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Abstract

Recently, studies have shown that serotonin plays an important role in the control of seizure. However, the specific role of 5-
HT receptor subtypes is not yet well described, in particular that of the 5-HTs receptor. The present study was aimed to
investigate the role of 5-HT; receptor on the pentylenetetrazole (PTZ)-induced seizure in mice. Firstly, seizure latency was
significantly prolonged by a 5-HT3 receptor agonist SR 57227 in a dose-dependent manner. Seizure score and mortality were
also decreased by SR 57227 in PTZ-treated mice. Furthermore, these anticonvulsant effects of SR 57227 were inhibited by a
5-HT; receptor antagonist ondansetron. However, ondansetron alone had no effect on seizure latency, seizure score or
mortality at different doses. Immunohistochemical studies have also shown that c-Fos expression was significantly increased
in hippocampus (dentate gyrus, CA1, CA3 and CA4) of PTZ-treated mice. Furthermore, c-Fos expression was significantly
inhibited by ondansetron in mice treated with PTZ and SR 57227. An ELISA study showed that SR 57227 attenuated the PTZ-
induced inhibitory effects of GABA levels in hippocampus and cortex, and the attenuated effects of SR 57227 were
antagonized by ondansetron in hippocampus but not cortex. Our findings suggest that activation of 5-HT; receptor by SR
57227, which plays an important role on the control of seizure induced by PTZ, may be related to GABA activity in
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hippocampus. Therefore, 5-HT3 receptor subtype is a potential target for the treatment of epilepsy.
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Introduction

Epilepsy is one of the most common serious neurological
disorders in the world. It has been reported that more than 50
million people worldwide have suffered from epilepsy, which
causes substantial morbidity and mortality [1]. 5-HT receptors are
widely distributed in both central and peripheral nervous system.
Recently the involvement of various 5-HT receptor subtypes in
seizure disorders has been described in several animal studies [2—
4]. For example, serotonin deficiency can induce epileptic seizures
while some antiepileptic drugs produce antiepileptic effects by
increasing extracellular 5-HT level [2—4]. Furthermore, several 5-
HT receptor subtypes may be relevant to epilepsy, such as 5-
HTIA, 5-HTI1B and 5-HT3 [2-5]. Particularly evidence of
behavioral pharmacology showed that activation of 5-HT3
exerted the anticonvulsive effect. However, the detailed mecha-
nism remains unknown.

Activation of 5-HT'5 receptors significantly increased the seizure
threshold induced by pentylenetetrazole (PTZ), while blockade of
5-HT3 receptors by granisetron proved proconvulsant [3].
Furthermore, the additive anticonvulsant effects of citalopram
and morphine on PTZ-induced clonic seizures in mice were
prevented by pretreatment with low and non-effective doses of a 5-
HT3 receptor antagonist tropisetron and augmented by a 5-HT's
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receptor agonist 1-(m-chlorophenyl)-biguanide (mCPBG) [5].
Sharma et al. [4] also reported that ondansetron showed a
proconvulsive proclivity and lowered the PTZ-induced clonic
seizure threshold. These findings suggest that antagonism at 5-
HT; receptor theoretically maybe provoke seizure development
[6], and 5-HTj; receptor may play an important role in
anticonvulsant effect. However, other studies have reported that
block of 5-HT3 by ondansetron [7,8] or tropisetron [9] has an
anti-seizure activity on PTZ-induced seizure. Therefore, based on
these differing findings as mentioned above, the main objective of
the present study was to examine the role of 5-H'T'5 on the control
of seizure induced by PTZ in mice.

PTZ, a y-aminobutyric acid (GABA,) receptor antagonist, has
been used extensively to induce seizures in animal models [10,11].
Therefore, the main action of the PTZ-induced seizure reduces
GABA levels [10-13]. Some evidences show that 5-HT5 receptor
is also expressed by GABAergic neurons in hippocampus and
cortex [14,15]. Moreover, ondansetron, a 5-HTj5 receptor
antagonist, has been reported to affect GABA-activated current
in experimental animals [16]. These data suggest that GABAergic
neuron may be involved in the effects of 5-HT5 receptor on
control of seizure. In addition, c-Fos expression was also induced
by PTZ in the hippocampus of rodents [10,11,17]. C-Fos, an
immediate early gene, is a marker of increase in neuronal activity.
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These data suggest that neuronal activity of hippocampus may be
related to seizure induced by PTZ. Therefore, the present study
was aimed to determine the effects of SR 57227, a 5-HT’5 receptor
agonist, on seizure latency (or score) and c-Fos expression and
GABA levels in relevant regions of the brain of mice with PTZ-
induced seizure.

Materials and Methods

Animals

Male ICR mice weighing 23 * 2 g (Jilin University, Jilin, China)
were used in the current study. Animals were housed in the
standard conditions, including controlled temperature (22 = 1 °C),
12 h dark/12 h light cycle. These mice were divided in
polycarbonate cages with access to food and water. Each
treatment group consisted of 8-10 animals and each mouse was
used only once. All experiments were conducted between 9:00 am
and 16:00 pm.

Ethics Statement

The study was conducted in accordance with the Guide for the
Care and Use of Laboratory Animals published by National
Institutes of Health and with the recommendations and approval
of the Ethics Committee on Animal Experiments of the Northeast
Normal University. All efforts were made to minimize suffering.

Drugs

The following drugs were used: pentylenetetrazole (Sigma, St.
Louis, USA), SR 57227 hydrochloride and ondansetron hydro-
chloride (Tocris, Ellisvlle, MO), pentobarbital sodium and sodium
valproate (Sigma, St. Louis, MO). All the drugs were dissolved in
saline. Dose of the SR 57227 (1, 5, 10 mg/kg, ip.) and
ondansetron (0.2 mg/kg, i.p.) were chosen based on previous
reports from our group and others [3,8,10,18]. Ondansetron and
SR 57227 were injected intraperitoneally (i.p.) 45 minutes and 30
minutes before administration of PTZ, respectively.

Seizure latency, score and mortality

All mice were randomized into five groups (n = 8), and injected
PTZ (60, 65, 70, 80 and 90 mg/kg, i.p.) to determine the optimal
dosage for the PTZ-induced acute seizure model (data not shown
here). Our preliminary data have shown that PTZ at a single dose
of 65 mg/kg produced seizure, a phenotype reflected by an
increase in the seizure score, showing more than three consecutive
tonic-clonic seizures. However, higher doses (70, 80 and 90 mg/
kg) caused the higher mortality rate. We therefore applied 90 mg/
kg PTZ to induce mortality in mice. The animals were observed
for 30 min after the injection and latency to the first generalized
tonic-clonic seizures was measured [11]. Seizure assessments were
carried out by an experimenter blind to animal information.

Behavioral changes were monitored for 30 min after PTZ
(65 mg/kg, i.p.) injection. The seizure behavior was classified as
follows [19]: stage 0, no response; stage 1, eat and facial twitching;
stage 2, myoclonic body jerks; stage 3, forelimb clonus, rearing;
stage 4, clonic convulsions, turn onto the side; and stage 5,
generalized clonic convulsions, turn onto the back. The latencies
to the onset of myoclonic jerks and clonic seizures were evaluated
for 30 min after the P1Z injection [8]. In addition, in mortality
testing all mice were randomized into 8 groups (n = 8-10).
Mortality was also recorded to minimize suffering after the
mjection of high-dose P1Z (90 mg/kg, i.p.). The animals were
humanely euthanized by COj inhalation at end of study when
animal vital signs were lost. Every effort was made to minimize
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suffering, such as reducing the number of animals and test time,
avoiding painful stimulation and euthanasia.

C-Fos immunohistochemistry

All mice were randomized into six groups (n = 6-7). Animals
were killed 2 h after injection of PTZ, the brains were removed
rapidly, flash frozen in isopentane and stored at —80°C.
Immunohistochemistry for c-Fos protein was carried out as
described by previous reports from our group and others
[17,20]. Serial coronal sections from forebrain to brainstem,
30 pm thick, were cut in a cryostat. Free-floating sections were
rinsed in 0.05 M phosphate buffered saline (PBS; pH 7.4) and
then incubated with 0.6% hydrogen peroxide in PBS to remove
endogenous peroxidase activity. After rinsing again in PBS, the
sections were incubated with primary antibody (1:1000 dilutions in
PBS containing 0.3% Triton X-100, 0.05% sodium azide, and 2%
normal goat serum) for 72 h at 4°C. The c-Fos antibody (SC-52;
Santa Cruz Biotechnology, Santa Cruz, CA) was a rabbit
polyclonal antibody raised against a peptide mapping at the
amino terminus of human c-Fos p62. The sections were than
rinsed and incubated with a secondary antibody [biotinylated goat
anti-rabbit IgG (Vector Laboratories, Burlingame, CA) 1:400
dilution in PBS with 0.3% Triton X-100] for 75 min at room
temperature. After being rinsed, the sections were transferred into
PBS containing 0.4% avidin-biotinylated horseradish peroxidase
complex (Vector Laboratories, Burlingame, CA) and incubated for
another 75 min. Following successive washes in PBS and 0.2 M
sodium acetate buffer (pH 6.0), the reaction product was then
visualized using a glucose oxidase-diaminobenzidine-nickel meth-
od described by our report [17,20]. The reaction was terminated
through washing the sections in sodium acetate buffer. Thereafter,
the sections were mounted onto chrome-alum-gelatin-coated slides
from 0.05 M PBS. After being air-dried, the sections were
counterstained with neutral red, dehydrated through a graded
alcohol series, cleared in xylene and finally cover slipped.

The c-Fos-positive neurons were identified by the presence of
dense immunohistochemical staining within the dentate gyrus of
the hippocampus and medial prefrontal cortex under a light
microscope. The counting was performed bilaterally on a
minimum of two representative sections per level. The positive
cells were counted under a magnification of x 200 from three
brain regions.

GABA ELISA

All mice were randomized into six groups (n = 7-10). Brain
GABA levels were measured using a mouse GABA ELISA kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions. Briefly, at the end of
the treatment, animals were sacrificed by decapitation. The brains
were quickly removed and dissected on ice into the hippocampus
and cortex. Samples were frozen at — 80 °C before homogeni-
zation, and a centrifuged supernatant of each sample was used to
measure the GABA level by using the GABA ELISA kit. For more
detailed information on the ELISA method refer to our report and
previous reports [21,22].

Statistical analysis

The data were analyzed using one-way analysis of variance
(one-way ANOVA). When significant differences were obtained,
post-hoc comparisons within logical sets of means were performed
using Tukey’s test. The mortality rate was analyzed using Fisher’s
exact test. P values less than 0.05 were considered statistically
significant.
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Figure 1. Effects of SR 57227 and ondansetron on seizure latency in PTZ-treated mice. PTZ: pentylenetetrazole (65 mg/kg, i.p.); SR 57227:
1, 5 and 10 mg/kg, i.p.; Ond: ondansetron (0.2, 0.5 and 1 mg/kg, i.p.); VPA: sodium valproate (400 mg/kg, p.o.). Columns represent the mean = S.E.M.

n = 8-10. ** P<0.01 vs saline group.
doi:10.1371/journal.pone.0093158.g001

Results

Effects of SR 57227 and ondansetron on seizure latency
and seizure score in PTZ-treated mice

Effects of SR 57227 and ondansetron on seizure latency in
PTZ-induced seizure mice are shown in Fig.1. The seizure latency
was significantly prolonged by high-dose SR 57227 (10 mg/kg, 1.p.
F (4, 39) = 25.159, P<0.01) but not affected by ondansetron (0.2,
0.5 and 1.0 mg/kg, i.p.). However, the effects of SR 57227 on
seizure latency were significantly inhibited by ondansetron in
Fig.2. Furthermore, VPA (400 mg/kg, p.o.), a standard anticon-
vulsant drug, also significantly increased the seizure latency
compared to control group (P<<0.01).

In table 1 the effects of SR 57227 and ondansetron on seizure
score in PTZ-treated mice were shown. Compared to PTZ-treated
group, seizure score was markedly inhibited by high-dose SR
57227 (10 mg/kg, F (3, 30) = 14.034, P<<0.05). Furthermore, the
effects of SR 57227 (10 mg/kg, i.p.) on seizure score was
attenuated by ondansetron (0.2 mg/kg, 1.p.) in PIZ-treated mice.
However, ondansetron alone have no effect on seizure score in
PTZ-treated mice [F (3, 31) = 0.003, P>0.05]. In addition,
seizure score was also significantly inhibited by VPA in PTZ-
treated mice.

Effects of SR 57227 and ondansetron on mortality in
PTZ-treated mice

In the mortality studies, we observed 100% mortality in mice
with PTZ (90 mg/kg, i.p.) alone within 30 min. Animals died as a
direct result of the intervention. Mortality was monitored by video
camera only for 6 h to minimize suffering in other groups. Mice
with video monitoring were checked once every 30 min. In table 2
the mortality induced by high-dose PTZ (90 mg/kg, i.p.) were
significantly inhibited by high-dose SR 57227 (10 mg/kg, i.p) and
VPA (400 mg/kg, p.o.) but not ondansetron (0.2, 0.5 and 1.0 mg/
kg, ip.). Furthermore, the inhibitory effects of SR 57227 on
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mortality induced by PTZ were also blocked by ondansetron
(0.2 mg/kg, i.p.). However, ondansetron did not alter mortality
induced by high-dose PTZ in mice.

Effects of SR 57227 and ondansetron on c-Fos expression
in hippocampus of PTZ-treated mice

Fig.3 shows that the effects of ondansetron and SR 57227 on c-
Fos expression in hippocampus of PTZ-treated mice. C-Fos
expression was examined in the dentate gyrus, CAl, CA3 and
CA4 of the hippocampus. PTZ (65 mg/kg, i.p.) significantly
increased the c-Fos expression (P<0.001), and VPA (400 mg/kg,
p.o.) but not SR 57227 (10 mg/kg, i.p.) significantly decreased
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Figure 2. Effects of ondansetron on SR 57227-induced
prolonged seizure latency. PTZ: pentylenetetrazole (65 mg/kg,
i.p.); SR 57227: 10 mg/kg, i.p; Ond: ondansetron (0.2 mg/kg, i.p.); VPA:
sodium valproate (400 mg/kg, p.o.). Columns represent the mean *
S.EM. n = 8-10. ** P<0.01 vs PTZ group.
doi:10.1371/journal.pone.0093158.9g002
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Table 1. Effects of SR 57227 and ondansetron on PTZ-
induced seizure score in mice.
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Table 2. Effects of SR 57227 and ondansetron on PTZ-
induced mortality in mice.

Treatment Seizure score Treatment Mortality Mortality%
PTZ 4.85+0.14 PTZ 10/10 100

PTZ + SR (1 mg/kg) 4.23+0.13 PTZ + SR (1 mg/kg) 8/8 100

PTZ + SR (5 mg/kg) 3.82+0.43 PTZ + SR (5 mg/kg) 6/8 75

PTZ + SR (10 mg/kg) 2.09+0.22* PTZ + SR (10 mg/kg) 3/10%* 30

PTZ + Ond (0.2 mg/kg) 4.860.10 PTZ + Ond (0.2 mg/kg) 9/10 90

PTZ + Ond (0.5 mg/kg) 4.77+0.15 PTZ + Ond (0.5 mg/kg) 8/9 88.9

PTZ + Ond (1 mg/kg) 4.81+0.26 PTZ + Ond (1 mg/kg) 8/10 80

PTZ + SR (10 mg/kg) + Ond (0.2 mg/kg) 4.75+0.32 PTZ + SR (10 mg/kg) + Ond (0.2 mg/kg) 8/9 88.9

PTZ + VPA (400 mg/kg) 1.47+0.21% PTZ + VPA (400 mg/kg) 2/9** 222

SR: SR 57227 (1, 5, and 10 mg/kg, i.p); PTZ: pentylenetetrazole (65 mg/kg, i.p);
Ond: ondansetron (0.2, 0.5 and 1 mg/kg, i.p.). VPA: sodium valproate (400 mg/
kg, p.o.). n = 8-10 per group. * P<0.05, vs PTZ group.
doi:10.1371/journal.pone.0093158.t001

PTZ-induced c-Fos expression in these regions of hippocampus.
However, the c-Fos expression was significantly inhibited by
ondansetron in mice treated with SR 57227 and PTZ compared to
the PTZ-treated group alone (P<<0.001).

Effects of SR 57227 and ondansetron on GABA levels in
hippocampus and cortex of PTZ-treated mice

Fig. 4 shows the effects of SR 57227 and ondansetron on GABA
levels in hippocampus and cortex of PTZ-treated mice. GABA
levels were significantly inhibited by PTZ (65 mg/kg, i.p.) in both
hippocampus and cortex (hippocampus, P<0.05; cortex, P<0.05).
Furthermore, reduction of GABA levels was attenuated by SR
57227 in PTZ-treated mice (P<0.01). However, the effects of SR
57227 on GABA levels in hippocampus but not cortex were
blocked by ondansetron (0.2 mg/kg, i.p.).

Discussion

In the present study seizure latency was significantly prolonged
by acute SR 57227 in a dose-dependent manner, and the seizure
score and mortality were also decreased by SR 57227. Further-
more, these anticonvulsant effects were blocked by ondansetron.
These findings suggest that activation of 5-HT'5 receptor may play
an important role on control of seizure induced by PTZ. However,
previous studies have also shown that acute administration of SR
57227 (0.3-3 mg/kg, i.p.) did not alter seizure threshold [23] or
severity [24]. Gholipour et al. [3] also reported that SR 57227
(10 mg/kg, i.p.) increased the seizure threshold in PTZ-treated
mice. These results also reveal that activation of 5-H'T'5 induced by
high-dose but not low-dose of SR 57227 may be related to
anticonvulsant effect in PTZ-treated mice. Interestingly, another
5-HT;3 receptor antagonist granisetron (10 mg/kg, ip) proved
proconvulsant [3]. However, in our study, ondansetron (0.2, 0.5
and 1 mg/kg, 1.p) alone had no anticonvulsant effect in PTZ-
treated mice. Consistent with these findings, additional evidence
also shows that even a broader dose range of acute ondansetron
(0.5-2 mg/kg, 1.p) had no effect on seizure induced by PTZ but
inhibited electroshock-induced seizure threshold [8]. Based on
these different 5-HT'3 antagonists or dosages of 5-HT'3 antagonist,
it was difficult to make direct comparisons among these studies.
However, these data suggest at a minimum that the effect of 5-
HT3 receptor antagonist on seizure was more complex compared
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SR: SR 57227 (1, 5, and 10 mg/kg, i.p.); PTZ: pentylenetetrazole (90 mg/kg, i.p.);
Ond: ondansetron (0.2, 0.5 and 1 mg/kg, i.p.). VPA: sodium valproate (400 mg/
kg, p.o.). n = 8-10 per group. ** P<0.01 (Fisher's exact test), vs PTZ group.
doi:10.1371/journal.pone.0093158.t002

to that of 5-HT'5 agonist on seizure induced by PTZ, and different
effects of various antagonists are likely to depend not only on
dosage but also on the type of seizure. In addition, the 5-HTj3
receptor agonists (SR57227 and mCPBG) exert the anticonvulsive
effect while 5-HT; receptor antagonists (granisetron and tropis-
tron) lower the threshold of P1Z-induced clonic seizure [3,9].
Combined with our findings, these data suggest that activation of
5-HT; receptors may be involved in seizure induced by PTZ, and
5-HT'3 receptor subtype is a potential target for the treatment of
epilepsy.

Previous studies also showed that PTZ significantly increased c-
Fos expression in many brain regions [25,26]. However,
Hippocampus is most widely analyzed as a representative brain
region in PTZ-induced seizure mice [11,17,25-27]. In our
immunohistochemical study c-Fos expression was also significantly
increased by PTZ in the dentate gyrus, CAl, CA3 and CA4 of the
hippocampus. Furthermore, c-Fos expression was inhibited by
ondansetron in mice treated with PTZ and SR 57227. Consistent
with behavioral data, these results indicate that neuronal activity
in hippocampus may be involved in the anticonvulsant effect of SR
57227 on control of seizure induced by PTZ. In addition,
ondansetron alone had no effect on c-Fos expression in
hippocampus of PTZ-treated mice. This finding is also supported
by our behavioral data. These results may indicate that low dosage
of ondansetron (0.2 mg/kg, i.p) alone is too low to affect c-Fos
expression in hippocampus of PTZ-treated mice. Another
possibility is that ondansetron may be more sensitive to activation
of 5-HTj receptor induced by SR 57227 in PTZ-treated mice
compared to PTZ-treated group without SR 57227.

In addition, the main action of the PTZ-induced seizure is
reducing GABA levels [12,13]. The effects of SR 57227 on GABA
levels in cortex and hippocampus were also evaluated in PTZ-
induced seizure mice. In the present study GABA levels were
significantly inhibited by PTZ, and these inhibitions were also
attenuated by SR 57227 in both hippocampus and cortex.
However, ondansetron reversed the effect of SR 57227 on GABA
levels in hippocampus but not cortex of PTZ-treated mice. These
data reveal that GABA in hippocampus is more responsible for the
anticonvulsant effects of SR 57227 on control of seizure induced
by PTZ compared to that in cortex. Our data is also supported by
a previous study that 5-HTj3 receptor could modulate a
GABAergic-mediated seizure threshold [16,28] or GABAergic
neuron in hippocampus [14,15]. However, in this study ondan-
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Figure 3. Effects of ondansetron and SR 57227 on c-Fos expression in hippocampus. PTZ: pentylenetetrazole (65 mg/kg, i.p.); SR 57227:
10 mg/kg, i.p; Ond: ondansetron (0.2 mg/kg, i.p.); VPA: sodium valproate (400 mg/kg, p.o.). DG: dentate gyrus; Columns represent the mean = S.E.M.
n = 6-7. #4#+# P<0.001 vs control group; ** P<<0.01, *** P<<0.001 vs PTZ group.

doi:10.1371/journal.pone.0093158.g003

setron alone did not affect GABA levels in both hippocampus and VPA, as a standard anticonvulsant drug, has anticonvulsant
cortex of PTZ-induced seizure mice. Here we applied ondansetron effects on seizure induced by PTZ. Previous studies showed that
in lower dose (0.2 mg/kg, i.p). Therefore, it may be unable to VPA is able to increase brain GABA levels via various
show any effect on c-Fos in PTZ-treated mice. mechanisms, including blocking GABA reuptake, inhibiting the

enzymes that break down GABA, and enhanced GABA release
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Figure 4. Effects of SR 57227 on GABA levels, normalized to control group, in hippocampus and cortex. PTZ: pentylenetetrazole
(65 mg/kg, i.p.); SR 57227: 10 mg/kg, i.p; Ond: ondansetron (0.2 mg/kg, i.p.); VPA: sodium valproate (400 mg/kg, p.o.). Values are expressed as mean +
SEM. n = 7-10. * P<<0.05 vs saline group; # P<<0.05 vs PTZ group.

doi:10.1371/journal.pone.0093158.g004
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from nerve terminals [29]. In our study the inhibitory effects of
GABA levels were also reversed by VPA in hippocampus and
cortex of PTZ-treated mice.

In conclusion, our findings suggest that activation of 5- HT}

receptor, plays an important role in the control of seizure induced
by PTZ, may be related to GABAergic neuronal activity in
hippocampus, and that the 5-HT5 receptor subtype is a potential
target for the treatment of epilepsy.
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