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Epilepsy is a syndrome of episodic brain dysfunction characterized by recurrent unpredictable, spontaneous
seizures. Cerebellar dysfunction is a recognized complication of temporal lobe epilepsy and it is associated
with seizure generation, motor deficits and memory impairment. Serotonin is known to exert a modulatory
action on cerebellar function through 5HT2C receptors. 5-HT2C receptors are novel targets for developing anti-
convulsant drugs. In the present study, we investigated the changes in the 5-HT2C receptors binding and gene
expression in the cerebellum of control, epileptic and Bacopa monnieri treated epileptic rats. There was a
significant down regulation of the 5-HT content (pb0.001), 5-HT2C gene expression (pb0.001) and 5-HT2C
receptor binding (pb0.001) with an increased affinity (pb0.001). Carbamazepine and B. monnieri treatments
to epileptic rats reversed the down regulated 5-HT content (pb0.01), 5-HT2C receptor binding (pb0.001) and
gene expression (pb0.01) to near control level. Also, the Rotarod test confirms the motor dysfunction and
recovery by B. monnieri treatment. These data suggest the neuroprotective role of B. monnieri through the
upregulation of 5-HT2C receptor in epileptic rats. This has clinical significance in the management of epilepsy.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Serotonin plays an important regulatory role in epileptic mechan-
isms; as demonstrated from studies in both animal models of epilepsy
and humans. Reciprocal interactions between the motor system and
the serotonergic modulatory system are well documented [1]. In the
genetically epilepsy-prone rat model of generalized epilepsy, a
decrease is found in brain concentration of serotonin [2]. 5-HT2C
receptors are involved in a diversity of physiological functions such as
the control of nociception, motor behaviour, endocrine secretion,
thermoregulation, modulation of appetite and the control of
exchanges between the central nervous system and the cerebrospinal
fluid [3,4]. There has been increasing evidence that serotonergic
neurotransmission modulates a wide variety of experimentally
induced seizures. Generally, agents that elevate extracellular seroto-
nin (5-HT) levels, such as 5-hydroxytryptophan and serotonin
reuptake blockers, inhibit both focal and generalized seizures.
Conversely, depletion of brain 5-HT lowers the threshold to audio-
genically, chemically and electrically evoked convulsions [5]. The
cerebellar cortex, like all other motor structures, receives serotonergic
innervations in the form of a plexus of fine varicose fibers. [6].
Electrophysiologists have reported that serotonergic agonists can

affect directly the firing of cerebellar neurons [7] and are able to
modulate the effect of excitatory amino acids.

The cerebellum is known to play an important part in sensorimotor
processing. Its major functions range from motor and sensory timing
[8] to calibration of movements and reflexes [9,10]. Lesions in the
cerebellum typically cause hypotonia, dysmetria and dyscoordination
[11]. Cerebellar atrophy is a recognized complication of temporal lobe
epilepsy. The cerebellar system is also implicated in memory
impairment which has been mainly ascribed to hippocampal damage
[12] observed during epilepsy. The neurons of the deep cerebellar
nuclei comprise the main output stage of the cerebellum [13].
Epileptic patients have shown glutamate mediated neuronal damage
in the cerebellum, associated with loss of Purkinje cells that provide
the sole output pathway of the cerebellar cortex. Earlier studies have
also established that rhythmic output from the cerebellum contributes
to the maintenance of generalized seizures [14].

The potential for antiepileptic drugs to negatively impact cognitive
abilities is of significant concern because they are the major
therapeutic modality for control of seizures. An increased risk for
cognitive deficits has been noted in patients with temporal lobe
seizures. Moreover, many of the anticonvulsant drugs presently used
for treating epilepsy cannot prevent neurodegeneration but rather
contribute towards these cognitive deficits [15,16]. The available anti-
epileptic drugs are not curative since they mostly treat the symptoms
of the disease and render little help to alleviate its cause. This has
instilled a renewed interest in traditionally used herbal drugs and
formulations, which are safe in prolonged usage for the management
of epilepsy.
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Bacopa monnieri is well known for its neuropharmacological
effects. It is currently recognized as being effective in the treatment
of mental illness and epilepsy [17]. Treatments with B. monnieri
extract [18] have enhanced learning ability. Cognition-facilitating
effect was due to two active saponins, bacosides A and B present in the
ethanol extract [19]. These active principles, apart from facilitating
learning and memory in normal rats, inhibited the amnesic effects of
scopolamine, electroshock and immobilization stress [20]. Crude plant
extract or bacosides have also shown anxiolytic effects, antidepressant
activity, anticonvulsive action and antioxidant activity [21]. In vitro
studies using B. monnieri have been found to inhibit free radical
formation and DNA damage in a dose dependent manner [17]. In our
previous studies, we reported that the down regulated expression of
the mGluR8 in cerebellum of epileptic rats was reversed after B.
monnieri treatment [22]. But so far there are very few studies
reporting the role of B. monnieri treatment on the functional
regulation of 5-HT2C receptors. In this study, we investigated the
anti-epileptic effect of extract of B. monnieri on the serotonergic
receptor binding, gene expression in cerebellum and motor function
by Rotarod Test in epileptic rats.

2. Methods

2.1. Biochemicals and their sources

Biochemicals used in the present study were purchased from
Sigma Chemical Co., St. Louis, USA. All other reagents were of
analytical grade purchased locally. Tri-reagent kit was purchased
fromMRC, USA. Real-time PCR Taqman probe assays on demand were
purchased from Applied Biosystems, Foster City, CA, USA.

2.2. Animals

Adult male Wistar rats were purchased from Amrita Institute of
Medical Sciences, Cochin and used for all experiments. They were
housed in separate cages under 12 h light and 12 h dark periods and
were maintained on standard food pellets and water ad libitum. The
adult rats used for epilepsy experiment were sacrificed by decapitation
after 15 days' treatment with B. monnieri extract. The cerebellum was
dissected out quickly over ice according to the procedure of Glowinski
and Iversen [23]. All animal care and procedures were in accordance
with Institutional and National Institute of Health guidelines.

2.3. Plant material and preparation of extract

Specimens of B. monnieri (L.) Pennel were collected from Cochin
University area and were taxonomically identified and authenticated
by Mr. K. P. Joseph, Head, Dept. of Botany (retd.), St. Peter's College,
Kollenchery and voucher specimens was deposited at a herbarium
(No: MNCB3) of Centre for Neuroscience, Cochin University of Science
and Technology, Cochin, Kerala, India. Fresh, whole B. monnieri plant
were collected and washed. Leaves, roots and stems of B. monnieri
plant were cut into small pieces and dried in shade. 100 g fresh plant
dried in shade yielded approximately 15 g powder. Dry B. monnieri
powder was ground to fine paste and made into a suspension. This
suspension was administered at a dosage of 1.5–1.8 ml to experi-
mental rats weighing 250 g–300 g bodyweight by gavation per day for
15 days. B. monnieri suspension was extracted at required concentra-
tion (300mg fresh plant/kg bodyweight) with saline and used for the
treatment of epileptic rats in the present study.

2.4. Induction of epilepsy in adult rats

Animal groups: Experimental rats were divided into five groups: 1)
Control (C) 2) Epileptic (E) 3) Epileptic rats treated with B. monnieri
(E+B) (4) Control rats treated with B. monnieri (C+B) and (5)

Epileptic rats treated with carbamazepine (E+C). B. monnieri treated
rats were given extract of B. monnieri orally by gavage in the dosage
300 mg fresh plant/kg body/day for 15 days. Carbamazepine—a
standard drug used for the treatment of epilepsy was given orally in
the dosage 150 mg/kg body/day for 15 days. A total of 77 rats were
used in for quantification of 5-HT, 5-HT2C receptor binding, 5-HT2C
gene expression and rotarod test. Control (n=15), epileptic (n=15)
and B. monnieri treated epileptic rats (n=17), B. monnieri treated
control rats (n=15) and carbamazepine treated epileptic rats
(n=15).

Experimental protocol: Adult maleWistar rats, weighing 250–300 g,
were housed for 1 to 2 weeks before experiments were performed.
Epilepsy was induced by injecting rats with pilocarpine (350 mg/kg
i.p.), preceded by 30 min with atropine (1 mg/kg i.p.) to reduce
peripheral pilocarpine effects. Within 20 to 40 min after the
pilocarpine injection, essentially all the animals developed status
epilepticus (SE). Control animals were given saline injection.
Behavioural observation continued for 5 h after pilocarpine injec-
tion. SE was allowed to continue for 1 h and then control and
experimental animals were treated with diazepam (4 mg/kg i.p.).
Animals were observed for the next 3 weeks. 24 days after
pilocarpine treatment, the rats were continuously video monitored
for 72 h. The behaviour and seizures were captured with a CCD
camera and a Pinnacle PCTV capturing software card. One trained
technician, blind to all experimental conditions, viewed all videos.
Seizure activity was rated according to Racine Scale [24]. Seizures were
assessed by viewing behavioural postures (i.e. lordosis, straight tail,
jumping/running, forelimb clonus and/or rearing) during observation
of the videos. Experimental rats which showed continuous recurrent
seizures were used for the further experiments.

2.5. Quantification of 5-HT

5-HT content in the cerebellum was assayed according to the
modified procedure of Paulose et al. [25] in high performance liquid
chromatography (HPLC) with electrochemical detector (ECD) (Waters,
USA) fitted with CLC-ODS reverse phase column of 5 µm particle size.
The tissue was homogenised in 0.4 N perchloric acid. The homogenate
was then centrifuged at 5000 × g for 10 min at 4 °C in a Sigma 3K30
refrigerated centrifuge and the clear supernatant was filtered through
0.22 µmHPLC grade filters and used for HPLC analysis. Themobile phase
consistedof 50mMsodiumphosphate dibasic, 0.03Mcitric acid, 0.1mM
EDTA, 0.6 mM sodium octyl sulfonate, 15% methanol. The pH was
adjusted to 3.25 with orthophosphoric acid, filtered through 0.22 µm
filter (Millipore) and degassed. A Waters (model 515, Milford, USA)
pump was used to deliver the solvent at a rate of 1 ml/min. 5-HT was
identified by amperometric detection using an electrochemical detector
(Waters, model 2465) with a reduction potential of +0.80 V. Twenty
microlitre aliquots of the acidified supernatant were injected into the
system for detection. The peaks were identified by relative retention
times compared with external standards and quantitatively estimated
using an integrator (Empower software) interfaced with the detector.
Data from different brain regions of the experimental and control rats
were statistically analysed and tabulated.

2.6. Protein determination

Protein was measured by the method of Lowry et al. [26] using
bovine serum albumin as standard. The intensity of the purple blue
colour formed was proportional to the amount of protein which was
read in a spectrophotometer at 660 nm.

2.7. 5-HT2C receptor binding studies using [3H] mesulergine

5-HT2C receptor assay was done using [3H] mesulergine in the
synaptic membrane preparations as previously described by Herrick-
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Davis et al. [27]. Crude synaptic membrane preparation was
suspended in 50 mM Tris–HCL buffer (pH 7.4) and used for assay. In
the saturation binding experiments, assays were done using different
concentrations i.e., 0.05nM–3nM of [3H] mesulergine was incubated
with and without excess of unlabelled 5-HT (100 µM) and in
competition binding experiments the incubation mixture contained
0.5nM of [3H] mesulergine with and without 5-HT at a concentration
ranging from 10−12 to 10−4 M.

Tubes were incubated at 25 °C for 60 min. and filtered rapidly
through GF/C filters (Whatman). The filters were washed quickly by
three successive washing with 5.0 ml of ice cold 50 mM Tris buffer, pH
7.4. Bound radioactivity was counted with cocktail-T in a Wallac 1409
liquid scintillation counter.

2.8. Receptor data analysis

The data were analysed according to Scatchard [28]. The specific
binding was determined by subtracting non-specific binding from the
total. The binding parameters, maximal binding (Bmax) and equilibrium
dissociation constant (Kd), were derived by linear regression analysis by
plotting the specific binding of the radioligandon x-axis and bound/free
on y-axis. The maximal binding is a measure of the total number of
receptors present in the tissue and the equilibriumdissociation constant
is the measure of the affinity of the receptors for the radioligand. Kd is
inversely related to receptor affinity. The displacement data were
analysed by nonlinear regression using GraphPad Prism software,
GraphPad Inc., USA. The concentration of the competing drug that
competes for half the specific bindingwas defined as EC50which is same
as IC50 [29]. The affinity of the receptor for the competing drug is
designated as Ki and is defined as the concentration of the competing
ligand that will bind to half the binding sites at equilibrium in the
absence of radioligand or other competitors [30].

The data of the competitive binding assay are represented
graphically with the negative log of concentration of the competing
drug on the x-axis and percentage of the radioligand bound on the y-
axis. The Hill slope was used to indicate a one or two sited model of
curve-fitting.

2.9. Real-Time PCR assay

RNA was isolated from the cerebellum using Tri reagent. Total
cDNA synthesis was performed using ABI PRISM cDNA Archive kit.
Real-Time PCR assays were performed in 96-well plates in ABI 7300
Real-Time PCR instrument (Applied Biosystems). PCR analyses were
conducted with gene-specific primers and fluorescently labeled Taq 5-
HT2C (designed by Applied Biosystems). Endogenous control (β-actin)
was labeled with a report dye (VIC). All reagents were purchased from
Applied Biosystems. The thermocycling profile conditions were as
follows:

50BC� 2minutes� Activation; 95BC� 10 minutes
�Initial Denaturation; 95BC� 15 seconds
�Denaturation40 cycles; 50BC� 30 seconds
�Annealing; 60BC� 1minute� Final Extension

The ΔΔCT method of relative quantificationwas used to determine
the fold change in expression. This was done by first normalizing the
resulting threshold cycle (CT) values of the target mRNAs to the CT
values of the internal control β-actin in the same samples (ΔCT=CT
Target−CT β-actin). It was further normalized with the control
(ΔΔCT=ΔCT−CT Control). The fold change in expression was then
obtained (2−ΔΔCT).

2.10. Rotarod test

Rotarod has been used to evaluate motor coordination by testing
the ability of rats to remain on revolving rod [31]. The apparatus has a
horizontal rough metal rod of 3 cm diameter attached to a motor with
variable speed. This 70 cm long rod was divided into four sections by
wooden partitions. The rod was placed at a height of 50 cm to
discourage the animals to jump from the rotating rod. The rate of
rotation was adjusted to allow the normal rats to stay on it for 5 min.
Each rat was given five trials before the actual reading was taken. The
readings were taken at 10, 15 and 25 rpm after 15 days of treatment in
all groups of rats.

2.11. Statistics

Statistical evaluations were done by ANOVA followed by Students–
Newman–Keul Test using InStat (Ver.2.04a) computer programme.
Linear regression Scatchard plots were made using SIGMA PLOT (Ver
2.03). The significance level was expressed taking pb0.05 as the
threshold value. p value b0.05 is considered as significant,
p valueb0.01 as very significant and pb0.001 as extremely significant.

3. Results

3.1. 5-HT content in the cerebellum of control and experimental rats

5-HT content in the cerebellum was significantly decreased
(pb0.001) in the epileptic rats. Both (pb0.01) carbamazepine
treatment and B. monnieri treatment significantly reversed the
alterations in the cerebellar 5-HT content to near control. There was
no significant alteration in the 5-HT content of B. monnieri treated
control rats compared to control (Table 1).

3.2. [3H] Mesulergine binding against mesulergine in the cerebellum of
control and experimental rats

Scatchard analysis showed that the Bmax decreased significantly
(pb0.001) in the cerebellum of epileptic rats with a significant
increase (pb0.01) in the affinity. Both carbamazepine treatment and
B. monnieri treatment significantly reversed the Bmax (pb0.001) and
Kd (pb0.01) to near control compared to epileptic group (Table 2).
There was no significant alteration in the 5-HT2C receptor of
B. monnieri treated control rats compared to control. In the displace-
ment analysis, the competitive curve fitted to a one-site model in all
groups with Hill slope values near to unity. The log (EC50) and Ki

showed a decrease in the epileptic group. Treatment with B. monnieri
reversed the Ki and EC50 near to control level compared to the
epileptic group (Table 3). Therewas no alteration in the log (EC50) and
Ki of B. monnieri treated control rats compared to control.

Table 1
5-HT content in the cerebellum of control and experimental rats.

Experimental group 5-HT (nmol/g wet wt.)

Control 2.76±0.12
Epileptic 1.52±0.18@@@

Control+Bacopa monnieri 2.81±0.14
Epileptic+Bacopa monnieri 2.32±0.05⁎⁎
Epileptic+Carbamazepine 2.10±0.09⁎⁎

Values are Mean±SEM of 4–6 separate experiments (n=5–6 rats per group).
ANOVA followed by Students–Newman–Keuls' Test.
@@@pb0.001 when compared to Control rats.
⁎⁎pb0.01 when compared to Epileptic rats.
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3.3. Real-Time-PCR analysis of 5-HT2C receptor expression in the
cerebellum of control and experimental rats

Real-Time-PCR analysis showed that the 5-HT2C receptor mRNA
significantly decreased (pb0.001) in epileptic condition when
compared to control and it reversed to near control level in
carbamazepine treated and B. monnieri (pb0.01) treated epileptic
rats (Fig. 1). There was no significant alteration in the 5-HT2C receptor
mRNA expression of B. monnieri treated control rats compared to
control.

3.4. Rotarod experiment in the control and experimental rats

Rotarod experiment at 10 (pb0.001), 15 (pb0.001) and 25
(pb0.01) revolutions per minute (rpm) showed a significant decrease
in the retention time on the rotating rod in epileptic group compared
to control. B. monnieri treatment to epileptic rats significantly reversed
the retention time near to control at 10 (pb0.01), 15 (pb0.01) and 25
(pb0.05) rpm. Carbamazepine treatment to epileptic rats significantly
reversed the retention time near to control at 10 (pb0.01), 15
(pb0.001) and 25 (pb0.05) rpm (Table 4).

4. Discussion

In our earlier studies, we reported the therapeutic action of
B. monnieri on glutamate receptors especially in the cerebellum and
hippocampus of pilocarpine induced epilepsy in rats [21,22]. In the
present study, we have demonstrated the therapeutic role of
B. monnieri in epileptic motor dysfunction through its effect on 5-
HT2C receptor gene expression and binding in cerebellum. Experi-
mental evidence indicate the involvement of the cerebellum in variety
of human mental activities including language, attention, cognitive
affective syndromes [11], fear and anxiety caused by threats of pain
[32] and motor relearning [33]. The cerebellar vermis integrates and
processes the inputs from the vestibular, visual and proprioceptive
systems to coordinate muscle timing as a result of which the centre of
gravity stays within the limits of stable upright standing [34]. 5-HT2C
receptors exist in the rat cerebellum and they participate in the

processing and integration of sensory information, regulation of the
monoaminergic system modulation of neuroendocrine regulation,
anxiety and feeding behaviour [3]. Our investigation revealed a
decrease in the 5-HT content and 5-HT2C receptor binding in the
cerebellum of the epileptic rats compared to control with an increased
affinity. Decreased serotonin in the brain has previously been
implicated in development and spread of seizures [2]. This decreased
receptor binding in the cerebellum is suggested to contribute towards
a lowered threshold and a rapid progression of seizure activity in the
epileptic rats. Previously, mesulergine (2 or 4 mg/kg), administered
prior to electroshock testing, have shown to recapitulate epileptic
syndrome associated with sporadic spontaneous seizures in the 5-
HT2C mutant phenotype in wild-type mice [35].

Treatment with B. monnieri to epileptic rats caused a reversal in
the Bmax of 5-HT2C receptors to near control level. Previous works have
reported the anti-oxidant properties of B. monnieri in rodents and
have reported to induce membrane dephosphorylation and concomi-
tant increase in mRNA turnover and protein synthesis [21]. Moreover,
B. monnieri treatment has been demonstrated to increase serotonin
level [36] which renders protection against seizures [5] during
epilepsy.

The Rotarod experiment demonstrated the impairment in the
motor function and coordination in the epileptic rats. Epileptic rats
showed lower fall off time from the rotating rod when compared to
control suggesting impairment in their ability to integrate sensory
input with appropriate motor commands to balance their posture and

Fig.1. Real-Time PCR amplification of 5-HT2C receptor mRNA from cerebellum of control
and experimental rats. Relative Quantification values and standard deviations are
shown in the table. The relative ratios of mRNA levels were calculated using the ΔΔCT
method normalizedwith β-actin CT value as the internal control and Control CT value as
the calibrator. C—Control, E—Epilepsy, C+B—Control+Bacopamonnieri treated, E+B—
Epileptic+Bacopa monnieri treated, E+C—Epileptic+Carbamazepine treated.

Table 2
Scatchard analysis of [3H] mesulergine binding against mesulergine in cerebellum of
control and experimental rats.

Experimental group Bmax (fmoles/mg protein) Kd(nM)

Control 288±10 0.68±0.04
Epileptic 95±4@@@ 0.41±0.08@@

Control+Bacopa monnieri 299±60 0.70±0.05
Epileptic+Bacopa monnieri 207.33±18.70⁎⁎⁎ 0.69±0.06⁎⁎
Epileptic+Carbamazepine 254.00±15.52⁎⁎⁎ 0.79±0.31⁎⁎

Values are mean±SEM of 4–6 separate experiments; n=5–6 in each group.
ANOVA followed by Students–Newman–Keuls' Test.
@@@pb0.001, @@pb0.001 when compared to Control group.
⁎⁎⁎pb0.001, ⁎⁎pb0.001 when compared to Epileptic group.

Table 3
Binding parameters of [3H] mesulergine against mesulergine in cerebellum of control
and experimental rats.

Experimental status Best fit model (Log EC50) Ki Hill slope

Control One-site −7.434 2.01×10−8 0.95
Epileptic One-site −7.913 6.66×10−9 0.95
Control+Bacopa monnieri One-site −7.354 2.41×10−8 0.93
Epileptic+Bacopa monnieri One-site −7.704 1.07×10−8 0.96
Epileptic+Carbamazepine One-site −7.472 1.8 4×10−8 0.96

Values are mean±SEM of 4–6 separate experiments.
Data were fitted with iteratative non linear regression software (Prism, Graph Pad, San
Diego, CA). Ki—the affinity of the receptor for competing for the drug. E50 is the
concentration for the competitor that competes for half specific bind.

Table 4
Rotarod performance of control and experimental rats after 15 days treatment.

Experimental groups Retention time on the rod (in seconds)

10 rpm 15 rpm 25 rpm

Control 112.00±4.61 109.33±6.30 73.33±3.38
Epileptic 83.33±2.40@@@ 51.33±2.18@@@ 34.33±4.97@@

Control+Bacopa monnieri 108.00±0.57 114.66±4.70 72.00±6.42
Epileptic+Bacopa monnieri 93.00±5.00⁎⁎ 76.66±3.48⁎⁎ 59.33±5.45⁎

Epileptic+Carbamazepine 95.66±0.88⁎⁎ 82.66±1.43⁎⁎⁎ 55.33±3.75⁎

Values are Mean±SEM of 4–6 separate experiments (n=5–6 rats per group).
ANOVA followed by Students–Newman–Keuls' Test.
@@@pb0.001 @@pb0.01 when compared to Control rats.
⁎⁎⁎pb0.001 ⁎⁎ pb0.01 ⁎pb0.05 when compared to Epileptic rats.
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at the same time adjust their limb movements on the metallic rod and
is indicative of cerebellar dysfunction. Loss of coordination of motor
movement, inability to judge distance and timing, incapacity to
perform rapid alternating movements and hypotonia has been
reported during cerebellar damage [11]. Poor limb–eye coordination
in patients with cerebellar dysfunction has been earlier reported [37].
Thus perturbations of the 5-HT2C receptor system directly modulate
seizure susceptibility. This study demonstrates the involvement of 5-
HT2C receptor which has a modulating effect on the seizure
susceptibility and associated motor defects. The administration of
crude extract of B. monnieri to epileptic rats increased the fall off time
from the rod when compared to control rats. B. monnieri not only
possesses memory enhancing properties but also alleviate their stress
levels which assist in lowering their time for spatial recognition [35]
and helps to maintain their posture during movement on the rod. It is
also reported to facilitate the acquisition, consolidation, retention and
recall of learned tasks [38] and improves the speed at which visual
information is processed.

To summarize, our findings suggest dysfunction of the epileptic
cerebellum that is a reflection of cerebellar serotonergic abnormality.
The receptor analysis and gene expression studies along with the
behaviour data implicate a role for serotonin and 5-HT2C receptors in
the modulation of neuronal network excitability and seizure propaga-
tion. These neurofunctional deficits are one of the key contributors to
motor deficits and stress associated with epilepsy. Our results suggest
that B. monnieri extract treatment reverses the 5-HT2C receptor
mediated motor dysfunction in epilepsy. This will have clinical
significance in the management of epilepsy.
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