin, producing acute and sub-acute epileptic-
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form activity, ultimately resulting in widespread
irreversible neuropathological changes [38]. KA
induced status epilepticus was associated with both
apoptotic and necrotic cell death and induction of heat
sensitive proteins in hippocampus and cortical regions
of rodent brain [1, 18, 43]. The exact mechanisms
contributing to increased concentration of nitric oxide
(NO) in epilepsy are not well established. Earlier
studies reported that NOS knockout mice were more
severely affected by epileptic activity than controls
and the response to NO during epilepsy depends on
its concentration [17]. It was also indicated that NO
may be regarded as an anticonvulsant and proconvul-
sant substance in relation to convulsions induced by
pentylenetetrazole PTZ [17]. Reactive oxygen species
(ROS)/reactive nitrogen species (RNS) have been
implicated in the pathogenesis of various neurological
disorders including epilepsy [12]. Intracellular ROS
are capable of inducing damage and, in severe cases,
cell death through mitochondrial alterations leading to
the release of cytochrome c [4, 15], through activation
of the JNK pathway [42] or by activation of nuclear
factor-KB (NF-KB) transcription factors [24]. The
ability to control ROS is thus critical in neurodegen-
erative diseases, because neuronal damage occurs
when the “oxidant- anti-oxidant” balances are dis-
turbed in favor of excess oxidative stress [25].
Stimulation of glutamate-KA receptors induces neu-
ronal NO release, which in turn modulates glutamate
transmission [2, 28]. NO induces changes in neuronal
and signaling-related functions by several ways [29].
Generation of NO, a versatile molecule in signaling
processes and unspecific immune defense, is inter-
twined with synthesis, catabolism and transport of
arginine which thus ultimately participates in the
regulation of a fine-tuned balance between normal
and pathophysiological consequences of NO produc-
tion [44]. NO is synthesized from arginine by nitric
oxide synthase (NOS; EC 1.14.13.39), and the
citrulline generated as a by-product can be recycled
to arginine by successive actions of argininosuccinate
synthetase (AS; EC 6.3.4.5) and argininosuccinate
lyase (AL; EC 4.3.2.1) via the citrulline-NO cycle
[46]. Arginine in brain is also utilized by arginase (EC
3.5.3.1) for production of ornithine. Co-induction of
AS, cationic amino acid transporter-2, and NOS in
activated murine microglial cells [19] and co-
induction of inducible NOS and arginine recycling
enzymes in cytokine-stimulated PC12 cells and high

output production of NO were reported by Zhang et
al. [44]. It was reported earlier that GS becomes
nitrated and inhibited during PTZ induced seizure
model at repeated PTZ seizure induction, but there
was no decrease in GS protein level [5]. In our earlier
study we reported the increased activities of NOS,
AS, AL and decreased activity of GS in KA mediated
excitotoxicity in rat brain [40]. As the epilepsy is a
chronic disease leading to neurodegeneration, the
studies comparing acute and chronic group may
provide further information to understand the different
mechanisms playing a role in this condition. There-
fore the present study was conducted to assess the
activities of AS, AL, NOS, GS, and estimation of
NOx, TBARS, and TAS concentration in cerebral
cortex (CC), cerebellum (CB) and brain stem (BS) of
rats in acute and chronic groups of kainic acid
mediated epilepsy.

Material and methods

Animals and epilepsy induction Male Sprague Dawley
rats weighing 200–250 g were used for the study. The
animals had free access to food and water. Animal ethics
committee of Universiti SainsMalaysia, Health campus,
Kubang Kerian, Malaysia, approved the experimental
design [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 admin-
istration of KA (15 mg/kg body weight, dissolved in
normal saline) and control group received normal
saline subcutaneously [26]. The animals showed
convulsions after 40–45 min of KA injection for 2–
3 min and afterwards became drowsy. The animals
were killed after 2 h of injection using the guillotine
and 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 [35].
Each of the brain regions was weighed and used for
the preparation of homogenates in 0.05 M phosphate
buffer pH 7.3. In the chronic group, the animals were
given KA injection; a single dose (15 mg/kg body
weight, dissolved in normal saline) on day one and the
animals were killed after 5 days of KA administration.
They were given free access to food and water during
the 5 days after KA administration.
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Enzyme assays

Nitric oxide synthase NOS activity was estimated by
the method of Yui et al. [45] as described by Swamy
et al. [39]. In the assay the tissue homogenate is
incubated with substrate mixture and the stable end
products, NOx, were estimated using the Nitric Oxide
Synthase assay Kit from Calbiochem, USA (Cata-
logue Number 482702). As high amounts of NADPH
interferes with Griess reagents, the kit uses lactate
dehydroginase to destroy excess NADPH, to remove
its interference with Griess reagents. The reaction
mixture 400 μl containing 50 mM Tri-HCl (pH 7.4),
1 mM NADPH, 1 mM L-arginine, 1 mM Ca2+,
10 μM FAD, 0.5 mM DTT and 0.1 mM (6R)-BH4

was incubated with 200 μl of homogenate (5%) for
20 min at 37°C, and the reaction stopped by boiling at
100°C for 30 s. The tubes were centrifuged at
1,500×g for 20 min and 40 μl supernatant used for
NOx estimation as per the procedure of kit. The
enzyme activity was expressed in nanomoles of NOx
formed/gram wet weight of tissue/hour.

Argininosuccinate synthetase Argininosuccinate syn-
thetase activity was estimated by the modified method
of Levin [23] as described by Swamy et al. [39]. In the
ASS assay the argininosuccinate formed can be
converted to arginine and fumarate and subsequently
arginine is converted to urea and ornithine by
successive activities of ASL and arginase present in
homogenates. In the ASS assay the ASL present in the
homogenate was considered to be sufficient and
excessive arginase is added to drag the reaction for
the effective formation of urea, because the assay pH
kept at 7.3, where the arginase activity is low. In the
estimation of ASS, the incubation mixture contained
0.8 ml of 0.01 M each of citrulline, aspartic acid, ATP,
magnesium chloride, and 21U of arginase, in 0.05 M
phosphate buffer (pH 7.3). Reaction was started with
the addition of 0.2 ml of 20% homogenate and
incubated at 37°C for 1°h. At the end of incubation
period, 0.2 ml of 50% trichloroacetic acid was added to
stop the reaction. For controls, trichloroacetic acid was
added before the incubation. The mixture was then
centrifuged and 0.5 ml of supernatant was used for
color development. The supernatant was mixed with
1.5 ml of acid mixture (one part of concentrated
sulphuric acid and three parts of concentrated phos-
phoric acid) and 0.1 ml of isonitrosopropiophenone

(5% in absolute alcohol). It was kept in boiling water
bath for 30 minutes, and then after cooling the tubes,
absorbance was read at 540 nm. Simultaneously, a urea
standard was set up by adding to the standard 0.5 ml of
substrate mixture and 0.5 ml of water. The color
developed was read at 540 nm against the reagent
blank. The enzyme activity was expressed as micro-
moles of urea formed/gram wet weight of tissue/hour

Arginininosuccinate lyase Argininosuccinate lyase
activity was assayed by the method of Levin [23] as
described by Swamy et al. [39]. The assay system for
ASL consisted of 0.3 ml of 1 M phosphate buffer
(pH 7.3), 0.6 ml of argininosuccinate (6.0 mM),
0.2 ml of 20% homogenate, and 0.1 ml of arginase
(10.5 U). At the end of 1 h incubation at 37°C, the
reaction was stopped by the addition of 0.3 ml of 50%
trichloroacetic acid. Controls were identical, except
that trichloroacetic acid was added before incubation.
After incubation, the mixture was centrifuged at
3,000 rpm for 5 min and 0.5 ml of the supernatant
was used for urea estimation. Urea was estimated by
the modified diacetylmonoxime (DAM) method. The
enzyme activity was then expressed as micromoles of
urea formed/gram wet weight of tissue/hour.

Arginase Arginase activity was assayed according to
the method of Herzfeld and Raper [16] as described
by Swamy et al., [39]. The enzyme in the homogenate
is activated by equal volume of 10% homogenate (in
phosphate buffer) with imidazole buffer, containing
56 mM imidazole and 56 mM MnCl2 at pH 7.4, for
10 min at 50°C. The activated preparations were then
centrifuged at 3,000 rpm for 5 min, and the super-
natants were used for measurement of enzyme
activity. Enzyme assay was carried out in a total of
0.8 ml of incubation mixture consisting of 100 μmol
of L-arginine and 60 μmol of glycine buffer (both
adjusted to pH 9.5 with 1.0 N NaOH), and 0.2 ml of
supernatant after activation. After incubation at 37°C
for 10 min, the reaction was stopped with the addition
of 0.2 ml 50% trichloroacetic acid. For the enzyme
controls, the trichloroacetic acid was added first
together with the incubation mixture. The mixture
was then centrifuged again at 3,000 rpm for 5 min and
0.5 ml of supernatant was taken for estimation of
urea. Urea was estimated using the DAM method and
the activity was expressed as micromoles of urea
formed/gram wet weight of tissue/hour.
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Glutamine synthetase GS activity was assayed by the
method Rowe et al. [33] as described by Sadasivudu
et al. [36]. Assay mixture consisting of 0.4 ml of
imidazole-HCl buffer (pH 7.2), 0.1 ml of 0.2 M
magnesium chloride, 0.1 ml of 0.25 M 2-
mercaptoethanol, 0.1 ml of 0.1 M ATP, 0.1 ml of
0.5 M glutamate, 0.1 ml of 1 M hydroxyl amine
(pH 7.2) and 0.1 ml of 10% homogenates was
incubated for 15 min at 37°C. At the end of
incubation, 1.5 ml of ferric chloride reagent (0.37 M
FeCl3, 0.67 M HCl, and 0.2 M TCA) was added to
terminate the reaction and to initiate the color
development. Control tubes received homogenate
after the addition of ferric chloride reagent. A
reagent blank was prepared by omitting homoge-
nate from the assay mixture. After centrifugation,
the absorbency in the supernatant was measured at
535 nm. The amount of γ-glutamyl hydroxamate
formed was calculated using that 1 μmol of γ-
glutamyl hydroxamate gives an OD of 0.34 at
535 nm. Enzyme activity was expressed as micro-
moles of γ-glutamyl hydroxamate formed/gram wet
weight of tissue/hour.

Estimations of NO NO was estimated as NOx by
Griess reaction after conversion of nitrate to nitrite by
nitrate reductase, as described by Swamy et al. [39]
using the commercially available Nitric Oxide Assay
Kit from Cayman Chemical Company (Catalogue
number 780001; Ann Arbor, MI, USA). As high
amounts of NADPH interferes with Griess reagents,
in this kit small amount of NADPH is used in the
nitrate reductase reaction in conjunction with a
catalytic system for recycling of spent NADPH.

NOx concentration was expressed as nanomoles of
NOx/gram wet tissue.

Estimatin of TBARS Lipid peroxidation was deter-
mined by the method of Chatterjee et al., [9] by
estimating Thiobarbituric acid reactive substances
(TBARS). A 100 μl aliquot of homogenate will be
added to a reaction mixture containing 200 μl 8.1%
(w/v) lauryl sulphate, 1.5 ml 20% (v/v) acetic acid,
1.5 ml 0.8 (w.v) thiobarbituric acid and 700 μl
distilled water. Samples will than boiled for 1 h at
95°C and centrifuged at 3,000×g for 10 min. The
absorbance of the supernatant will be measured
spectrophotometrically at 650 nm.1,1,3,3-tetraethoxy
propane, a form of MDA will be used as standard in

this assay. Lipid peroxidation was expressed as
nanomoles of MDA equivalent/gram wet tissue.

Estimation of TAS TAS was estimated according to
the method of Koracevic et al., [20]. A standard
solution of Fe-EDTA complex reacts with hydrogen
peroxide by a Fenton-type reaction, leading to
formation of hydroxyl radicals (.OH). These reactive
oxygen species degrade benzoate, resulting in the
release of TBARS. Antioxidants from the added
sample cause suppression of the production of
TBARS. This reaction was measured spectrophoto-
metrically at 532 nm and the inhibition of color
development defined as antioxidant activity. TAS
was expressed as nanomol of uric acid equivalent/g
wet tissue.

Statistical analysis Results were reported as mean ±
standard deviation (SD) from 6 animals for each
parameter calculated. Statistical analysis of results
was done by one-way analysis of variance (ANOVA)
followed by post hoc analysis using Bonferroni's test,
using the SPSS software (version 12.0.1) to determine
the statistical significance of difference in values
between the control, acute and chronic groups. p
value of <0.05 was taken as statistically significant at
95% confidence interval.

Results

The activity of NOS (Fig. 1) increased in all the
brain regions tested in acute group and showed
further increase in chronic group in CC and CB
compared to control group. AS and AL activities
(Fig. 2) were significantly increased in all the three
brain regions in acute and chronic groups of KA
mediated epilepsy compared to control group. No
significant change observed in arginase activity
(Fig. 2) in the brain regions tested in acute group
compared to control, however the activity of arginase
was decreased in chronic group. The results of GS
activity are shown in Fig. 3. In the acute group GS
activity was decreased and in chronic group the
activity remained decreased in all the brain regions
studied in epilepsy compared to control group.
Figure 4 shows the concentration of NOx, TAS and
TBARS in this study. The concentration of NOx
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increased significantly in all the brain regions tested
in acute and chronic group compared to control. The
pattern observed for the increase in concentration of
NOx in the three different brain regions was nearly
similar to that of the NOS activity increase in both
acute and chronic groups of epilepsy. The concen-
tration of TAS (Fig. 4) was decreased significantly
and the concentration of TBARS (Fig. 4) increased
significantly in all the brain regions tested in acute
and chronic groups compared to control group.

Discussion

Neuronal excitation involving the excitatory gluta-
mate receptors is recognized as an important under-
lying mechanism in neurodegenerative disorders [11].
NO is postulated to be involved in the pathophysiol-
ogy of many epilepsy models resulting from increased
action of excitatory neurotransmitter namely gluta-
mate [22, 34]. In neurons, NO synthesis is stimulated
by Ca2+-influx, which is induced by activation of
glutamate receptors, preferentially NMDA receptor
[30]. The literature findings implicate neuronal NO
generation in the pathogenesis of both direct and
secondary excitotoxic neuronal injuries in vivo.
Although NMDA receptors likely contribute critically
to neuronal injury in various acute conditions, several
observations support the hypothesis that AMPA/KA
receptors may be of greater importance to the
neurodegenerative process [7]. Though there are most
kainate receptors in the hippocampus, earlier studies
showed a high production of NO in cortex than
amygdala and hippocampus [26]. The increased
concentration of NO in brain in epilepsy as observed
by increase in NOx concentration in this study
support the earlier findings of NO involvement in
pathophysiology of excitotoxicity [14, 17, 26, 40].
The sustained increase of NOx in chronic group
indicates the continuous increased production of NO
and its deleterious effects in CNS in chronic con-

Fig. 1 Activity of NOS in different regions of rat brain in acute
and chronic groups of epilepsy. Statistical analysis was done by
one-way ANOVA followed by post hoc analysis using
Bonferroni's test. Values are mean ± SD for six animals in
each group; ap<0.001 versus control group; bp<0.001 versus
acute group

Fig. 2 Activities of AS, AL,
and arginase in different
regions of rat brain in acute
and chronic groups of epi-
lepsy. Statistical analysis was
done by one-way ANOVA
followed by post hoc analysis
using Bonferroni’s test. Val-
ues are mean ± SD for six
animals in each group; ap<
0.001, a1p<0.01, and a2p<
0.05 versus control group;
bp<0.001 vs acute group
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ditions of epilepsy. Increased formation of NO by
stimulated activity of NOS depends upon a continu-
ous supply of arginine at the site of synthesis.
Activities of AS and AL were elevated in all the
brain regions of rats subjected to epilepsy. The
mechanism of increased activities of these enzymes
is not clear. However the possibility of induction

cannot be ruled out along with the modification of
enzyme with unknown mechanism. Further, our
observation of higher activities of NOS, AS, and AL
in cerebellum suggests a higher flux of the citrulline-
NO cycle in cerebellum. The functional significance
of such a high flux of citrulline-NO cycle in
cerebellum needs further clarification. Our results on
the activities of AS and AL suggest that the citrulline-
NO cycle plays a significant role in ensuring adequate
supply of arginine for the increased production of NO
observed in epilepsy. A similar increase of NOS, AS
and AL activities along with increased production of
NO in KA mediated excitotoxicity was earlier
reported [5]. The sustained high activities of these
enzymes observed in chronic group may be respon-
sible for continuous high production of NO and
provide an important functional role for these
enzymes in chronic condition of epilepsy

Apart from NO synthesis L-arginine may also serve
as a substrate for glutamate formation and may also
provide increased substrate for arginase [6]. No
significant changes in the activity of arginase in the
acute group indicate that there is no enhanced
utilization of arginine by this enzyme in anoxia.
However the observed decrease of arginase in chronic

Fig. 3 Activity of glutamine synthetase in different regions of
rat brain in acute and chronic groups of epilepsy. Statistical
analysis was done by one-way ANOVA followed by post hoc
analysis using Bonferroni's test. Values are mean ± SD for six
animals in each group; ap<0.001 vs control group; bp<0.001 vs
acute group

Fig. 4 Concentration of NOxx, TASy, and TBARSz in different
regions of rat brain in acute and chronic groups of epilepsy.
xConcentration expressed as nanomol of NOx/g wet weight of
tissue. yConcentration expressed as nanomol of uric acid
equivalent/gram wet weight of tissue. zConcentration expressed
as nanomoles of MDA equivalent/gram wet weight of tissue

Statistical analysis was done by one-way ANOVA followed by
post hoc analysis using Bonferroni's test. Values are mean ± SD
for six animals in each group; ap<0.001, a1p<0.01, and a2p<
0.05 vs control group; bp<0.001, b1p<0.01, and b2p<0.05 vs
acute group
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group may favor increased production of NO in this
condition. Both NOS and arginase use arginine as a
common substrate, and arginase may down-regulate
NO production by competing with NOS for arginine
[27]. The decreased arginase activity and increased
activities of citrulline-NO cycle enzymes in chronic
group provide more favorable condition for the high
production of NO in this group of epilepsy.

In the brain the conversion of glutamate to
glutamine by GS, that takes place within the
astrocytes, represents a key mechanism in the regula-
tion of excitatory neurotransmission [41]. The gluta-
mine synthetase activity is present in all parts of brain
and it is equally high in cerebral cortex, cerebellum
and hippocampus [13, 32]. The modulation of GS
activity in brain, therefore, is important and its
impairment or saturation may have pathological
consequences [31]. The decreased activity of GS
observed in this study indicates the probable inhibi-
tion of GS by NO. The exact mechanism of inhibition
of GS by NO is not known, but it is thought to be as a
covalent modification as a result of nitrosylation or
nitration of tyrosin in GS [21, 32]. It is proposed that
the inhibition of GS by NO may provide prolonged
availability of glutamate, which is causing excitotox-
icity. In view of these observations the pharmacolog-
ical agents who can increase GS may prove beneficial
in the treatment of neurological disorders involving
excitotoxicity including epilepsy. Activity of the GS
could be involved in the regulation of concentration
of glutamate in the extra-cellular space of neurons
with other systems, astroglial glutamate transporter-I
(GLT-1), and also microglial antiporter for cystine and
glutamate which may release glutamate when the
demand of glutathione synthesis was increased by
oxidative stress [3]. Excitotoxicity and disrupted
energy metabolism were considered to be acting in a
synergistic manner leading to nerve cell death in
neurodegenerative disorders [11]. These cooperative
pathways trigger oxidative stress by free radical
formation [37] and ROS/RNS are believed to cause
lipid peroxidation with high levels of MDA resulting
in damage to biological membranes [8]. Epileptic
form activity was shown to cause excessive produc-
tion of ROS/RNS, a factor believed to be involved in
the mechanisms leading to neurodegeneration and cell
death [17]. The increased levels of TBARS and
reduced concentration of TAS observed in this study
indicate the presence of oxidative stress in epilepsy.

The sustained increase in concentration of TBARS
and decreased TAS level in chronic group compared
to control suggest the continuation of adverse effects
in epilepsy in long term and may be leading to
neurodegeneration.

Conclusion

This study clearly demonstrated the increased concen-
tration of NO and supports the involvement of NO in the
pathophysiology of excitotoxicity in epilepsy. The
increased activities of AS and AL indicate the effective
recycling of citrulline to arginine and suggest a func-
tional role to citrulline–NO cycle enzymes in epilepsy.
The activity of arginase was not changed in acute group;
however it was decreased in chronic group and may
favor increased production of NO in this condition. The
decreased activity of GS in the brain regions tested
indicate the modulation of its activity by NO and favors
the prolonged availability of glutamic acid causing
excitotoxicity leading to neuronal damage in epilepsy.
The increased concentration of TBARS and decreased
concentration of TAS supports the oxidative stress in KA
mediated epilepsy. The sustained increase in concentra-
tion of TBARS and decreased TAS level in chronic
group compared to control suggest the continuation of
adverse effects in epilepsy in long term leading to
neurodegeneration and suggests a possible role for anti
oxidants in preventing neurodegeneration in epilepsy.
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