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Introduction
Epilepsy is one of the oldest neurological conditions known to humankind.
The term ‘‘epilepsy’’ is derived from Greek word ‘‘epilambanein’’, which means ‘‘to
seize upon’’ or ‘‘to attack’’. In this modern era, epilepsy is the most frequent
neurodegenerative disease after stroke. It afflicts more than 50 million people
worldwide (Strine et al., 2005). Epilepsy knows no geographical, racial or social
boundaries and accounts for 1% of the global burden of disease, determined by the
number of productive life years lost as a result of disability or premature death.
Among all medical conditions, it ranks with breast cancer in women and lung cancer
in men. Eighty per cent of the burden of epilepsy is in the developing world, where
80-90% of people with epilepsy receive no treatment at all. Epilepsy leads to multiple
interacting medical, psychological, economic and social repercussions, all of which
need to be considered (WHO epilepsy Atlas 2005).
Epilepsy is characterized by spontaneous, recurrent and unpredictable
seizures. The word ‘seizure’ is derived from the Latin word sacire meaning ‘to take
possession

of’

is

the

clinical

manifestation

of

an

abnormal,

excessive,

hypersynchronous discharge of a population of neurons. The hypersynchronous
discharges that occur during a seizure begin in a very discrete region of brain and then
spread to neighbouring regions. Seizure initiation is characterized by two concurrent
events: 1) high-frequency bursts of action potentials and 2) hypersynchronization of a
neuronal population. The synchronized bursts from a sufficient number of neurons
result in ‘spike discharge’ on the EEG. At the level of single neurons, epileptiform
activity consists of sustained neuronal depolarization resulting in a burst of action
potentials, a plateau-like depolarization associated with completion of the action
potential burst and then a rapid repolarization followed by hyperpolarization. This
sequence is called the paroxysmal depolarizing shift. The bursting activity resulting
from the relatively prolonged depolarization of the neuronal membrane is due to

influx of extracellular Ca2+, which leads to the opening of voltage dependent Na+
channels, influx of Na+ and generation of repetitive action potentials (Schiller, 2004).
Seizure propagation is the process by which a partial seizure spreads within the brain,
occurs when there is sufficient activation to recruit surrounding neurons. This leads to
a loss of surrounding inhibition and spread of seizure activity into contiguous areas
via local cortical connections and to more distant areas via long association pathways
such as the corpus callosum.
The entorhinal-dentate-hippocampal loop is well organized and has relatively
simple circuits and hence has been intensively studied in experimental models of
epilepsy. These investigations have led to two theories regarding the cellular network
changes which cause the hippocampus, among the most common sites of origin of
partial seizures, to become hyperexcitable. The first proposes that a selective loss of
interneurons decreases the normal feed-forward and feed-back inhibition of the
dentate granule cells, an important group of principal neurons (Stief et al., 2007). The
other theory suggests that synaptic reorganization follows injury and creates recurrent
excitatory connections, via axonal "sprouting," between neighboring dentate granule
cells (Pitkänen & Lukasiuk, 2009). More recently, it has been proposed that the loss,
rather than being of GABAergic inhibitory neurons, is actually of excitatory neurons
which normally stimulate the inhibitory interneurons to, in turn, inhibit the dentate
granule cells. These mechanisms of hyperexcitability of the neuronal network are not
mutually exclusive, could act synergistically and coexist in the human epileptic brain.
The temporal lobe epilepsy (TLE) is among the most frequent types of drugresistant epilepsy (Engel, 2001; Litt et al., 2001). In a population of new patients
presented with epilepsy, almost 30% of them have seizures originating from the
temporal lobe of the brain (Manford et al., 1992). Individuals affected with TLE
typically have comparable clinical description; including an initial precipitating injury
such as the status epilepticus (SE), head trauma, encephalitis or childhood febrile
seizures (Harvey et al., 1997; Fisher et al., 1998; Cendes, 2002). There is usually a
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latent period of several years between this injury and the emergence of the chronic
TLE characterized by spontaneous recurrent motor seizures (SRMS) originating from
temporal lobe foci, and learning and memory impairments (Devinsky, 2004). Patients
affected often have similar clinical history, including an initial precipitating injury
such as childhood febrile convulsions, SE or trauma. Further, the TLE is frequently
associated

with

hippocampal

sclerosis,

mainly

exemplified

by

significant

neurodegeneration in the dentate hilus (DH), and the CA1 and CA3c sub regions
(Sloviter, 1991). HS is defined by specific neuronal loss throughout the hippocampus,
with severe damage in the prosubiculum, CA1, CA4 and hilus in contrast with slighter
damage in granule cells and relative sparing of CA3 and especially CA2 region.
Human studies strongly support the view that HS probably initiates or contributes to
the generation of most TLEs (Engel, 1996). However, there is a growing body of
evidence that amygdala, limbic thalamus and entorhinal cortex is injured in TLE
(Aroniadou-Anderjaska et al., 2008).
Induction of SE by systemic application of pilocarpine and subsequent
occurrence of spontaneous seizures is probably the most attractive animal model, for
the study of temporal lobe epilepsy. Pilocarpine treatment is characterized by
generalized convulsive SE in rodents, which represents the initial precipitating injury.
After a latent period, adult rats exhibit spontaneous recurrent seizures (SRS) during
the remainder of their life. The EEG and behavioral features of these seizures
resemble those of complex partial seizures (Curia et al., 2008). This model shares
many histopathological and molecular changes that have been characterized in
neurosurgical resections and post mortem specimen from TLE patients. Surprisingly
little is known on the molecular and cellular signaling during induction of SE and the
role of serotonergic and glutaminergic functional regulation in chronic epilepsy
models.

3

A significant number of people (25%) afflicted with epilepsy have seizures
that cannot be controlled by antiepileptic drugs (Litt et al., 2001). Moreover, antiepileptic drugs (AEDs) merely provide symptomatic treatment without having any
influence on the course of the disease. Thus, there is a pressing need to develop
alternative therapeutic approaches that prevent the epileptogenesis after the SE or an
Initial Precipitating Injury (IPI). From this perspective, identification of compounds or
approaches that are efficacious for providing neuroprotection to the hippocampus after
the onset of SE has great significance (Acharya et al., 2008). While pharmaceutical
companies continue to invest enormous resources in identifying agents that could be
used to alleviate debilitating disorders and retard mental deterioration afflicting
numerous people around the world, a source of potentially beneficial agents, namely
phytochemicals, would appear to have significant benefits that have yet to be fully
exploited. Therefore, several plants have been selected based on their use in
traditional systems of medicine, and research has identified a number of natural
compounds that could act as nootropic agents. One plant that has been used as brain
tonic and restorative in epileptic conditions is ‘Brahmi’ (Bacopa monnieri). Bacopa
monnieri belonging to the family Scrophulariaceae, is a creeping annual plant found
throughout the Indian subcontinent in wet, damp and marshy areas (Russo & Borrelli,
2005).
In the Indian medicinal system - Ayurveda, Bacopa monnieri has been used
since 3000 years as a memory enhancing, antioxidative, adaptogenic, antiinflammatory, analgesic, antipyretic, sedative and antiepileptic agent (Jyoti & Sharma,
2004). The earliest chronicle mention is in the Ayurvedic treatise, the Charaka
Samhita (100 A.D.), in which Bacopa monnieri is recommended in formulations for
the management of a range of mental conditions including anxiety, poor cognition,
lack of concentration and epilepsy. According to Charaka, Bacopa monnieri acts as an
effective brain tonic that boosts one's capabilities to think and reason. The Sushruta
Samhita (200 A.D.) attributes the plant with efficacy in maintaining acuity of intellect

4

Introduction
and memory. Pharmacologically, it is understood that Brahmi has an unusual
combination of constituents that are beneficial in mental inefficiency and illnesses and
useful in the management of convulsive disorders like epilepsy. Treatments with the
plant (Malhotra & Das, 1959) and ethanol extract (Singh & Dhawan, 1982) have
enhanced learning ability. Bacosides, Bacopa monnieri's active principle component
responsible for improving memory related functions, are attributed with the capability
to enhance the efficiency of transmission of nerve impulses, thereby strengthening
memory and cognition (Kishore & Singh, 2005). But so far there are very few studies
reporting the role of Bacopa monnieri treatment on the functional regulation of
neurotransmitters and their receptors. In our previous studies we reported that the
down regulated expression of the mGluR8 expression in cerebellum of epileptic rats
was reversed after Bacopa monnieri treatment (Paulose et al., 2008). Here we
assessed the antiepileptic effect of extract of Bacopa monnieri on the 5-HT2C and
NMDA receptor binding and gene expression in the brain regions of epileptic rats.

5

OBJECTIVES OF THE PRESENT STUDY

1. To induce epilepsy model and administer Bacopa monnieri extract to
pilocarpine induced epileptic rats.

2. To measure the body weight, blood glucose level, water and feed intake in
experimental groups of rats – control, epileptic, control and epileptic treated
with Bacopa monnieri and epileptic treated carbamazepine.
3. To study the Serotonin (5-HT) and 5-HIAA content in the brain regions of the
experimental groups of rats using High Performance Liquid Chromatography.
4. To study the 5-HT2C and NMDA receptor binding parameters in the brain
regions of experimental groups of rats.
5. To study the gene expression of 5-HT2C, NMDA2b, mGlu5 and GLAST
receptor in the brain regions of experimental groups of rats using Real-Time
PCR.
6. To study the second messengers IP3, cGMP and cAMP in the brain regions of
experimental groups of rats.
7. To study the receptor localization in the brain slices of experimental groups of
rats using immunofluorescent receptor antibodies in a confocal microscope.
8. To study the behavioural changes in the experimental groups of rats using
rotarod, elevated plus maze, social interaction and forced swim test.
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Definition of Epilepsy
Epilepsy is a chronic disorder characterized by recurrent seizures, which may
vary from a brief lapse of attention or muscle jerks, to severe and prolonged
convulsions. The seizures are caused by sudden, usually brief, excessive electrical
discharges in a group of brain cells (neurons). A seizure is a convulsive episode,
which starts of as atypical, excessive hyper-synchronous discharges from an aggregate
of neurons in the brain and then recruits surrounding neurons to comprise one or both
hemispheres of the brain (Acharya et al., 2008). During the seizure the person may
experience the change or loss of consciousness, involuntary movements such as
jerking, shaking or twitching.

Epidemiology of Epilepsy
Epilepsy is the commonest serious neurological condition affecting 0.5-1% of
the population. Today, an estimated 50 million people live with epilepsy (PWE), 80%
of whom in developing countries. Those most affected often do not come forward.
Stigma, misconceptions and beliefs attached to this condition influence the open
presentation of affected individuals in public meetings. The public health significance
is particularly high in these settings because of its high prevalence, its seizure
acuteness and frequency, and the sociological, psychosocial and financial
consequences for the households it affects. Resource poor countries share
demographic, sociological and economic features. They are particularly marked by
ethnic, linguistic and religious richness, and their populations are frequently
threatened by political instability and economic uncertainties. As a consequence
health systems are typically weak and lack efficiency in addressing health needs (Quet
et al., 2008).

Etiology of Epilepsy
Epilepsy is often the result of an underlying brain disease. The most common
etiologic factors of epilepsy that can predispose a person to epilepsy are head traumas,
neoplasms, degenerative diseases, infections, metabolic diseases, ischemia and
hemorrhages (Vinters et al., 1993). In view of the fact that only a proportion of people
who have a brain disease experience seizures as a symptom of that disease, it is
suspected that those who do have such symptomatic seizures are more vulnerable due
to biochemical/neurotransmitter reasons. The underlying cause may be structural,
including a brain injury such as a contusion, infection such as encephalitis, lack of
oxygen to one part of the brain as occurs in a stroke, or a tumor. In some cases, there
is a brain malformation that developed before birth. In other cases, the cause is a more
generalized dysfunction of the brain that is not primarily structural, such as a genetic
or metabolic disorder. In a large number of patients, the ultimate cause is not found at
all, despite extensive testing.
Certain brain areas, i.e. temporal and frontal lobes are more susceptible to
produce epileptic seizure activity than the other regions. However, there are also
patients with unresolved etiology of epilepsy (Hauser, 1997). Etiology of epilepsy is
also a factor in determining cognitive function and intellectual changes over time. The
main distinction is between symptomatic epilepsy which has an identified cause such
as stroke or cortical dysplasia and idiopathic epilepsy which has no identified cause
other than genetic factors. Lennox et al., (1942) recognized that cognitive function
was twice as likely to deteriorate in the presence of a known cause of epilepsy even if
the idiopathic group had more frequent seizures. Idiopathic epilepsy is a type of
epilepsy whose causes have not been identified. In such cases, the theory most
commonly accepted is that this epilepsy is the result of an imbalance of certain
chemicals in the brain (especially neurotransmitters) causing them to have a low
convulsive threshold. Children and adolescents are more likely to have epilepsy of
unknown or genetic origin. The older the patient, the more likely it is that the cause is
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an underlying brain disease, such as a brain tumour or cerebrovascular disease, or is
the result of head injury.
Trauma and brain infection can cause epilepsy at any age and as mentioned
previously may account for a higher incidence of epilepsy in developing countries.
For example, a common cause in Latin America is neurocysticercosis cysts on the
brain caused by tapeworm infection, while in Africa, malaria and meningitis are
common causes, and in India neurocysticercosis and tuberculosis often lead to
epilepsy. Febrile illness of any kind can trigger seizures in young children. About 3%
of children who have febrile convulsions go on to develop epilepsy in later life.

Mortality
Mortality data of PWE in developing countries are scarce. A recent effort in
China to address this gap revealed that PWE had 3–4 times higher mortality than the
general population (Ding et al., 2006). Most probably is the epilepsy-associated
mortality also elsewhere considerably elevated.

Classification of Epileptic Seizures
The International Classification of Epileptic Seizures (1981) recognizes two
general categories of seizures based on the origin of the abnormal electrical discharge.
Two broad categories of seizures are recognized, partial and generalized, with each
category having different subtypes.
1) Partial seizures, referred to as focal or local seizures, originate in one
location in the brain and then may or may not spread to other brain areas. Partial
seizures are further subdivided into simple partial and complex partial. In simple
partial seizures consciousness is preserved. In complex partial seizures there is an
alteration in consciousness, the person does not recall having the seizure and may be
very confused and fatigued in the aftermath. A partial seizure may also progress into a
generalized motor seizure.
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2) Generalized seizures, referred to as "grand mal" seizures, begin
simultaneously in all areas of the brain. Consciousness is altered and the person may
or may not show convulsions.
Other commonly used terms include ictal (of seizure itself) and interictal
(between seizures). Convulsion implies ictal behaviour with vigorous motor activities.
Status epilepticus denotes a very prolonged seizure or series of seizures occurring so
frequently that full recovery of brain function does not occur interictally.

Pilocarpine
Pilocarpine is a potent cholinergic agonist originally isolated from the leaflets
of Pilocarpus microphyllus belonging to the Rutaceae family. It is commonly used in
the treatment of acute glaucoma in humans (Hardman et al., 1996). Systemic
administration of pilocarpine has been used as an animal model for temporal lobe
epilepsy and has several features in common with the human complex partial seizures.
The most striking similarity was probably that pilocarpine produced marked changes
in morphology, membrane properties and synaptic responses of hippocampal rat
neurones, comparable to those observed in human epileptic hippocampal neurones
(Isokawa & Mello, 1991). Single systemic high dose (300-400 mg/Kg) of pilocarpine
injection as a novel animal model of TLE was established (Turski et al., 1983). The
systemic administration of this pilocarpine produced electroencephalographic and
behavioural seizures, accompanied by widespread brain damage similar to that
observed in autopsied brains of human epileptics. These electroencephalographic
findings indicate that one of the most sensitive structures to the convulsant effect of
pilocarpine is the hippocampus, while other structures remain unaffected or only
slightly affected at early time points following injection. Studies confirmed that the
hippocampus

is

the

earliest

structure

to

be

activated

according

to

electroencephalogaphic recordings (Turski et al., 1983, 1989). One of the main
features of the pilocarpine model that makes it very relevant for comparison to the
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human epileptic condition is the reproducible occurrence of spontaneous recurrent
seizures (SRS) in rats injected with pilocarpine following a delay or silent period of
about 2 weeks (Turski et al., 1983, 1989; Cavalheiro et al., 1991; Mello et al., 1993).
Spontaneity is one of the prominent signs of human epilepsy, therefore
strengthening the clinical importance of this model (Turski et al., 1983; Loscher &
Schmidt, 1988). Pilocarpine seizures also provide an opportunity to study the
involvement of the cholinergic system in the onset, propagation and pathological
consequences of limbic seizures (Clifford et al., 1987). Behaviourally, pilocarpine
seizures resemble other models of limbic seizures beginning with facial automatisms,
head nodding and progressing to forelimb clonus with rearing and falling (Clifford et
al., 1987). In terms of neuropathology, the cell damage that results from seizures was
identical whether they are initiated with a high-dose pilocarpine injection or a lower
dose of pilocarpine administered with lithium (Clifford et al., 1987). Lithiumpilocarpine is an analogous mode1 to pilocarpine injection alone, except that lithium
in combination with pilocarpine has been reported to produce a 20-fold shift in the
pilocarpine dose response curve for producing seizures (Clifford et al., 1987) thereby
permitting the use of a much lower dose of pilocarpine. In terms of cell damage
reported at the light microscope level, pilocarpine-induced seizures consistently
produce damage in the olfactory nucleus, pyriform cortex, entorhinal cortex,
thalamus, amygdala, hippocampus, lateral septum, bed nucleus of stria terminalis,
claustrum, substantia nigra and neocortex (Clifford et al., 1987; Turski et al., 1989;
Turski et al., 1983). In the hippocampus, the CA3 and CA1 regions are involved and
damage has been noted to be greater in ventral as opposed to dorsal hippocampal
regions. Interestingly, the highest cholinergic receptor densities are in CA1 and the
dentate gyrus, while the region most consistently and severely damaged is CA3
(Clifford et al., 1987). This clearly indicates that the spread of seizure activity beyond
the initial focus must entail activation of non-cholinergic pathways. Electron
microscopic studies indicate the cellular changes include swelling of dendrites,
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swelling or vacuolar condensation of neuronal cell bodies and marked dilatation of
astroglial elements with relative sparing of axonal components (Clifford et al., 1987).
The neuropathology reported with the pilocarpine mode1 is consistent with prolonged
seizures produced by other means (Ben-Ari, 1985; Kapur et al., 1989; Hajnal et al.,
1997). These findings support that pilocarpine SE model is useful in studying the
molecular mechanisms of neuropathology and screening neuroprotectants following
cholinergic agonist exposure (Tetz et al., 2006).

Role of Neurotransmitters in Epilepsy
Epinephrine and Norepinephrine
The modifications of the seizure activity by the noradrenergic system were
reported early (Chen et al., 1954). Four major observations have supported an
anticonvulsant role for norepinephrine (NE): (1) selective lesioning of noradrenergic
neurons with 6-hydroxydopamine or DSP-4 increases seizure susceptibility to a
variety of convulsant stimuli (Arnold et al., 1973; Jerlicz et al., 1978; Mason &
Corcoran, 1979; Snead, 1987; Trottier et al., 1988; Sullivan & Osorio, 1991; Mishra
et al., 1994) (2) direct stimulation of the locus coeruleus (LC), the major
concentration of noradrenergic cell bodies in the CNS and the subsequent release of
NE reduce CNS sensitivity to convulsant stimuli (Turski et al., 1989) (3) genetically
epilepsy-prone rats (GEPRs), a widely used animal model of epilepsy, have deficient
presynaptic NE content, NE turnover, tyrosine hydroxylase levels, dopamine βhydroxylase (DBH) levels and NE uptake (Jobe et al., 1984; Dailey & Jobe, 1986;;
Lauterborn & Ribak, 1989) (4) adrenergic agonists acting at the α2 adrenoreceptor (α2AR) have anticonvulsant action (Baran et al., 1985; Loscher & Czuczwar, 1987;
Fletcher & Forster, 1988; Jackson et al., 1991). α2-AR is known to have a regulatory
role in the sympathetic function (Das et al., 2006). The lesioning studies i.e., chemical
destruction of noradrenergic terminals, reduce the amount of NE release; this
manipulation also reduces the release of other transmitters released with NE. The
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neuropeptides galanin and neuropeptide Y (NPY) and the neurotransmitter adenosine
i.e., ATP, are released at noradrenergic terminals and have been shown to exert
anticonvulsant effects against several convulsant stimuli (Murray et al., 1985;
Mazarati et al., 1992, 1998; Dichter, 1994; Erickson et al., 1996; Baraban et al.,
1997).

Dopamine
The mammalian prefrontal cortex (PFC) receives a substantial dopaminergic
innervation from the midbrain ventral tegmental area (VTA) (Bjorklund & Lindvall
1984). Dopamine is an endogenous neuromodulator in the cerebral cortex and is
believed to be important for normal brain processes (Bjorklund & Lindvall, 1984;
Williams & Goldman-Rakic, 1995). There is strong evidence that alterations in
dopamine function play a role in pathogenesis of a number of neuropsychiatric
diseases including epilepsy (Starr, 1996). In vivo studies have shown that dopamine
increase and decrease spontaneous firing of neocortical neurons (Bunney &
Aghajanian, 1976; Reader et al., 1979; Ferron et al., 1984; Bradshaw et al., 1985;
Sesack & Bunney, 1989; Bassant et al., 1990; Yang & Mogenson, 1990; Thierry et
al., 1992; Pirot et al., 1992). Dopamine favour long-lasting transitions of PFC neurons
to a more excitable up state (Lewis & O’Donnell, 2000). In vitro electrophysiological
experiments suggest that dopamine has multiple effects on PFC neurons. Both
increases (Penit-Soria et al., 1987; Yang & Seamans, 1996; Ceci et al., 1999; Wang &
O’Donnell, 2001; Gorelova & Yang, 2000; Henze et al., 2002; Gonzalez-Burgos et
al., 2002; Tseng & O’Donnell, 2004) and decreases (Geijo-Barrientos & Pastore,
1995) in postsynaptic excitability of pyramidal neurons have been reported following
DA D1 receptor activation. In addition, changes in excitability mediated by DA D2
receptors have been reported (Gulledge & Jaffe, 2001; Tseng & O’Donnell, 2004).
The effects of dopamine on synaptic responses are also complex and species-specific.
AMPA receptor mediated excitatory postsynaptic currents (EPSCs) in layer V
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pyramidal cells are depressed by a DA D1 receptor–mediated effect of dopamine
(Law- Tho et al., 1994; Seamans et al., 2001) whereas N-methyl-D-aspartate
(NMDA) responses have been reported to be both enhanced (Seamans et al., 2001)
and depressed (Law-Tho et al., 1994). EPSCs in layers II/III are enhanced by
dopamine in rats (Gonzalez-Islas & Hablitz, 2003) but decreased in primates (Urban
et al., 2002). The cerebral cortex contains interconnected local and distant networks of
excitatory and inhibitory neurons. Stability of activity in such networks depends on
the balance between recurrent excitation and inhibition (Durstewitz et al., 2000 ; Shu
et al., 2003).
A shift of the balance toward excitation leads to the generation of epileptiform
activity. The presence of massive recurrent excitatory connections that depend on
inhibition for regulation has been implicated in the susceptibility of the neocortex and
the hippocampus to develop epileptiform activity and seizures (McCormick &
Conteras, 2001). Modulatory influences strongly influence activity in thalamocortical
(McCormick et al., 1993; McCormick & Pape, 1990) and neocortical circuits
(McCormick et al., 1993). Dopamine is known to modulate epileptiform discharges
both in vivo (Alam & Starr, 1993, 1994; George & Kulkarni, 1997) and in vitro (Alam
& Starr 1993, 1994; Cepeda et al., 1999; Siniscalchi et al., 1997; Suppes et al., 1985).
In vivo studies in different models of epilepsy have suggested that dopamine may have
a pro-convulsant effect mediated by DA D1 receptors and an anti-convulsant effect via
DA D2 receptors (Starr, 1996). Dopamine-mediated recruitment of neurons in local
excitatory circuits and synchronization of activity in these neurons underlie these
effects of dopamine in neocortex. Local excitatory neocortical networks are
complexes of interconnected pyramidal neurons. Several anti-epileptic drugs increase
extracellular levels of dopamine DA and/or serotonin (5-HT) in brain areas involved
in epileptogenesis (Smolders et al., 1997). Behavioural and electrocorticographic
studies in rats have shown that DA controls hippocampal excitability via opposing
actions at DA D1 and DA D2 receptors (Bo et al., 1995). Seizure enhancement is
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presumed to be a specific feature of D1 receptor stimulation, whereas DA D2 receptor
stimulation is anticonvulsant (Alam & Starr, 1992, 1993). Decreased DA D2 receptor
binding in the brainstem were reported in other neurological diseases like diabetes
(Shankar et al., 2007).

GABA
γ-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the
CNS. It exerts an inhibitory action in all forebrain structures and plays a role in the
physiopathogenesis of certain neurological conditions, including epilepsy. Impairment
of GABA functions produces seizures, whereas enhancement results in an
anticonvulsant effect. In tissue resected from patients with temporal lobe epilepsy, the
number of GABA receptors are reduced in areas of hippocampus showing neuronal
cell loss (McDonald et al, 1991; Johnson et al, 1992). Reduced benzodiazepine (BZD)
binding to GABA, receptors in mesial temporal lobe of such patients can be detected
in vivo by noninvasive positron emission tomography imaging (Savic et al., 1988).
These changes are likely secondary to cell loss and not specific for GABA-receptive
cells. Recent studies have shown some changes in GABAA receptors that occur in the
neocortex of patients undergoing epilepsy surgery. These patients had TLE with
severe damage and sprouting in limbic structures.
Increased levels of steroid modulation of GABA, receptor ligand binding in
neocortex were detected in patients with TLE. Increase in binding of diazepaminsensitive sites for the BZD ligand [3H]Ro15-45 13 associated with the a4 GABA
receptor subunit was also observed (Van Ness et al, 1995). Therefore, changes in the
properties, rather than the number of GABA receptors possibly related to plastic
changes in subunit combinations result in an altered regulation of inhibitory function.
Human focal epilepsy occurs commonly in the mesial temporal lobe often associated
with Ammon’s horn sclerosis. This is accompanied by severe gliosis and a sprouting
in the molecular layer of the dentate gym (Babb et al., 1989) as well as a dispersion of
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the granule cell layer (Houser et al., 1990). This loss of neurons in the hippocampal
formation is evident in CA3 and hilus, especially hilar mossy cells as evidenced by
several neuronal markers including glutamic acid decarboxylase (GAD) and GABA
receptors. One can mimic these changes in animals by producing lesions or using
massive stimulation of hippocampal input (Sloviter et al., 1991), kindling paradigms
(Cavazos et al, 1991), or systemic kainite (Cronin et al., 1992) or pilocarpine
(Cavalheiro et al., 1991). Like the human condition, these models involve end-folium
sclerosis, including hilar interneuron loss and dentate granule cell hyperexcitability.
The granule cells normally are inhibited laterally by hilar intemeurons, which are
excited by mossy cells that innervate them longitudinally. Loss of these mossy cells
has been proposed to make the surviving GABAergic basket cells “dormant,” thus
disinhibiting long stretches of granule cells (Sloviter et al., 1991). In the pilocarpine
model, there is loss of hilar cells, including GABAergic interneurons accompanied by
decreased levels of mRNA and immunoreactivity of the GABAA receptor a5 subunit
in CA1/2 (Houser et al., 1995). Loss of a5 and a2 mRNA was also observed by
another group of investigators (Rice et al., 1996) who demonstrated decreased GABA,
synaptic activity in CA1. Therefore, in several of these animal models, there is
evidence of reduced GABA-mediated inhibition.

Acetylcholine
The cholinergic system plays a crucial role in modulating cortical and in
particular hippocampal functions including processes such as learning and memory
(Ashe & Weimberger, 1991; Dunnett & Fibiger, 1993; Huerta & Lisman, 1993; Shen
et al. 1994; Winkler et al., 1995). Cholinergic actions are involved in the
physiopathogenesis of epileptic discharges as suggested by the ability of some
cholinergic agents to induce limbic seizures and histopathological changes resembling
those seen in patients with temporal lobe epilepsy (Dickson & Alonso 1997; Liu et al.
1994; Nagao et al., 1996; Turski et al., 1989). Cholinergic stimulation of cortical
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neurons, including those located within the hippocampal formation, results in
excitatory effects that are mediated mainly through the activation of muscarinic
receptors (Krnjevic´ et al, 1993; McCormick et al, 1993).
Cholinergic innervation is present in the subiculum, which is a major synaptic
relay station between the hippocampus proper and several limbic structures that are
involved in cognitive processes (Amaral & Witter, 1989; Lopes da Silva et al., 1990).
Subicular neurons are also involved in the spread of seizure activity within the limbic
system (Lothman et al., 1991). To date little is known about the effects of cholinergic
agents in the subiculum. The EC is known to be a “gateway” for the bi-directional
passage of information in the neocortical hippocampalneocortical circuit (Van
Hoesen, 1982; Witter et al., 1989; Lopes da Silva et al., 1990) via a cascade of
cortico-cortical projections, the superficial layers of the EC (II and III) receive an
extensive input from polymodal sensory cortices (Jones & Powell, 1970; Van Hoesen
& Pandya, 1975; Amaral et al., 1983; Deacon et al., 1983; Room & Groenewegen,
1986; Insausti et al., 1987; Reep et al., 1987) that is then conveyed to the hippocampal
formation via the perforant path (Steward & Scoville,1976). In turn, the hippocampal
formation projects back on the deep layers of the Entorhinal Cortex (EC) which
provide output paths that reciprocate the input channels (Swanson & Cowan, 1977;
Swanson & Kohler, 1986; Insausti et al., 1997). In addition, the deep layers of the EC
also project massively on the EC superficial layers (Kohler, 1986) thereby closing an
EC–hippocampal loop. Thus, by virtue of its extensive projection systems, the EC
network acts powerfully in the generalization of temporal lobe seizures. The EC is
also known to receive a profuse cholinergic input from the basal forebrain that
terminates primarily in layers II and V (Lewis & Shute, 1967; Mellgren & Srebro,
1973; Milner et al., 1983; Alonso & Kohler, 1984; Lysakowski et al., 1989; Gaykema
et al., 1990), recisely those layers that gate the main hippocampal input and output. It
is well known that the cholinergic system promotes cortical activation and the
expression of normal population oscillatory dynamics. In the EC, in vivo
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electrophysiological studies have shown that the cholinergic theta rhythm is generated
primarily by cells in layer II (Mitchell & Ranck, 1980; Alonso & Garcı´a-Austt,
1987a, b; Dickson et al., 1995). In addition, in vitro studies have also shown that
muscarinic receptor activation promotes the development of intrinsic oscillations in
EC layer II neurons (Klink & Alonso, 1997). On the other hand, some evidence
indicates that altered activity of the cholinergic system is relevant to epileptogenesis.

Serotonin synthesis and metabolism
Serotonin was initially discovered as a vasoconstrictor substance in blood and
later in blood vessel walls, platelets and in enterochromafine cells of the
gastrointestinal system, the lungs and the heart (Rapport et al., 1948). Outside the
CNS, 5-HT acts on autonomic smooth muscle cells, e.g. in blood vessels and the
digestive tract (Zifa & Fillion, 1992). More than 50 years ago the chemical structure
of 5-HT was identified and it was synthesised (Twarog & Page, 1953). Later, the
function of 5-HT as a neurotransmitter in the CNS was proposed (Bogdanski et al.,
1956) and 5-HT has been studied intensively since its identification in the pituitary
gland (Hyyppa & Wurtman, 1973). In the CNS, serotonin is a two step pathway from
the essential amino-acid tryptophan. Serotonin is synthesised in the perikarya of the
neuron where tryptophan is hydroxylated to the 5-HT precursor 5-hydroxytryptophan
(5-HTP) which is then decarboxylated to 5-HT (Hamon et al., 1982). To avoid
immediate enzymatic oxidation to 5-hydroxy-indol acetic acid (5-HIAA) by
monoamine oxidase (MAO), 5-HT is contained in neuronal vesicles until it is released
into the synaptic cleft. Serotonin then activates either postsynaptic or presynaptic
receptors or is reuptaken via the 5-HT transporters molecule into the neuron (Hamon
et al., 1982). The principle route of metabolism of 5-HT involves monoamine oxidase
forming 5-Hydroxyindole acetic acid by a two step process. In addition to metabolism
by MAO, a Na+ dependent carrier mediated uptake process exists and is involved in
terminating the action of 5-HT. The 5-HT transporters are localized in the outer
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membrane of serotonergic axon terminals and in the outer membrane of platelets. This
uptake system is the only way that platelets acquire 5-HT since they do not have the
enzymes required for synthesis of 5-HT. The degradation processes are very fast due
to a large surplus of monoamine oxidase. Therefore, concentrations of 5-HT in
cerebral extra cellular space and in peripheral plasma are low, and do not reflect
serotonergic activity.

Anatomy of Serotonin System
The serotonin (5- Hydroxytryptamine; 5-HT) systems are widespread
throughout the brain, with most of the cell bodies of serotonergic neurons located in
the raphe nuclei of the midline brainstem (Palacios et al., 1990). The largest
collections of 5-HT neurons are in the dorsal and median raphe nuclei of the caudal
midbrain (Jacobs & Azmitia 1992). The neurons of these nuclei project widely over
the thalamus, hypothalamus, basal ganglia, basal forebrain, and the entire neocortex.
Interestingly, these 5-HT neurons also provide a dense subependymal plexus
throughout the lateral and third ventricles. Activation of this innervations result in 5HT release into the cerebrospinal fluid (CSF), and measurement of 5-HT content in
CSF in disease states will largely reflect this pool (Chan-Palay, 1976). This is another
interesting aspect of the 5-HT neuron innervation of forebrain. Descarries et al.,
(1975) has shown that the terminals of 5-HT neurons in forebrain, unlike terminals
from other systems, only infrequently form synaptic complexes. Thus, when 5-HT
neurons innervating forebrain are activated, 5-HT will be released into the
extracellular fluid and its action will depend on the location of nearby 5-HT receptors.
The organization of the ascending 5-HT neuron projections, the nature of their
interaction with postsynaptic elements and the widespread distribution of 5-HT
terminals in cortical and limbic areas indicate that these projections are most likely to
be involved in the regulation of behavioural state and the modulation of more specific
behaviours. The second 5-HT neuron system is comprised of 5-HT neurons in the

19

pontine and medullary raphe with projections principally to brainstem, cerebellum and
spinal cord. This system appears primarily to be involved in modulation of sensory
input and motor control (Meltzer et al., 1998). During brain development, 5-HT
provides essential neurotrophic signal. 5-HT is known to play an important role in
several physiological functions (Jackson & Paulose, 1999). Evidence from animal and
human studies suggests that 5-HT is linked to many functions, such as mood,
aggression, feeding, and sleep. Dysregulation of 5-HT function is believed to be
involved in depression, impulsivity and suicide (Meltzer, 1998). Additionally,
modulation of cholinergic neuronal activity by 5-HT plays a role in higher cognitive
processes such as memory and learning (Altman et al., 1990; Richter-Levin & Segal,
1990). Accordingly, alterations in serotonergic function accounts for behavioural
disturbances commonly observed during epilepsy. There is conflicting evidence from
animal studies, post mortem work and limited clinical trails as to the direction,
magnitudes and significance of these findings.

Serotonin Receptors
The diverse effects of this neurotransmitter are related to the extensive
projections of serotonergic neurons throughout the brain and the large number of
distinct serotonin receptor subtypes. At least 14 distinct serotonin receptor subtypes
are expressed in the mammalian CNS, each of which is assigned to one of seven
families, 5-HT1 to 5-HT7. Serotonin receptors have been classified into families
designated 5-HT1-7 on the basis of their molecular biological characteristics (Hoyer &
Martin, 1997; Peroutka, 1994; Saudou & Hen, 1994). The 5-HT1B/D receptors are
found largely presynaptically, the 5-HT1A receptor exists in both a presynaptic and
postsynaptic form and the remaining receptor subtypes are expressed predominately
postsynaptically with their distribution and density regulated with respect to
individual brain area and functional state. Another protein important in serotonergic
neurotransmission is the 5-HT transporter. This protein is localized on the membrane
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of 5-HT nerve terminals and is responsible for reuptake of released 5-HT into the
terminals. The distribution of the 5-HT transporter conforms closely to the distribution
of 5-HT nerve terminals (Dawson & Wamseley, 1983; Fuxe et al., 1983) and thus
serves as a marker for the integrity of serotonergic projections. The 5-HT1A and 5HT2A receptors and the 5-HT reuptake site are the most frequently targeted sites of
action

for

antidepressant

medications

and

have

been

well-characterized

physiologically. Thus, these sites have also been the focus of radiochemistry
development. The 5-HT2 sub-family of serotonin receptors is composed of three
subtypes, the 5-HT2A, 5-HT2B and 5-HT2C receptors. All three receptors are G-protein
coupled to the activation of the phospholipase C functionally linked to phosphatidyl
inositol (PI) hydrolysis and subsequent mobilization of intracellular calcium (Barnes
& Sharp, 1999).

Classification of Serotonin receptors
The various effects of 5-HT on the central nervous system and peripheral
organs are mediated through activation of multiple types of receptors (Hoyer &
Martin, 1997). 5-HT receptors can be classified into seven classes from 5-HT1 to 5HT7, based upon their pharmacological profiles, cDNA-deduced primary sequences
and signal transduction mechanisms of receptors (Bradley et al., 1986; Zifa & Fillion,
1992). All 5-HT receptors belong to the superfamily of G-protein coupled receptors
containing a seven transmembrane domain structure except 5-HT3 receptor, which
forms a ligand-gated ion channel.

5-HT1 Receptor
At least five 5-HT1 receptor subtypes have been recognised, 5-HT1A, 5-HT1B,
5-HT1D, 5-HT1E and 5-HT1F.

All are seven transmembrane, G-protein coupled

receptors via Gi or Go, encoded by intronless genes, between 365 and 422 amino
acids with an overall sequence homology of 40%. 5-HT1A receptor subtype which is
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located on human chromosome 5cenq11 is widely distributed in the CNS, particularly
hippocampus (Hoyer et al., 1994).

The 5-HT1B receptor is located on human

chromosome 6q13 and is concentrated in the basal ganglia, striatum and frontal
cortex. The receptor is negatively coupled to adenylyl cyclase. The 5-HT1D receptor
has 63% overall structural homology to 5-HT1B receptor and 77% amino acid
sequence homology in the seven transmebrane domains. The receptor is located on
human gene 1p36.3-p34.3 and is negatively linked to adenylyl cyclase.

5HT1D

receptor mRNA is found in the rat brain, predominantly in the caudate putamen,
nucleus accumbens, hippocampus, cortex, dorsal raphe and locus ceoruleus (Hoyer et
al., 1994). The 5-HT1E receptor was first characterised in man as a [3H] 5-HT binding
site in the presence of 5-carboxyamidotryptamine (5-CT) to block binding to the 5HT1A and 5-HT1D receptors. Human brain binding studies have reported that 5-HT1E
receptors are concentrated in the caudate putamen with lower levels in the amygdala,
frontal cortex and globus pallidus. This is consistent with the observed distribution of
5-HT1C mRNA (Hoyer et al., 1994).

The receptor has been mapped to human

chromosome 6q14-q15, is negatively linked to adenylyl cyclase and consists of a 365
amino acid protein with seven transmembrane domains. 5-HT1F receptor subtype is
most closely related to the 5-HT1E receptor with 70% sequence homology across the 7
transmembrane domains. mRNA coding for the receptor is concentrated in the dorsal
raphe, hippocampus and cortex of the rat and also in the striatum, thalamus and
hypothalamus of the mouse (Hoyer et al., 1994). The receptor is negatively linked to
adenylyl cyclase.

5-HT2 Receptor
The 5-HT2 receptor family consists of three subtypes namely 5-HT2A, 5-HT2B
and 5-HT2C. 5-HT2C was previously termed as 5-HT1C before its structural similarity
to the 5-HT2 family members was recognized. All three are single protein molecules
of 458 - 471 amino acids with an overall homology of approximately 50% rising to
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between 70-80% in the seven transmembrane domains. All three are thought to be
linked to the phosphoinositol hydrolysis signal transduction system via the α subunit
of Gq protein.

In human pulmonary artery endothelial cells, 5-HT2C receptor

stimulation causes intracellular calcium release via a mechanism independent of
phosphatidylinositol hydrolysis (Hagan et al., 1995). 5-HT2A receptor previously
termed as 5HT2 receptor is located on human chromosome 13q14-q21 and is widely
distributed in peripheral tissues. It mediates contractile responses of vascular, urinary,
gastrointestinal and uterine smooth muscle preparations, platelet aggregation and
increased capillary permeability in both rodent and human tissue (Hoyer et al., 1994).
The 5-HT2B receptor located on chromosome 2q36-2q37.1 mediates contraction of the
rat stomach fundus and endothelium dependent relaxation of the rat and cat jugular
veins and possibly of the pig pulmonary artery, via nitric oxide release (Choi &
Maroteaux, 1996). 5-HT2B receptor mRNA has been detected throughout the mouse,
rat and guinea pig colon and small intestine. 5-HT2C specific antibodies have recently
used to show the presence of the receptor protein in the choroid plexus (highest
density) and at a lower level in the cerebral cortex, hippocampus, striatum, and
substantia nigra of rat and a similar distribution in man. The receptor has been
mapped to human chromosome Xq24. No splice variants have been reported but the
receptor is capable of post translational modification whereby adenosine residues can
be represented as guanosine in the second loop to yield 4 variants.

5-HT3 Receptor
The 5-HT3 receptor binding site is widely distributed both centrally and
peripherally and has been detected in a number of neuronally derived cells. The
highest densities are found in the area postrema, nucleus tractus solitarius, substantia
gelatinosa and nuclei of the lower brainstem. It is also found in higher brain areas
such as the cortex, hippocampus, amygdala and medial habenula but at lower
densities. Unlike other 5-HT receptors, 5-HT3 receptor subunits form a pentameric
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cation channel that is selectively permeable to Na+, K+ and Ca++ ions causing
depolarisation. The 5-HT3 receptor is a member of a superfamily of ligand-gated ion
channels, which includes the muscle and neuronal nicotinic acetylcholine receptor
(AChR), the glycine receptor, and the γ aminobutyric acid type A receptor (Karlin &
Akabas, 1995; Ortells & Lunt, 1995).

Like the other members of this gene

superfamily, the 5HT3 receptor exhibits a large degree of sequence similarity and thus
presumably structural homology with the AchR (Maricq et al., 1991).

5-HT4 Receptor
Receptor binding studies have established that the 5-HT4 receptor is highly
concentrated in areas of the rat brain associated with dopamine function such as the
striatum, basal ganglia and nucleus accumbens. These receptors are also located on
GABAergic or cholinergic interneurons and/or on GABAergic projections to the
substantia nigra (Patel et al., 1995). The receptor is functionally coupled to the G
protein.

5-HT5 Receptor
Two 5-HT receptors identified from rat cDNA and cloned were found to have
88% overall sequence homology, yet were not closely related to any other 5-HT
receptor family (Erlander et al., 1993). These receptors have thus been classified as 5HT5A and 5-HT5B and their mRNAs have been located in man (Grailhe et al., 1994).
In cells expressing the cloned rat 5-HT5A site, the receptor was negatively linked to
adenylyl cyclase and acts as terminal autoreceptors in the mouse frontal cortex
(Wisden et al., 1993).

5-HT6 Receptor
Like the 5-HT5 receptor, the 5-HT6 receptor has been cloned from rat cDNA
based on its homology to previously cloned G protein coupled receptors. The rat
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receptor consists of 438 amino acids with seven transmembrane domains and is
positively coupled to adenylyl cyclase via the Gs G protein. The human gene has
been cloned and has 89% sequence homology with its rat equivalent and is coupled to
adenylyl cyclase (Kohen et al., 1996). Rat and human 5-HT6 mRNA is located in the
striatum, amygdala, nucleus accumbens, hippocampus, cortex and olfactory tubercle,
but has not been found in peripheral organs studied (Kohen et al., 1996).

5-HT7 Receptor
5-HT7 receptor has been cloned from rat, mouse, guinea pig and human
cDNA and is located on human chromosome 10q23.3-q24.4. Despite a high degree of
interspecies homology (95%) the receptor has low homology (<40%) with other 5-HT
receptor subtypes. The human receptor has a sequence of 445 amino acids and
appears to form a receptor with seven transmembrane domains.

5-HT2C Receptor Structure
The 5-HT2C receptor was identified as a tritiated-5-HT binding site in the
choroid plexus, tissue involved in production of CSF of various species that could also
be labeled by tritiated-mesulergine and tritiated-lysergic acid diethylamide (LSD).
Originally this site was seen as a new member of the 5-HT1 receptor family and
termed 5-HT1C, because of its high affinity for [3H]5-HT (Pazos et al., 1999).
However, once the receptor was cloned and more information about its characteristics
became available, a shift to the 5-HT2 receptor family and reclassification as 5-HT2C
receptors became accepted (Humphrey et al., 1993). The partial cloning of the mouse
5-HT2C receptor (Lubbert et al., 1987) was shortly followed by the sequencing of the
full length clone in the rat (Julius et al., 1989), mouse (Yu et al., 1991) and human
(Saltzman et al., 1991). Additionally, a splice variant of the 5-HT2C receptor has been
observed in brain tissues of the rat, mouse and human (Canton et al., 1996). The
functional significance of this variant is however, unclear as the protein product is
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truncated and lacks a 5-HT binding site. More recently, it has been reported that 5HT2C mRNA undergoes post-transcriptional editing to yield multiple 5-HT2C receptor
isoforms with different distributions in brain. In functional terms, this is potentially of
great significance as the amino acid sequences predicted from the mRNA transcripts
indicate that the isoforms if expressed endogenously in significant amounts in brain
tissue have different regulatory and pharmacological properties (Burns et al., 1997).
The gene for the 5-HT2C receptor is located on the human X chromosome at position q
24 (Xq24). The 5-HT2C receptor gene has three introns rather than two as in the case
of the 5-HT2A and 5-HT2B produce a protein product with eight rather than seven
transmembrane regions, which, if proven, would be unusual for a G-protein coupled
receptor (Yu et al., 1991). There is high sequence homology, >80% in the
transmembrane regions, between the mouse, rat and human 5-HT2C receptors. The
mouse and rat 5-HT2C receptors possess six potential N-glycosylation sites, four of
which are conserved in the human sequence. The rat 5-HT2C receptor has eight
serine/threonine residues representing possible phosphorylation sites, all of which are
conserved in the human sequence (Barnes & Sharp, 1999).

Functional Effects Mediated via the 5-HT2C Receptor Signal Transduction
Agonist binding to the 5-HT2C receptor activates phospholipase C via
activation of a G protein (Gq11). Phospholipase C catalyzes the hydrolysis of
phosphatidylinositol-4,

5-bisphosphate

to

inositol

1,4,5-triphosphate

and

diacylglycerol. Inositol 1,4,5-triphosphate, acting as a second messenger, diffuses
through the cell cytoplasm and stimulates the release of calcium sequestered in the
endoplasmic reticulum which in turn activates numerous cellular processes through
the intermediacy of calmodulin and its homologs. The diacylglycerol remains
associated with the plasma membrane where it activates protein kinase C to
phosphorylate and thereby modulate the activities of a number of cellular proteins. It
has been suggested that 5-HT2C receptors in choroid plexus may regulate CSF
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formation as a result of their ability mediate cyclic guanosine monophosphate (cGMP)
formation (Schlunzen et al., 1988; Boess & Martin, 1994; Conn et al., 1987; Kaufman
et al., 1995).
Genetic and molecular events regulate the creation of variants of 5-HT2A and
5-HT2C receptors whose diversity has important functional significance. Overall
sequence identity between the 5-HT2A and 5-HT2C receptors is quite high and it is not
surprising that the mechanisms of regulation for these two receptors are similar. There
is, however, one striking difference between these two receptors, which involves RNA
editing a mechanism for generating molecular diversity by altering the genetic code at
the level of RNA. The 5-HT2C receptor is the only known G protein-coupled receptor
whose mRNA undergoes post-transcriptional editing to yield different receptor
isoforms (Sander-Bush et al., 2003). The different 5-HT2C receptor isoforms generated
from RNA editing have demonstrated altered dynamics of agonist-induced calcium
release. These distinctions in agonist-induced calcium release imply that edited 5HT2C receptors may produce distinct physiological responses within the CNS (Price &
Sanders-Bush, 2000). It has been shown that editing sites are located on the second
intracellular loop, which contains a consensus sequence for G-protein interaction
(Niswender et al., 1999). It is therefore clear that changes in amino acid sequence
affect the coupling ability between the receptor and its protein. In this regard, it was
recently reported that depletion of serotonin increases expression of 5-HT2C mRNA
isoforms encoding receptors with higher sensitivity to serotonin. These results indicate
that mRNA editing serves as a mechanism whereby 5-HT2C receptor activity is
stabilized in the face of changing synaptic serotonergic input (Gurevich et al., 2002).

Serotonin and Serotonin Receptors in Epilepsy
The general recognition that serotonin plays a role in epileptic mechanisms is
based on several lines of evidence from studies in both animal models of epilepsy and
humans. In the genetically epilepsy-prone rat (GEPR) model of generalized epilepsy,
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a decrease is found in brain concentration of serotonin (Dailey et al., 1989) as well as
decreased Vmax for [3H] serotonin uptake by synaptosomes and tryptophan
hydroxylase activity (Statnick et al., 1996). Pharmacologic treatments that facilitate
serotonergic neurotransmission inhibit seizures in many animal models of epilepsy,
including

the

GEPR

rat,

maximal

electroshock

model,

pentylenetetrazol

administration, kindling, and bicuculline microinjections in the anterior piriform
cortex (area tempestas) (Statnick et al., 1996). Conversely, reduction of brain
serotonin concentrations leads to an increase in seizure susceptibility in animal models
of epilepsy (Wenger et al., 1973, Lazarova et al., 1983) as well as in humans. In
human brain tissue surgically removed for seizure control, the level of 5-HIAA, which
is a breakdown product of serotonin, was found to be higher in actively spiking
temporal cortex as compared with normal tissue (Pintor et al., 1990). Finally,
increased serotonin immunoreactivity has been reported in human epileptic brain
tissue resected for the control of epilepsy (Trottier et al., 1996). Serotonergic
neurotransmission exerts a considerable influence on hippocampal function. It is
influenced powerfully by serotonergic projections from midbrain raphe nuclei (Moore
& Halaris, 1975; Lidov et al., 1980), which modulate hippocampal electrical activity,
hippocampal-dependent behaviours, and long-term potentiation (LTP), a form of
hippocampal plasticity that has been implicated in memory formation (Winson, 1980;
Bliss et al., 1983). Studies of the serotonergic modulation of hippocampal function
have been complicated by the marked heterogeneity of 5-HT receptor subtypes, with
at least 14 distinct subtypes expressed in the central nervous system. Determining the
contributions of individual 5-HT receptor subtypes to the serotonergic regulation of
hippocampal function is hindered by a paucity of subtype-selective drugs (8-12).
Studies indicate 5-HT consistently hyperpolarized theophylline-treated hippocampal
CA3 neurons and abolished theophylline-induced epileptiform activity. Efforts to
determine the mechanisms through which serotonin (5-HT) systems regulate CNS
excitability have been complicated by the marked diversity of 5-HT receptor subtypes
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and the paucity of available selective agonists and antagonists. At least 14 distinct 5HT receptor subtypes have been identified in the CNS and there are few selective
pharmacological agents available to determine the functional roles of individual
receptor subtypes.
Central 5-HT1A receptors function both as somatodendric presynaptic
autoreceptors in the raphe nuclei as postsynaptic receptors in terminal field areas such
as the hippocampus and many have different functional and regulatory characteristics,
depending on the structures innervated (Barnes et al., 1999). In the raphe nuclei
activation of 5-HT1A autoreceptors produces inhibition of serotonergic neurons and
decreases 5-HT release and neurotransmission. In contrast, postsynaptic 5-HT1A
receptor activation in the hippocampus increases 5-HT neurotransmission (Clarke et
al., 1996). The 5-HT1A somatodendric autoreceptors and postsynaptic receptors differ
in their adaptive response to prolonged stimulation during long term treatment with
selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine, which has
antiseizure effects in several models (Hernandez et al., 2002). The fluoxetine effect is
not dependent on GABA receptors are mediated by multiple receptor subtypes and
shows regional variation (Pasini et al., 1996). Rats treated over the long term with
fluoxetine showed desensitation of 5-HT1A somatodendric autoreceptors in the dorsal
raphe nucleus but not of postsynaptic 5-HT1A receptors in the hippocampus (Le Poul
et al., 2000). 5-HT1A receptor activation elicits a membrane hyper polarization
response related to increase potassium conductance (Beck et al., 1991) and has an
anticonvulsant effect in various experimental in vivo as well as in vitro seizure
models. Including hippocampal kindled seizures in cats, intrahippocampal kainic acid
induced seizures in freely moving rats and picrotoxin-bicuculline and kainic acid
induced seizures in rat hippocampal slice preparations (Wada et al., 1992). The
anticonvulsant effects of 5-HT1A receptor activation differ from region to region and
from model to model. 5-HT is reported to inhibit low Mg2+-induced epileptiform
activity, by reduction of NMDA receptor-mediated excitatory postsynaptic potentials
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in the subiculum and entorhinal cortex but not on areas CA3 and CA1 of hippocampus
(Behr et al., 1996). The genetically epilepsy prone rat model (GEPR) illustrates 5-HT
effects on seizure susceptibility. GEPRs have decreased 5-HT1A receptor density in
the hippocampus compared to non epileptic control rats (Statnick et al., 1996). In
addition the SSRI sertraline produces a dose dependent reduction in the intensity of
audiogenic seizures in GEPRs, correlating with increased extracellular thalamic 5-HT
concentrations (Yan et al., 1995). However the model is complex and other
neurotransmitters play a role, as 5-HT receptor activation increases release of
catecholamines (Yan et al., 1998). 5-HT1B receptor was reported to inhibit rat ventral
tegmental GABA release and 5-HT1B/1D activation increases nucleus accumbens
dopamine release (Yan et al., 2001). Other receptor subtypes have received less
attention. One study suggested an excitatory role of 5-HT3 receptors in a rat kindling
model (Wada et al., 1997). Several knock out mouse models suggest a relation
between 5-HT, hippocampal dysfunction and epilepsy. 5-HT1A knockout mice display
lower seizure thresholds and higher lethality in response to kainic acid administration.
Furthermore, 5-HT1A knockout mouse demonstrate impaired hippocampal dependent
learning and enhanced anxiety related behaviours. Interactions between serotonergic
and other neurotransmitters contribute to the behavioural phenotype (Sarnyai et al.,
2000). 5-HT2C receptor knockout mice showed a combination of obesity and sound
induced seizures. Other receptor types are not altered in this model suggesting that the
clinical effects are receptor subtype specific (Heiser et al., 1998). In contrast
activation of 5-HT2C receptors potentiates cocaine induced seizures (O’Dell et al.,
2000). The up-regulation of 5-HT2C receptors was reported in the brain stem which
induces sympathetic stimulation was reported (Pyroja et al., 2007).

5-HT2C Receptors and Epilepsy
The distribution of 5-HT2C receptors and the action of non-selective drugs
have prompted speculations that these receptors participate in the processing and
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integration of sensory information, regulation of central monoaminergic system and
modulation of neuroendocrine regulation, feeding behaviour anxiety and cerebrospinal
fluid production. Mice devoid of 5-HT2C receptors showed epileptic phenotype
(Tecott et al., 1995) associated with sporadic spontaneous seizures that occasionally
result in death.

Thus 5-HT2C receptors are involved in the neuronal network

excitability which alters the threshold of seizure activity. Mice lacking these receptors
exhibit increased focal excitability and facilitated propagation of seizure activity
within the forebrain seizure system. These mice also exhibit lower thresholds for the
expression of generalized seizures of either the tonic or clonic type. Importantly, the
5-HT receptor antagonist, mesulergine (2 or 4 mg/Kg), administered prior to
electroshock testing, recapitulated the mutant phenotype in wild-type mice suggests
that the seizure susceptibility profiles observed in 5-HT2C deficient mice are not
secondary to developmental abnormalities caused by deletion of the gene (Applegate
& Tecott, 1998). Together, these data strongly implicate a role for serotonin and the 5HT2C receptors in the modulation of neuronal network excitability and seizure
propagation throughout the CNS. Reduction in seizure activity has been observed for
the 5-HT2C receptor agonists meta-chlorophenylpiperazine (mCPP) and 3Trifluoromethylphenylpiperazine monohydrochloride (TFMPP) when microinjected
bilaterally into the rat substantia nigra. This indicates that the 5-HT2C receptors in the
substantia nigra contribute to seizure regulation (Gobert et al., 2000; Hutson et al.,
2000). Serotonin 5-HT2C receptors, which play an important role in the control of
mood, reward, motor function, and appetite, are implicated in the etiology and
management of depression, anxiety, schizophrenia and other psychiatric disorders
(Giorgetti & Tecott, 2004; Millan, 2005; Di Giovanni et al., 2006; Dutton & Barnes,
2006). Functional status of 5- HT2C receptors is elevated in depressed patients, in rat
models of depression and upon experimental depletion of 5-HT (Heslop & Curzon,
1999; Millan, 2006).
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Glutamate
Glutamate is a fast excitatory neurotransmitter in the CNS and has been
shown, with GABA, to interact primarily with receptors in the synaptic cleft
(Dingledine & McBain, 1999). L-Glutamate is a non-essential dicarboxylic amino
acid synthesized mainly from 2-oxoglutarate by transamination reactions. Glutamate
has strong excitatory effects on neurons. High affinity uptake systems move them into
nerve endings. The occurrence of their receptors is known from sites where
radiolabeled glutamate selectively binds on neural cell surfaces and through the
discovery of their antagonists. Both procedures identify and characterize their
receptors on neuronal and glial cells. These amino acids open sodium and potassium
ion channels and cause a rapid excitatory response in most neurons at a very low
concentration (Dingledine & McBain, 1999). Electrical stimulation of brain slices and
cultured neurons releases glutamate in a Ca2+ dependent manner.
Glutamate is the main excitatory amino acid neurotransmitter in central and
peripheral nervous systems. Its concentration in brain is higher than in other body
tissues. In the brain, the concentration of glutamate is 3 to 4-fold greater than that of
aspartate, taurine, or glutamine. The most abundant amino acid in synaptosomes is
glutamate, followed by glutamine, aspartate, γ–aminobutyric acid and taurine.
Glutamate cannot cross the blood-brain-barrier. The main source of glutamate carbon
is glucose with synthesis of glutamate from glucose and other metabolites of the citric
acid cycle. It appears however, that aspartate aminotransferase and glutaminase
account for a majority of glutamate production in brain tissue (McGeer et al., 1987).
Enzymes responsible for the synthesis of glutamate are in neurons as well as glial
cells. A large proportion of the glutamate present in the brain is produced by
astrocytes through synthesis de novo (Hertz et al., 1999), but levels of glutamate in
glial cells are lower than in neurons, 2–3 mM and 5–6 mM, respectively. During
excitatory neurotransmission, glutamate-filled vesicles are docked at a specialized
region of the presynaptic plasma membrane known as the active zone. Packaging and
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storage of glutamate into glutamatergic neuronal vesicles requires Mg2+/ATPdependent vesicular glutamate uptake systems, which utilize an electrochemical
proton gradient as a driving force. Substances that disturb the electrochemical gradient
inhibit this glutamate uptake into vesicles. The concentration of glutamate in vesicle
reaches as high as 20–100 mM (Nicholls & Attwell, 1990). In brain tissue, low
concentrations of glutamate and aspartate perform as neurotransmitters, but at high
concentration these amino acids act as neurotoxins. Many experiments have supported
the view that the extent of glutamate release during epileptic seizures is so great that
uptake is not able to re-establish the normal glutamate concentration and the excess of
glutamate spreads by diffusion, activating neurons via extra-synaptic receptors.
Increased glutamatergic transmission is regarded as one of the possible causes of
seizure origination (Bradford, 1995). Most of the damage induced by seizure activity
is generated by glutamatergic neurotransmission-driven excitotoxicity (Whetsell,
1996).

It activates two main types of postsynaptic receptors: (i) ionotropic glutamate
receptors (iGluRs) that are ligand-gated channels, and (ii) metabotropic glutamate
receptors (mGluRs) that are receptors coupled to GTP binding proteins. The
extracellular accumulation of glutamate results in neuronal death by activating
ionotropic glutamate receptors sensitive to NMDA or AMPA–KA (Choi, 1988).
Ionotropic glutamate receptors are divided into three major subtypes, on the basis of
their affinity for glutamate selective structural analogues, notably for N-methyl- Daspartate (NMDA). A distinction is made between those glutamate receptors activated
by NMDA receptors and those not activated by NMDA, non-NMDA receptors.
Cloning studies have demonstrated that these non-NMDA receptors can be further
distinguished in AMPA and kainate receptors.
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Glutamate and Glutamate Receptors in Epilepsy
Glutamate can cause convulsions when administered focally or systemically
to experimental animals. Glutamate exerts its excitatory action via ligand-gated ion
channels, NMDA and non-NMDA receptors, to increase sodium and calcium
conductance. Reciprocal regulatory interactions exist between the activation of
glutamatergic receptors and other transmitter systems, ion transport, gene activation
and receptor modification. The flexibility and complexity of these interactions place
glutamate-mediated transmission in a pivotal position for modulating the excitatory
threshold of pathways involved in seizure generation. All classes of NMDA receptor
antagonists, competitive NMDA antagonists, channel site antagonists, glycine site
antagonists, polyamine site antagonists, as well as competitive and noncompetitive
AMPA/kainate antagonists, display wide-spectrum anticonvulsant properties in acute
and chronic animal epilepsy models, with varying degrees of behavioural side effects,
ranging from minimal for some of the glycine site or competitive NMDA antagonists,
to extensive for some of the high affinity open-channel NMDA antagonists.
Transgenic mice with an editing-deficient AMPA receptor subunit, GluR2, display
early onset of epilepsy. The GluR2 subunit confers an almost complete block of
calcium conductance in homomeric or heteromeric AMPA receptors. Both the GluR2
receptor level and the RNA editing process are reduced significantly and the
corresponding AMPA-evoked calcium current in pyramidal neurons increased
significantly in accordance with the enhanced seizure susceptibility in these mice
(Brusa et al., 1995). Neuronal (EAAC-1) and glial (GLT-1 and GLAST) glutamate
transporters facilitate glutamate and aspartate reuptake after synaptic release. A down
regulation of glutamate transporters would be compatible with enhanced excitatory
activity. Transgenic mice with GLT-1 knockout display spontaneous epileptic activity
(Tanaka et al., 1997) and mice treated chronically with antisense probes to EAAC-1
shows reduced transporter levels and increased epileptic activity (Rothstein et al.,
1996). The reported changes in glutamate receptors and transporters subsequent to
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sustained or chronic epilepsy are less consistent and frequently transient in nature;
some of these changes reflect patterns of cell loss. A functional enhancement of
NMDA receptors is observed in amygdala-kindled rats and in resected tissue from
humans with temporal lobe epilepsy (Mody et al., 1998). The molecular alterations in
the NMDA receptor responsible for this functional up regulation are not clearly
defined but probably involve altered phosphorylation. Changes in the editing of the
GluR2 AMPA subunit been reported in resected hippocampi from some patients with
refractory epilepsy (Grigorenko et al., 1997). The mRNA levels of multiple AMPA
subunits are also altered in kindled rats and in rats after sustained seizure activity
evoked by kainate or pilocarpine.
Ionotropic Receptors - NMDA Receptors
The discovery of potent and selective agonists and antagonists has resulted in
extensive information on the NMDA receptor-channel complex (Wood et al., 1990). It
consists of four domains:- (1) the transmitter recognition site with which NMDA and
L-glutamate interact; (2) a cation binding site located inside the channel where Mg2+
can bind and block transmembrane ion fluxes; (3) a PCP binding site that requires
agonist binding to the transmitter recognition site, interacts with the cation binding
site, and at which a number of dissociative anesthetics PCP and ketamine,

opiate N-

allylnormetazocine (SKF-10047) and MK-801 bind and function as open channel
blockers; and (4) a glycine binding site that appears to allosterically modulate the
interaction between the transmitter recognition site and the PCP binding site (Fagg &
Baud, 1988). NMDA is allosterically modulated by glycine, a co-agonist whose
presence is an absolute requirement for receptor activation. Molecular cloning has
identified to date cDNAs encoding NR1 and NR2A, B, C, D subunits of the NMDA
receptor, the deduced amino acid sequences of which are 18% belonging to NR1 and
NR2, 55% belonging to NR2A and NR2C or 70% belonging to NR2A and NR2B are
identical. Site-directed mutagenesis has revealed that the NR2 subunit carries the
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binding site for glutamate within the N-terminal domain and the extracellular loop
between membrane segments M3 and M4; whereas the homologous domains of the
NR1 subunit carry the binding site for the co-agonist glycine.
Normal functioning of the NMDA receptor complex depends on a dynamic
equilibrium among various domain components. Loss of equilibrium during
membrane perturbation cause the entire system to malfunction and result in abnormal
levels of glutamate in the synaptic cleft (Olney, 1989). An important consequence of
NMDA receptor activation is the influx of Ca2+ into neurons (Murphy & Miller, 1988;
Holopainen et al., 1989, 1990; MacDermott et al., 1986). Collective evidence suggests
that when the membrane is depolarized, the Mg2+ block is relieved and the receptor
can be activated by glutamate. Activation of the NMDA receptor therefore requires
the association of two synaptic events: membrane depolarization and glutamate
release. This associative property provides the logic for the role of the NMDA
receptor in sensory integration, memory function, coordination and programming of
motor activity (Collingridge & Bliss, 1987; Lester et al., 1988) associated with
synaptogenesis and synaptic plasticity.

Functional Effects Mediated Via the NMDA Receptor Signal Transduction
The NMDA class of glutamate receptors has a critical role in the induction of
long-term potentiation (LTP), a synaptic modification that encode some forms of
long-term memory. However, NMDA receptor antagonists disrupt a variety of mental
processes (Caramanos & Shapiro, 1994; Verma & Moghaddam, 1996; Javitt et al.,
1996) that are not dependent on long-term memory. They interfere with working
memory (Krystal et al., 1994; Adler et al., 1998) a short-lasting form of memory that
is maintained by neuronal activity rather than by synaptic modification. This suggests
that there are unknown functions of the NMDA-receptor channel. Working memory is
stored by the maintained firing of a memory- specific subset of neurons in networks of
the prefrontal cortex (Funahashi et al., 1989). Firing is thought to be maintained by a
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reverberatory process (Amit et al., 1994) in which active neurons selectively excites
each other through recurrent connections. The NMDA receptor in the forebrain is
thought to modulate some forms of memory formation, with the NR2B subunit being
particularly relevant to this process.

NMDA receptors and Epilepsy
Several studies have shown an increase in the density of hippocampal and
cortical NMDA receptors in some animal models of epilepsy (Yeh et al., 1989;

Corlew et al., 2008). This up regulation reflects one molecular mechanism that
maintains neuronal hyperexcitability in the course of the epileptic disease and is
implicated in NMDAR-targeted therapies treating seizure disorders (Kalia et al.,
2+

2008). Epileptogenesis causes an NMDA/Ca - dependent decrease in

Ca2+/calmodulin-dependent protein kinase II activity in a hippocampal
neuronal culture model of spontaneous recurrent epileptiform discharges. When
epileptiform activity is acutely induced in vitro, transient partial blockade of NMDA
receptor-mediated calcium influx leads to selective long-term depotentiation of the
synapses involved in the epileptic activity as well as a reduction in the probability of
further epileptiform activity (Hellier et al., 2009). In postsynaptic densities isolated
from epileptic human and rat neocortex, however, components of the NMDA-receptor
complex were found to be down regulated (Wyneken et al., 2003).

Metabotropic Glutamate Receptors
Metabotropic glutamate (mGlu) receptors have a widespread distribution
throughout the CNS and are understood to be involved in a number of physiological
mechanisms including memory, learning and motor control. The mGluRs comprise a
novel family of G-protein coupled receptors, which are characterized by a large
ligand-binding N-terminal domain and seven transmembrane domains responsible for
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G-protein coupling. The second intracellular loop of mGluRs determines G-protein
coupling specificity, while other intracellular loops contribute to coupling efficiency.
This differs somewhat from other G-protein coupled receptor families. Metabotropic
glutamate receptors are classified into three groups based on their amino acid
sequence homology, signal transduction mechanisms and pharmacology (Pin &
Duvoisin, 1995).
Group I mGlu receptors (mGlu1/5) are positively coupled to phospholipase C
(PLC) and induce the hydrolysis of phosphoinositide and the release of intracellular
Ca2+ stores. Group II mGlu receptors (mGlu2/3) are negatively coupled to adenylate
cyclase (AC) and have been shown to inhibit the production of cAMP and Ca2+ influx.
Group III mGlu receptors (mGlu4, 6–8) are thought to be similarly coupled to AC and
inhibit the production of cAMP. At least eight metabotropic glutamate receptors
(mGluR1-8) occur in brain tissue. They are members of the group C family of Gprotein-coupled receptors, GPCR (Bonsi et al., 2005). Based on sequence homology,
agonist pharmacology and coupling to intracellular transduction mechanisms,
metabotropic receptors are classified into three groups (Endoh, 2004). In the recent
past, evidence accumulated in favour of a central role of group I mGlu receptors
(Bonsia, 2008).
Group I consists of mGluR1 and mGluR5, including their splice variants.
These receptors are coupled to an inositol phosphate/Ca2+intracellular signaling
pathway. These receptors are found on postsynaptic membranes (Endoh, 2004). In
general, group-I mGluRs tend to increase neuronal excitability by inhibiting
potassium conductances and activating non-selective cation currents. Conversely,
mGluRs in groups II and III reduce neuronal excitability by activating potassium
currents. They are involved in the modulation of the permeability of Na+ channels and
K+ channels. Their action can be excitatory, increasing conductance, causing more
glutamate to be released from the presynaptic cell, but they also increase inhibitory
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postsynaptic potentials (Chu & Hablitz, 2000). They can also inhibit glutamate release
and can modulate voltage dependent Ca2+ channels (Endoh, 2004).
Metabotropic glutamate mGlu5 receptors have been implicated in the
regulation of seizures and have been suggested as a target against which discovery of
novel anticonvulsants may be possible. However, the experimental literature is not
consistent in reporting anticonvulsant efficacy of mGlu5 receptor antagonists. But
studies by Witkin et al., (2008) do not support the idea that mGlu5 receptors play as
important a role in seizure control as previously speculated.

Glutamate Transporter
Glutamate transport is the major mechanism controlling extracellular
glutamate levels, preventing excitotoxicity and averting neural damage associated
with epilepsy. (McBean & Roberts, 1985; Rothstein et al., 1992, 1994, 1995;
Robinson et al., 1993; Tanaka et al., 1997). Glutamate transporters are localized to the
membranes of synaptic terminals and astroglial processes that ensheath synaptic
complexes (Kanner & Schuldiner, 1987; Danbolt et al., 1992; Kanai et al., 1993;
Rothstein et al., 1994, 1996; Conti et al., 1998). GLAST for glutamate–aspartate
transporter, (EAAT-1) for excitatory amino acid transporter-1 (Storck et al., 1992;
Arriza et al., 1994) and GLT-1 for glutamate transporter-1, EAAT-2 (Pines et al.,
1992; Arriza et al., 1994) are astroglial glutamate transporters, and EAAC1 for
excitatory amino acid carrier-1, EAAT-3 (Kanai & Hediger, 1992; Arriza et al., 1994;
Shashidharan et al., 1994; Kanai et al., 1995; Bjoras et al., 1996; Nakayama et al.,
1996; Velaz-Faircloth et al., 1996; Eskandari et al., 2000), EAAT-4 (Fairman et al.,
1995) and EAAT-5 (Arriza et al., 1997) are neuronal proteins.
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Signal transduction through Second Messengers
Inositol 1,4,5-trisphosphate (IP3)
Many biological stimuli, such as neurotransmitters, hormones and growth
factors, activate the hydrolysis of phosphatidyl inositol 4,5-bisphosphate (PIP2) in the
plasma membrane which is hydrolyzed by phospholipase C (PLC) to produce IP3 and
diacylglycerol (DAG). The IP3 mediates Ca2+ release from intracellular Ca2+ stores by
binding to IP3 receptors (IP3R). IP3R are the IP3 gated intracellular Ca2+ channels
that are mainly present in the endoplasmic reticulum (ER) membrane. The IP3
induced Ca2+ signaling plays a crucial role in the control of diverse physiological
processes such as contraction, secretion, gene expression and synaptic plasticity
(Berridge, 1993). In response to many stimuli such as neurotransmitters, hormones
and growth factors, PIP2 in the plasma membrane is hydrolyzed by PLC to produce
IP3 and diacylglycerol (DAG). IP3 plays a dominant role as a second messenger
molecule for the release of Ca2+ from intracellular stores, while DAG activates protein
kinase C (PKC).
In mammalian cells, there are three IP3R subtypes- IP3R1, IP3R2 and IP3R3
which are expressed to varying degrees in individual cell types (Wojcikiewicz, 1995;
Taylor et al., 1999) and form homotetrameric or heterotetrameric channels (Monkawa
et al., 1995). In previous studies, a plasmid vector containing full-length rat IP3R3
linked to green fluorescent protein GFP-IP3R3 was constructed and visualized the
distribution of GFP-IP3R3 was constructed in living cells (Morita et al., 2002, 2004).
The confocal images obtained in these studies provided strong evidence that IP3Rs are
distributed preferentially on the ER network. Furthermore, Morita et al., (2004)
demonstrated that the expressed GFP-IP3R3 acts as a functional IP3-induced Ca2+
channel. Frequently, IP3Rs are not uniformly distributed over the membrane but
rather form discrete clusters (Bootman et al., 1997). The clustered distribution of
IP3Rs has been predicted to be important in controlling elementary Ca2+ release
events, such as Ca2+ puffs and blips, which act as triggers to induce the spatiotemporal
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patterns of global Ca2+ signals, such as waves and oscillations (Thomas et al., 1998;
Swillens et al., 1999; Shuai & Jung, 2003). Tateishi et al., (2005) reported that GFPIP3R1 expressed in COS-7 cells aggregates into clusters on the ER network after
agonist stimulation. They concluded that IP3R clustering is induced by its IP3induced conformational change to the open state, not by Ca2+ release itself, because
IP3R1 mutants that do not undergo an IP3 induced conformational change failed to
form clusters. However, their results are inconsistent with studies by other groups
(Wilson et al., 1998; Chalmers et al., 2006), which suggested that IP3R clustering is
dependent on the continuous elevation of intracellular Ca2+ concentration. Thus, the
precise mechanism underlying IP3R clustering remains controversial. Studies by
Tojyo et al., (2008) have shown that IP3 binding to IP3R, not the increase in [Ca2+]i,
is absolutely critical for IP3R clustering. They also found that depletion of
intracellular Ca2+ stores facilitates the generation of agonist-induced IP3R clustering.
Group I mGluRs (mGluR1/5 subtypes) are also demonstrated to mainly affect
intracellular Ca2+ mobilization (Conn & Pin, 1997; Bordi & Ugolini, 1999). To
sequentially facilitate intracellular Ca2+ release, group I receptors activate the
membrane-bound phospholipase C (PLC), which stimulates phosphoinositide turnover
by hydrolyzing PIP2 to IP3 and diacylglycerol. IP3 then causes the release of Ca2+
from intracellular Ca2+ stores (such as endoplasmic reticulum) by binding to specific
IP3 receptors on the membrane of Ca2+ stores (Berridge, 1993). Altered Ca2+ levels
could then engage in the modulation of broad cellular activities.

Cyclic Guanosine Monophosphate (cGMP)
cGMP generation has been associated with neurotransmission (Hofmann et
al., 2000), vascular smooth muscle relaxation (Fiscus et al., 1985) and inhibition of
aldosterone release from adrenal glomerulosa cell suspension (Matsuoka et al., 1985).
The most extensively studied cGMP signal transduction pathway is that triggered by
nitric oxide (NO) (Bredt & Snyder, 1990). cGMP effects are primarily mediated by
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the activation of cGMP-dependent protein kinases (PKGs). Two distinct mammalian
PKGs- PKG-I and PKG-II- have been identified, as well as two splice variants of
PKG-I - PKG-Iα and -Iβ. In the brain, PKG-I is highly expressed in cerebellar
Purkinje cells and to a lesser extent, in striatal medium spiny neurons (De Camilli et
al., 1984). PKG-II is a membrane-associated protein that is expressed throughout the
brain (de Vente et al., 2001). The effects produced by the cGMP signaling pathway
modulate drug-induced neural plasticity leading to behavioural alterations (Jouvert et
al., 2004).
Activation of the NMDA receptor increases cAMP in the CA1 region of the
hippocampus; this increase is mediated through Ca2+ calmodulin-dependent adenylyl
cyclase (Chetkovich & Sweatt, 1993). The influx of Ca2+

also stimulates Ca2+

calmodulin-dependent nitric-oxide synthase (NOS) type to produce NO, which
stimulates guanylyl cyclase to produce cGMP (Garthwaite, 1991).
Cyclic nucleotide pathways can cross talk to modulate each other’s synthesis,
degradation and actions. Increased cGMP can increase the activity of cGMP
stimulated PDE2 to enhance hydrolysis of cAMP, or it can inhibit the PDE3 family
and decrease the hydrolysis of cAMP (Pelligrino & Wang, 1998). cAMP and cGMP
are involved in NMDA receptor-mediated signaling in cerebral cortical and
hippocampal neuronal cultures. The influx of Ca2+ via the NMDA receptor stimulates
calcium/calmodulin dependent adenylyl cyclase, leading to production of cAMP. This
increase in cAMP seems to be tightly regulated by PDE4. The Ca2+ influx also
stimulates the production of NO and subsequent activation of guanylyl cyclase,
leading to cGMP production (Suvarna & O'Donnell, 2002).

Cyclic Adenosine Monophosphate (cAMP)
The second messenger concept of signaling was born with the discovery of
cAMP and its ability to influence metabolism, cell shape and gene transcription
(Sutherland, 1972) via reversible protein phosphorylations. cAMP is produced from
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ATP adenylyl cyclase (AC) in response to a variety of extracellular signals such as
hormones, growth factors and neurotransmitters. Elevated levels of cAMP in the cell
lead to activation of different cAMP targets. It was long thought that the only target of
cAMP was the cAMP-dependent protein kinase (cAPK), which has become a model
of protein kinase structure and regulation (Francis & Corbin, 1999; Canaves & Taylor,
2002). In recent years it has become clear that not all effects of cAMP are mediated by
a general activation of cAPK (Dremier et al., 1997). Several cAMP binding proteins
have been described: cAPK (Walsh et al., 1968), the cAMP receptor of Dictyostelium
discoideum, which participates in the regulation of development (Klein et al., 1998),
cyclic nucleotide gated channels involved in transduction of olfactory and visual
signals (Goulding et al., 1992; Kaupp et al., 1989) and the cAMP-activated guanine
exchange factors Epac 1,2 which specifically activate the monomeric G protein Rap
(Rooij et al., 1998; Kawasaki,et al., 1998).

Pathophysiology of Temporal Lobe Epilepsy
EEG studies shows that the hippocampus is one of the earliest structures to be
activated during seizures. In addition, the cure of epilepsy by surgical resection of the
hippocampus in properly selected individuals led to the idea that hyperexcitability
intrinsic to the hippocampus contribute to the development of epilepsy (Bausch &
McNamara, 1999). Thus it is not surprising that from the perspective of mechanisms,
the best studied form of seizure is the seizure activity in the hippocampus. Recent
report states that different neuronal populations react differently to SE induction. For
some brain areas most, if not all, of the vulnerable cells are lost after an initial insult
leaving only relatively resistant cells and little space for further damage or cell loss
(Covolan et al., 2006).
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Cell Loss
The most frequent lesion in patients with TLE is mesial temporal sclerosis or
hippocampal sclerosis, consisting of gliosis and neuronal loss in the CA1, CA3 and
the hilus of the dentate gyrus (Houser et al., 1990). This typical pattern of neuronal
loss characteristic of hippocampal sclerosis (Kapur et al, 1999; Lewis et al., 1999) can
be produced experimentally by repeated or prolonged seizures and results presumably
from excitotoxic damage subsequent to excessive activation of glutamate receptors
(Olney et al., 1986; Sloviter et al., 1994). There are striking similarities between the
pathology produced in experimental animals by prolonged seizures (Sloviter et al.,
1991) or head trauma (Coulter et al., 1996) and the pathological changes seen in the
hippocampi of many patients with TLE (Meldrum & Bruton, 1992). Seven days and
two months post-status epilepticus rats showed significant neuron loss in the preendopiriform nucleus, layer III of the intermediate piriform cortex, and layers II and
III of the caudal piriform cortex (Chen et al., 2007). There is an extensive loss of
dentate hilar neurons (Bausch & Chavkin., 1997) and hippocampal pyramidal cells
(De Giorgio et al., 1997). Data also demonstrated cases where some granule cells of
experimental animals are also highly vulnerable (Sloviter et al., 1996). Seizureinduced astrocytic damage has also been documented (Schmidt-Kastner & Ingvar,
1996). Interestingly, in contrast to the many studies showing cell loss, a recent study
described an increased generation of hippocampal granule cells as a consequence of
seizures (Parent et al., 1997). It is hypothesized that the astrocytes in sclerotic tissue
have activated molecular pathways that could lead to enhanced release of glutamate
by these cells. Such glutamate release may excite surrounding neurons and elicit
seizure activity (Janigro, 2008). Induction of limbic epilepsy resulted in an increased
proliferation of granule cells using bromodeoxyuridine labelling. Therefore, although
death of certain cell populations was suggested as a main event during or as a result of
epileptogenesis, there is also evidence of neurogenesis. Mechanistically, neuronal loss
can occur with either active or passive participation of cellular constituents. This has
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been referred to as apoptosis or necrosis (Kerr et al., 1972). Apoptosis is a form of
gene-mediated death characterised by specific morphological features: early nuclear
chromatin condensation, Cytoplasmic compaction with cell shrinkage, endonucleasemediated DNA fragmentation into oligonucleosomes, apoptotic body formation and
well-preserved organelles. In contrast, necrosis resulting from sudden injury with the
cell unable to maintain homeostasis is characterized by early cytoplasmic
vacuolization before any nuclear changes occurs and is associated with an
inflammatory response (Tomei & Cope, 1991). It appears that epileptic neuronal death
is primarily but not exclusively apoptotic (Charriaut-Marlangue & Ben-Ari, 1995).
Long-term repetitive stimulation of the perforant path induced apoptosis in the granule
cells but necrosis in the hilar and pyramidal cells (Sloviter et al., 1996). The surviving
granule cells showed dendritic deformations and shrinkage (Isokawa & Mello, 1991).

Axon sprouting
In addition to the neuronal loss, the second morphological change induced in
the hippocampus by seizures is sprouting of dentate granule cell axons which are
commonly referred to as mossy fibres. This occurs in both animal models of epilepsy
(Bausch & Chavkin, 1997) as well as in human epilepsy (Babb et al., 1991).
Denervation of the inner molecular layer secondary to hilar cell loss is believed to
constitute the initial stimulus for sprouting (Tauck & Nadler, 1985). The sprouted
mossy fibre axons appear to make synaptic contacts with granule cells and
GABAergic basket cells. It has been proposed that seizure induced expression of
neurotropic genes which is suggested to underlie the sprouting of axons of the granule
cell layer (Sutula et al., 1996). It has been established that nerve growth factor (NGF)
protein levels in dentate granule cells are increased by seizure activity (Gall &
Isackson, 1989).

45

Gliosis
Reactive gliosis occurs in response to injury, including pilocarpine- induced
seizures, in the mature CNS. A salient manifestation of reactive gliosis is an increase
in glial fibrillary acidic protein (GFAP), a protein subunit of glial intermediate
filaments found exclusively in astrocytes in the CNS (Amaducci et al., 1981). Glial
proliferation characteristically accompanies neuronal loss seen in Ammon's horn
sclerosis and after various insults including status epilepticus and contributes to
epileptogenesis.

Dendritic Changes
Dendritic degeneration is another common pathological finding in TLE and
its animal models (Isokawa et al., 1998). Neurons from the hippocampus and
neocortex from patients with chronic focal epilepsy showed dramatic dendritic
abnormalities. Dendritic spine loss has been repeatedly reported and has been
suggested to be more severe with an increased duration of a seizure disorder (Multani
et al., 1994). Dendrites of pyramidal cells have also been reported to have varicose
swellings at irregular intervals along their length (Muller et al., 1993). It was
established that following initial acute seizures, surviving neurons undergo substantial
changes in the morphology and density of dendrites and spines in the chronic phase,
during which the gradual development of spontaneous seizure is established (Isokawa
et al., 1998). In the pilocarpine animal mode1 of epilepsy, the membrane time
constant of neurons, which can assess a cells total surface area and geographic extent
of dendritic branches was reported to be significantly reduced in rats that experienced
many spontaneous seizures in the chronic phase (Isokawa et al., 1996). This suggests
that the higher the frequency of spontaneous seizures, the more severe the local
dendritic shrinkage.
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Mossy fibre sprouting and impaired inhibition.
Mossy fiber sprouting is a form of synaptic reorganization in the dentate
gyrus that occurs in human temporal lobe epilepsy and animal models of epilepsy.
The axons of dentate gyrus granule cells, called mossy fibers, develop collaterals that
grow into an abnormal location, the inner third of the dentate gyrus molecular layer.
Electron microscopy has shown that sprouted fibers form synapses on both spines and
dendritic shafts in the inner molecular layer, which are likely to represent the
dendrites of granule cells and inhibitory neurons. One of the controversies about this
phenomenon is whether mossy fiber sprouting contributes to seizures by forming
novel recurrent excitatory circuits among granule cells. Sprouting mossy fibers
synapse almost exclusively with excitatory neurons in the granule cell layer and
molecular layer of the dentate gyrus. Lesioning the synaptic input from the entorhinal
cortex to granule cells also triggers mossy fiber sprouting and synaptogenesis in adult
rats (Laurberg & Zimmer, 1981; Frotscher & Zimmer, 1983). A variety of
experimental treatments that produce epilepsy also induce axon sprouting in other
brain regions (Salin et al., 1995; Perez et al., 1996; McKinney et al., 1997; Esclapez
et al., 1999). Repeated intense seizures caused an attenuation of GABA mediated
inhibition of the granule cells and in the pyramidal cells of the hippocampus (Coulter
et al., 1996). This change cannot be explained by a selective loss of GABAergic
inhibitory interneuron, since the GABA immunoreactive neurons were shown to be
more resistant to seizure-induced injury than other hippocampal neurons (Sloviter et
al., 1987). Preservation of GABAergic cells in surgical specimens from patients with
epilepsy was confirmed (Babb et al., 1989). The neurons among the most sensitive to
the seizure-induced neuronal death are the mossy cells in the dentate hilus
(Lowenstrin et al., 1992; Sloviter et al., 1989). These cells receive synaptic input from
granule cells via collaterals of mossy fibres and from the entorhinal cortex via the
perforant path. To account for the paradoxical loss of GABA-mediated inhibition with
preservation of GABAergic neurons, the dormant basket cell hypothesis (Sloviter et
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al., 1987) suggests that the seizure-induced loss of hilar excitatory neurons removes
tonic excitatory projection to GABAergic basket cells, the inhibitory interneuron in
the dentate hilus. Being deafferented these cells then lie dormant with the end result
being disinhibition (Sloviter et al., 1987). Loss of mossy cells which govern lateral
inhibition in the dentate area cause functional delamination of the granule cell layer
and result in synchronous multilamellar discharges in response to excitatory input
(Sloviter et al., 1994). Therefore, there are 3 premises to this theory: 1) the general
preservation of the inhibitory network. 2) The loss of excitatory afferents to
GABAergic interneuron, 3) decreased inhibition on principal cells (Bernard et al.,
1998).

Epilepsy and personality disorder
An epileptic phenomenon that illustrates this point is the partial epileptic
seizure, which can secondarily generalize. The partial epileptic seizure is a neuronal
network phenomenon rather than just a simple focus of hyperactive cells, as once
thought. When partial seizure begins, the activated network from which the aberrant
properties emerge is relatively localized, resulting in a relatively minor, usually nonconvulsive pattern of behaviours (e.g. automatisms). However, if the seizure
secondarily generalizes, the neuronal network of the seizure undergoes expansion and
additional networks (e.g. locomotion networks) become recruited. Dependency is one
of the most common psychological characteristics of patients with epilepsy. It is a
disabling disorder that induces a sense of decreased control and self-efficacy, social
difficulties, a perception of being stigmatized and low self-esteem (Teddman et al.,
1994; Collins, 1994). Individuals with epilepsy have higher incidence of psychiatric
disorders than do those without epilepsy. Depression is the most frequently reported
psychiatric condition in epileptic patients.
Depression represents one of the most common co-morbidities in patients with
epilepsy. However, the mechanisms of depression in epilepsy patients are poorly
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understood. Establishment of animal models of this co-morbidity is critical for both
understanding the mechanisms of the condition, and for preclinical development of
effective therapies.

Neuroprotection and Drugs in Epilepsy
Neuroprotection following status epilepticus should encompass not only the
prevention of neuronal death, but also preservation of neuronal and network function.
This is critical because these aims are not necessarily equivalent; prevention of
neuronal

loss,

for

example,

does

not

inevitably

prevent

epileptogenesis.

Anticonvulsant drugs prevent or terminate seizures. In so doing, these agents act on
the emergent properties of the epileptogenic network to alter or diminish their
function (Walker, 2007). This involves modification of specific neuronal components
that result in sufficient elevation of seizure threshold that prevents the usual initiating
mechanisms from activating the network. Such an action can totally prevent the
seizure or result in blockade of specific behavioural components of the seizure thereby
reducing seizure severity (Graumlich et al., 1999; Faingold, 1999). Long-lasting
changes in neuronal networks are observed following repetitive experiences, including
behavioural conditioning and repeated seizures. Experience repetition can induce
neurogenesis in susceptible brain sites, resulting in structural and functional network
changes. Structural changes are partially mediated by neurotrophic factors and
excitation increases and burst firing in network neurons can result.
By classifying epilepsy syndromes - seizure type, age of onset, EEG evidence,
associated impairments, - clinicians can begin to rationalise their approach and define
the therapeutic options for each patient. When to start and/or stop drug treatment in
epilepsy is a major issue, which requires detailed knowledge of the prognosis of the
disorder. For 20-30% of sufferers, epilepsy is a chronic and disabling condition,
refractory to drug treatment, which has immense social impact. Although currently
available drugs are able to prevent seizures, there remains a clear unmet medical need
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for new antiepileptic drugs. David Chadwick’s,Walton Centre for Neurology,
Liverpool defines criteria for the ideal antiepileptic drug (AED):-

• A clearly identified and novel mechanism of action;
• Simple pharmacokinetic profile - no interactions with existing drugs;
• Efficacy across the broad spectrum of seizure types;
• Low toxicity and wide therapeutic window;
• Low cost.

To put things in perspective, 30% of epilepsies are currently uncontrolled.
There is little rational basis for use of AEDs and side effects and drug interactions are
major problems. Current developments in mechanism based drug design hopefully
will overcome these issues and allow for more confidence in therapy. Experiments in
intact animals provide a complementary approach for the application of mechanistic
information obtained in in vitro investigations. In vivo techniques allow the
exploration of the regional selectivity of these mechanisms, since it has become quite
clear that the anticonvulsant effects of certain drugs involve actions on a combination
of specific currents and cellular properties selectively expressed in specific brain
networks (Kao & Coulter, 1997). Whether such actions observed with acute
anticonvulsant drug treatment continue during the duration of treatment is unknown,
since it is becoming clear that chronic treatment with a number of drugs that modify
neuronal properties often results in compensatory mechanisms that lead to tolerance or
to additional chronic effects that contribute to the action of the drug (Chen et al.,
1999).
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Bacopa monnieri (Linn.) Pennel
Kingdom: Plantae
Division: Magnoliophyta
Class: Magnoliopsida
Order: Lamiales
Family: Scrophulariaceae
Genus: Bacopa
Species: Bacopa monnieri

The drugs of plant origin are gaining importance and are being investigated
for remedies of a number of disorders. Since the introduction of adaptogen concept
(Lazarev, 1947), several plants have been investigated, which were used earlier as
tonics due to their adaptogenic and rejuvenating properties in traditional medicine
(Rege et al., 1999). Effective treatments such as anxiolytic drug therapy or cognitivebehavioural therapy exist but many patients remain untreated, experience adverse
effects of benzodiazepines or do not benefit from full symptom control (Ernst, 2006).
Commonly known as ‘Brahmi’, the plant has been used by Ayurvedic medical
practitioners in India for almost 3000 years and is classified as a medhyarasayana, a
drug used to improve memory and intellect (medhya). Bacopa monnieri is highly
esteemed as a Rasayana drug in Ayurvedic medicine.
Bacopa monnieri (Linn) (family: Scrophulariaceae) is a perennial creeping
annual plant found throughout the Indian subcontinent in wet, damp and marshy areas
(Sheikh et al., 2007). The main stem is green or slightly purplish, obtuse-angular and
10-30 cm long with rooting at nodes. Leaves are opposite, short-petioled, obovateoblong and somewhat succulent 1-2.5 cm long and 0.4-1 cm broad, glabrous on both
sides and dotted with minute black specks. Flowers are solitary axially, white or
purple-tinged. Fruits are ovoid capsules, about 5 mm long and glabrous. The plant
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flowers and bears fruits throughout the year, though mostly during February to April.
Both fresh and dried whole plant is used for drug preparation.
The plant elaborates several tri-terpenoids of dammarane group which occur
mostly as glycosides (saponins) and are present to the extent of 2-3% on dry herb
basis and are considered medicinally valuable. Around 10 of these have been obtained
pure (Bacosaponins A-F, Bacoposides III-IV). Betulinic acid a tri-terpene with known
anticancer activity has also been obtained from the plant (Brown et al., 1960). Four
glycosides based on phenylethanol as basic unit have been isolated (Chakravarthy et
al., 2002). Of other secondary metabolites attention is drawn to flavonoids like
luteolin and its glycosisdes, sugars (D-mannnitol), usual sterols - β-sitosterol,
stigmasterol and its esters and paraffins – heptacosane and hentriacontane.
The pharmacological properties of Bacopa monnieri were studied extensively
and the activities were attributed mainly due to the presence of characteristic saponins
called as Bacosides (Deepak & Amit, 2004). Bacosides are complex mixture of
structurally closely related compounds, glycosides of either jujubogenin or
pseudojujubogenin. Bacosides have been found to offer protective role in the synaptic
functions of the nerves in hippocampus (Kishore et al., 2005). There are few methods
reported in the literature for quantification of Bacosides in plant extracts and
formulations. Spectrophotometric methods (Pal & Sarin, 1992; Prakash et al., 2008)
developed based on the hydrolysis of Bacosides to an aglycone that has an absorption
maximum at 278 nm. A high performance thin-layer chromatographic method was
developed for the estimation of Bacoside A in Bacopa monnieri plant and its
formulations

(Shrikumar

et

al.,

2004).

A

few

high

performance

liquid

chromatographic (HPLC) methods were also developed for the quantification of
Bacosides in Bacopa monnieri extracts and formulations (Pal et al., 1998).
The whole plant is a potent nerve tonic and is well known for its
neuropharmacological effects. It is used in the treatment of epilepsy, insanity, hysteria
and other neural disorders. It is claimed to improve memory and mental function. Its
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neuropharmacological activity (Singh & Dhawan, 1997) and anti-oxidant activities
(Singh et al., 2006) has been also reported. After clinical trials in human volunteers, a
chemically standardized extract of Bacopa monnieri has been now made available for
clinical use by the Central Drug Research Institute in India (Dhawan & Singh, 1996).
Bacopa monnieri has been reported to possess anxiolytic, antidepressant and memory
enhancing activity (Bhattacharya & Ghosal, 1998; Bhattacharya et al., 1999; Sairam
et al., 2002; Das et al., 2002). Studies by Rai et al., (2003) identified the potential of
Bacopa monnieri as an effective adaptogen that normalizes the stress induced
elevation in plasma glucose, creatine kinase and adrenal gland weight similar to the
effects of Panax quinquefolium (PQ), commonly known as American ginseng, a
standard adaptogenic plant. Tri-terpenoid saponins and bacosides present in Bacopa
monnieri are considered to be responsible for enhancing cognitive function (Russo &
Borrelli, 2005), however the detailed mechanisms for its adaptogenic activity are yet
to be explored. The standardized extract of Bacopa monnieri was reported earlier to
have significant anxiolytic activity () and improve memory retention in Alzheimer’s
disease (Bhattacharya & Ghosal, 1998; Bhattacharya et al., 1999) but the biochemical
basis for the observed behavioural changes was not established. During stressful
conditions, changes in monoamines -NA, DA and 5-HT, are well associated with
transient behavioural aberrations in memory, learning and other mood disorders. Since
Bacopa monnieri normalizes stress mediated transient deregulation of plasma
corticosterone and monoamine changes in brain is one of the reasons for its
adaptogenic activity (Rai et al., 2003) and mild anxiolytic effects, respectively
(Shanker & Singh, 2000). Deregulated function of monoamines is one of the principle
reasons for memory dysfunction during stressful conditions (Rachel et al., 2003)
Anti-cancer activity of the alcoholic extract (Elangovan et al., 1995) and analgesic
activity of bacosine, a tri-terpenoid isolated from the plant (Vohora et al., 1997) have
also been reported. Alkaloids, steroids, tri-terpenoids, hydrocarbons, flavanoids,
amino acids and saponins were reported from the plant. Studies also indicated the
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protective effect of Bacopa monnieri extract on morphine induced brain mitochondrial
enzyme activity. The dammarane tri-terpene glycosides bacoside A and bacoside B
isolated

from

the

plant

have

been

shown

to

be

responsible

for

the

neuropharmacological activities of the plant. It has been found to be well tolerated and
without any untoward reaction or side effects in regulatory pharmacological and
toxicological studies. The LD50 of aqueous and alcoholic crude extracts of Bacopa
monnieri in rats were 1000 mg and 15 g/Kg by intraperitoneal route, respectively
(Martis et al., 1992). The aqueous crude extract given orally at a dose of 5 g/Kg did
not show any toxicity. The LD50 of the alcoholic crude extract was 17 g/Kg given
orally.
Animal behaviour is the bridge between the molecular and physiological
aspects of biology and the ecological. Behaviour is the link between organisms and
environment as well as between the nervous system and the ecosystem. Behaviour is
one of the most important properties of animal life. Behaviour plays a critical role in
biological adaptations. Behaviour is that part of an organism by which it interacts with
its environment. Neuroethology, the integration of animal behaviour and the
neurosciences, provides important frameworks for hypothesizing neural mechanisms.
Careful behavioural data allow neurobiologists to narrow the scope of their studies
and to focus on relevant input stimuli and attend to relevant responses. In many case
the use of species specific natural stimuli has led to new insights about neural
structure and function that contrast with results obtained using non-relevant stimuli.
Anxiety like behaviours in rats were measured using two pharmacologically
well-validated exploration-based tests, elevated plus-maze (Komada et al., 2008) and
novel open field (Cryan & Holmes, 2005; Rodgers, 1997). The elevated plus maze test
is one of the most popular tests of all currently available animal models of anxiety
(Crawley, 2007). This test for anxiety-like behaviour has been used for screening and
phenotyping transgenic and knockout mice (Horii et al., 2008; Tsujimura et al., 2008)
and for drug discovery. The elevated plus maze test has a strong predictive validity for
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screening anxiolytic drugs (Mechiel & De Boer, 2003); anxiolytic drugs specifically
increase, and anxiogenic drugs specifically decrease, the number of entries into the
open arms and the time spent there. Depression-related behaviour was tested using a
pharmacologically-validated test, the forced swim test (Rodgers, 1997; Olivier et al.
2008), sucrose consumption test and social interaction test (Sano et al., 2008).
Rotarod test has been previously been employed to assess the motor skills in rodents
(Samad et al., 2008).
The present work was carried out to investigate the alterations of the 5-HT2C
and NMDA receptors in the brain regions of pilocarpine induced epileptic rats. The
work focuses on the evaluation of the antiepileptic activity of extracts of Bacopa
monnieri in vivo acting through 5-HT2C and NMDA receptors and the second
messengers IP3, cGMP and cAMP. Gene expression studies using Real-time will be
done to confirm receptor data. This will be confirmed by confocal microscopic studies
using immunofluorescent antibodies to specific receptor subtypes. These molecular
level changes will be confirmed with behavioural studies. These studies will help us to
elucidate the functional role of 5-HT2C and NMDA receptors in epilepsy and the
neuroprotective role of Bacopa monnieri through 5-HT2C and NMDA receptors during
epilepsy which has immense therapeutic relevance in the management of epilepsy.
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Materials and Methods

Chemicals used 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.

Biochemicals
Mesulergine, ethylene diamine tetra acetic acid (EDTA), Tris HCl,
calcium chloride, atropine, Carbamazepine, Pilocarpine, and MK-801 were
purchased from Sigma Chemical Co., St. Louis, USA. All other reagents were of
analytical grade purchased locally. HPLC solvents were of HPLC grade obtained
from SRL, India.and Sigma Chemical Co., St. Louis, USA.

Radiochemicals
[N6-methyl-3H] mesulergine (Sp. Activity 79.0 Ci/mmol) was purchased
from Amersham Life Science, UK. (+)-[3-3H] MK-801 (Sp. Activity 27.5
Ci/mmol) was purchased from Perkin Elmer Nen Life and Analytical Sciences,
Boston, MA, USA. The [3H] IP3, [3H] cGMP and [3H] cAMP Biotrak Assay
Systems were purchased from G.E Healthcare UK Limited, UK.

Molecular Biology Chemicals
Tri-reagent kit was purchased from Sigma Chemical Co., St. Louis, USA.
ABI PRISM High Capacity cDNA Archive kit, Primers and Taqman probes for
Real-Time PCR were purchased from Applied Biosystems, Foster City, CA, USA.
5-HT2C

(Rn00562748_m1),

NMDA2b

(Rn00561352_m1),

mGlu5

(Rn00566628_m1) and GLAST (Rn00570130_m1) primers were used for the
study.

Confocal Dyes
Immunofluorescent antibodies of 5-HT2C was purchased from Neuromics,
USA. Fluorescently labeled NMDA2b and mGlu5 receptor specific antibodies
were obtained from Becton and Dickinson, USA. FITC and Rhodamine were
purchased from Chemicon, USA.

Animals
Adult male Wistar rats of 250-300g body weight purchased from Amrita
Institue of Medical Sciences, Cochin were used for all experiments. They were
housed in separate cages under 12 hrs light and 12 hrs dark periods and were
maintained on standard food pellets and water ad libitum.

Plant Material
Specimens of Bacopa monnieri were collected from Cochin University
area. The plants were taxonomically identified and authenticated by Mr. K.P.
Joseph, Head of the Dept. of Botany (Retd), St. Peter’s College, Kolenchery and
voucher specimens are deposited at the herbarium of the Centre for Neuroscience,
Dept. of Biotechnology, Cochin University of Science and Technology, Cochin,
Kerala (No. MNCB3).

Preparation of Bacopa monnieri Plant Extract
Crude whole plant extract was used to study the anti-epileptic effect in
pilocarpine induced temporal lobe epilepsy. Bacopa monnieri plant extract was
prepared by the procedure of Paulose et al., (2008). Fresh, whole Bacopa monnieri
plant (6–8 months old) was collected (in the month of March) and washed.
Leaves, roots and stems of Bacopa monnieri plant were cut into small pieces and
dried in shade. About 100 g fresh plant dried in shade yielded 15 g powder.
Homogenate was extracted at required concentration (300 mg fresh plant/Kg body
weight) by dissolving 450 mg of dried powder in 80 ml distilled water and used to
study the anti-epileptic effect in pilocarpine induced temporal lobe epilepsy.
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Epilepsy Induction
Adult male Wistar rats, weighing 250 to 300 g, were housed for 1 to 2
weeks before experiments were performed. Experimental animals were injected
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 of the animals developed status epilepticus
(SE). Behavioural observation continued for 5 hrs after pilocarpine injection.
Pilocarpine induced seizures were graded according to the Racine scale using
stage 1-5: Stage 0- in which the rats showed no convulsion; stage 1- in which rats
showed Facial Automatism; stage 2- Head nodding, stage 3- unilateral forelimb
clonus, stage 4- bilateral forelimb clonus, stage- 5, rearing, falling and generalized
convulsions. The occurrence of stage 3-5 was considered as one complete seizure.
SE was allowed to continue for 1 hr and then control and experimental animals
were treated with diazepam (4 mg/Kg i.p.). Animals recovered from this initial
treatment within 2 to 3 days and were observed for the next 3 weeks. Animals
were monitored by video recording and by clinical observation to evaluate the
development of seizure discharge. Seizures were scored on a scale from 1 to 5, as
used for the scoring of kindled seizures as described by Racine, (1972). Over 80%
of the animals were found to have recurrent partial and generalized seizures after
3-4 weeks after the initial pilocarpine injection. No seizures were observed in
control animals. 24 days after pilocarpine treatment, the rats were continuously
video monitored for 72 hrs. The behaviour and seizures were captured with a CCD
camera and a Pinnacle PCTV capturing software card and stored in the hard disk
of the computer. One trained technician, blind to all experimental conditions, 58
viewed all videos. Seizure activity was rated as previously mentioned by Racine
(1972). Seizures were assessed by viewing behavioural postures (i.e. lordosis,
straight tail, jumping/ running, forelimb clonus and/or rearing during fast forward
observation of the videos. Once a behavioural posture was observed the video was
rewound to the beginning of the behaviour and examined at real-time speed.
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Determination of Anti-Epileptic Potential of Bacopa monnieri

Experimental animals were divided into following groups
a) Group 1 Control (given saline injection)
b) Group 2 Epileptic
c) Group 3 Control rats treated with Bacopa monnieri
d) Group 4 Epileptic rats treated with Bacopa monnieri
e) Group 5 Epileptic rats treated with Carbamazepine

Animal Groups
The rats were initially divided into two groups- Control and Epileptic. The
epileptic group was injected with pilocarpine according to the previously
established protocols as described earlier (Reas et al., 2008). The control group
received saline instead of pilocarpine. The epileptic group showed spontaneous
recurrent seizures approximately 20 minutes after pilocarpine injection. Those rats
that did not show spontaneous seizures after pilocarpine treatment were excluded
form the study group. The rats were singly housed and maintained for 24 days
with standard food and water ad libitum after pilocarpine treatment. After 24 days
the rats were subjected continuous video monitoring for 72 hrs. The behaviour and
seizures were observed. Those experimental rats that did not show seizures were
excluded from the study group. The experimental group was again divided into
four. The first group that did not receive the treatment was epileptic.
Carbamazepine was given orally to the third group of epileptic rats (150 mg/ Kg
body weight/day). Extract of Bacopa monnieri was given orally to the third and
fourth group of epileptic rats in the dosage of 300 mg fresh plant/Kg body weight/
day for 15 days. After 15 days of treatment the rats were again subjected to
continuous video monitoring for 72 hrs. The rats were sacrificed after the video
observation.
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Estimation of Blood Glucose
Blood glucose was estimated using Glucose estimation kit (Merck). The
spectrophotometric method using glucose oxidase-peroxidase reactions is as
follows:
Principle: Glucose oxidase (GOD) catalyses the oxidation of glucose in
accordance with the following equation:

Glucose + O2 + H2O

H2O2 + Phenol+ 4- aminoantipyrene

(GOD)

Gluconic acid + H2O2.

(PEROXIDASE)

Coloured complex + H2O

The hydrogen peroxide formed in this reaction reacts with 4aminoantipyrine and 4-hydroxybenzoic acid in the presence of peroxidase (POD)
to form N-(-4-antipyryl)-p-benzo quinoneimine.

The addition of mutarotase

accelerates the reactions. The amount of dye formed is proportional to the glucose
concentration.

The absorbance was read at 505nm in (Shimadzu UV-1700

pharmaSPEC) spectrophotometer.

Tissue preparation
Control and experimental rats were sacrificed by decapitation. The brain
regions (cerebral cortex, cerebellum and brainstem) and body parts were dissected
out quickly over ice according to the procedure of Glowinski & Iversen (1966).
Hippocampus was dissected out quickly over ice according to the procedure of
Heffner et al., (1980). The tissues were stored at _80°C for various experiments.
All animal care and procedures were in accordance with Institutional and National
Institute of Health guidelines.
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Quantification of brain monoamines and their metabolites in the
experimental groups of rats.
The monoamines were assayed according to the modified procedure of
Paulose et al., (1988).

The cerebral cortex, hippocampus, brain stem and

Cerebellum (CB) of experimental groups of rats was homogenised in 0.4N
perchloric acid. The homogenate was then centrifuged at 5000xg for 10 minutes
at 4°C in a Sigma 3K30 refrigerated centrifuge and the clear supernatant was
filtered through 0.22 µm HPLC grade filters and used for HPLC analysis.

5-hydroxy indole Acetic Acid (5-HIAA) and serotonin (5-HT) contents
were determined 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 mobile phase consisted of 50mM sodium
phosphate dibasic, 0.03M citric acid, 0.1mM EDTA, 0.6mM 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/minute. The
neurotransmitters and their metabolites were 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 quantification. 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.
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5-HT2C RECEPTOR BINDING STUDIES USING [3H] RADIOLIGANDS IN
THE BRAIN REGIONS OF CONTROL AND EXPERIMENTAL RATS
5-HT2C Receptor Binding Studies Using [3H]mesulergine
5-HT2C receptor assay was done using [3H] mesulergine in the synaptic
membrane preparations of brain regions were done as previously described by
Herrick-Davis et al., (1999). 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 100µM 5HT. Tubes were incubated at 25oC 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 50mM Tris-HCl buffer, pH 7.4. Bound radioactivity was
counted with cocktail-T in a Wallac 1409 liquid scintillation counter.
NMDA RECEPTOR BINDING STUDIES USING [3H] RADIOLIGANDS IN
THE BRAIN REGIONS OF CONTROL AND EXPERIMENTAL RATS
NMDA Receptor Binding Studies Using [3H] MK-801
The membrane fractions were prepared by a modification of the method
described by Hoffman et al., (1996). Cerebral cortex was homogenized in a
0.32 M sucrose buffer solution containing 10 mM HEPES/1 mM EDTA buffer,
pH 7.0. The homogenate was centrifuged at 1,000 × g for 10 min and the
supernatant was centrifuged at 40,000 × g for 1 h. The pellet was resuspended and
homogenized in 10 mM HEPES buffer containing 1.0 mM EDTA, pH 7.0 and
centrifuged at 40,000 × g for 1 h. The final pellet was suspended in HEPES/EDTA
buffer and stored at -80°C until binding assays were performed. The [3H] MK-801
binding saturation assay was performed in a concentration range of 0.25 to 50 nM
at 23°C in an assay medium containing 10 mM HEPES, pH 7.0, 200 - 250 µg of
protein, 100 µM glycine and 100 µM glutamate. After 1 h of incubation, the
reaction was stopped by filtration through GF/B filters and washed with HEPES
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buffer pH 7.0. Specific [3H] MK-801 binding was obtained by subtracting
nonspecific binding in the presence of 100 µM unlabeled MK-801 from the total
binding. Bound radioactivity was counted with cocktail-T in a Wallac 1409 a
liquid scintillation counter

Protein determination
Protein was measured by the method of Lowry et al., (1951) 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 Spectrophotometer at
660nm.

ANALYSIS OF THE RECEPTOR BINDING DATA

Linear regression analysis for Scatchard plots
The data was analysed according to Scatchard (1949). 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 radioligand on 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 equilibrium
dissociation constant is the measure of the affinity of the receptors for the
radioligand. The Kd is inversely related to receptor affinity.

GENE EXPRESSION STUDIES OF 5-HT2C, NMDA2b, mGlu5 and GLAST
RECEPTOR INDIFFERENT BRAIN REGIONS OF CONTROL AND
EXPERIMENTAL RATS.

Preparation of RNA
RNA was isolated from the different brain regions (cerebral cortex,
hippocampus, cerebellum and brainstem) of control and experimental rats using
the Tri reagent from Sigma Aldrich.
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Isolation of RNA
Tissue (25-50 mg) homogenates were made in 0.5 ml Tri Reagent and was
centrifuged at 12,000xg for 10 minutes at 40C.

The clear supernatant was

transferred to a fresh tube and it was allowed to stand at room temperature for 5
minutes. 100µl of chloroform was added to it, mixed vigorously for 15 seconds
and allowed to stand at room temperature for 15 minutes. The tubes were then
centrifuged at 12,000xg for 15 minutes at 4°C. Three distinct phases appear after
centrifugation.

The bottom red organic phase contained protein, interphase

contained DNA and a colourless upper aqueous phase contained RNA. The upper
aqueous phase was transferred to a fresh tube and 250µl of isopropanol was added
and the tubes were allowed to stand at room temperature for 10 minutes. The
tubes were centrifuged at 12,000xg for 10 min at 4°C. RNA precipitate forms a
pellet on the sides and bottom of the tube. The supernatants were removed and the
RNA pellet was washed with 500µl of 75% ethanol, vortexed and centrifuged at
12,000xg for 5 min at 4°C. The pellets were semi dried and dissolved in minimum
volume of DEPC-treated water.

2 µl of RNA was made up to 1 ml and

absorbance were measured at 260nm and 280nm in spectrophotometer (Shimadzu
UV-1700 pharmaSPEC). For pure RNA preparation the ratio of absorbance at
260/280 was ≥ 1.7. The concentration of RNA was calculated as one absorbance
260

= 42µg.

cDNA Synthesis
Total cDNA synthesis was performed using ABI PRISM cDNA Archive
kit in 0.2ml microfuge tubes. The reaction mixture of 20µl contained 0.2µg total
RNA, 10X RT buffer, 25X dNTP mixture, 10X Random primers, MultiScribe RT
(50U/µl) and RNase free water. The cDNA synthesis reactions were carried out at
250C for 10 minutes and 370C for 2 hours using an Eppendorf Personal Cycler.
The primers and probes were purchased from Applied Biosystems, Foster City,
CA, USA designed using Primer Express Software Version (3.0).
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Real -Time PCR Assay
Real Time PCR assays were performed in 96-well plates in a ABI 7300
Real Time PCR instrument (Applied Biosystems). To detect gene expression, a
TaqMan quantitative 2-step reverse transcriptase “polymerase chain reaction (RTPCR) was used to quantify mRNA levels. First-strand cDNA was synthesized with
use of a TaqMan RT reagent kit, as recommended by the manufacturer. PCR
analyses were conducted with gene-specific primers and fluorescently labeled
TaqMan probe, designed by Applied Biosystems. Endogenous control, β-actin,
was labelled with a reporter dye (VIC). All reagents were purchased from Applied
Biosystems. The probes for specific gene of interest were labeled with FAM at the
5' end and a quencher (Minor Groove Binding Protein - MGB) at the 3' end. The
Real-Time data were analyzed with Sequence Detection Systems software version
1.7. All reactions were performed in duplicate.
The TaqMan reaction mixture of 20µl contained 25ng of total RNAderived cDNAs, 200nM each of the forward primer, reverse primer and PCR
analyses were conducted with gene-specific primers and fluorescently labelled
Taqman probes of 5-HT2C (Rn00562748_m1), NMDA2b (Rn00561352_m1),
mGlu5 (Rn00566628_m1) and GLAST (Rn00570130_m1). Endogenous control
(β-actin) was labeled with a reporter dye (VIC). 12.5µl of TaqMan 2X Universal
PCR Master Mix was taken and the volume was made up with RNAse free water.
Each run contained both negative (no template) and positive controls.
The thermocycling profile conditions were as follows:
50ºC -- 2 minutes

---- Activation

95ºC -- 10 minutes ---- Initial Denaturation
95ºC -- 15 seconds ---- Denaturation

40 cycles

50ºC -- 30 seconds --- Annealing
60ºC -- 1 minutes --- Final Extension
Fluorescence signals measured during amplification were considered
positive if the fluorescence intensity was 20-fold greater than the standard
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deviation of the baseline fluorescence. The ∆∆CT method of relative
quantification was 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 (∆CT =
CTTarget − CTβ-actin). It was further normalized with the control

(∆∆CT= ∆CT −

CT Control). The fold change in expression was then obtained (2-∆∆CT).

IP3 CONTENT IN THE BRAIN REGIONS OF CONTROL AND
EXPERIMENTAL RATS IN VIVO
Brain tissues – cerebral cortex, hippocampus, cerebellum and brainstem
were homogenised in a polytron homogeniser in 50mM Tris-HCl buffer, pH.7.4,
containing 1mM EDTA to obtain a 15% homogenate. The homogenate was then
centrifuged at 40,000xg for 15 min. and the supernatant was transferred to fresh
tubes for IP3 assay using [3H]IP3 Biotrak Assay System kit.

Principle of the assay
The assay was based on competition between [3H]IP3 and unlabelled IP3
in the standard or samples for binding to a binding protein prepared from bovine
adrenal cortex. The bound IP3 was then separated from the free IP3 by
centrifugation. The free IP3 in the supernatant was then discarded by simple
decantation, leaving the bound fraction adhering to the tube. Measurement of the
radioactivity in the tube enables the amount of unlabelled IP3 in the sample to be
determined.

Assay Protocol
Standards, ranging from 0.19 to 25 pmoles/tube, [3H]IP3 and binding
protein were added together and the volume was made up to 100µl with assay
buffer. Samples of appropriate concentration from experiments were used for the
assay. The tubes were then vortexed and incubated on ice for 15 minutes and they
were centrifuged at 2000 x g for 10 minutes at 4°C. The supernatant was aspirated
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out and the pellet was resuspended in water and incubated at room temperature for
10 minutes. The tubes were then vortexed and decanted immediately into
scintillation vials. The radioactivity in the suspension was determined using liquid
scintillation counter.
A standard curve was plotted with %B/Bo on the Y-axis and IP3
concentration (pmoles/tube) on the X-axis of a semi-log graph paper. %B/Bo was
calculated as:

(Standard or sample cpm – NSB cpm)
× 100
(B0 cpm – NSB cpm)
NSB- non specific binding and B0 - zero binding. IP3 concentration in the samples
was determined by interpolation from the plotted standard curve.

cGMP CONTENT IN THE BRAIN REGIONS OF CONTROL AND
EXPERIMENTAL RATS IN VIVO
Brain tissues - cerebral cortex, hippocampus, cerebellum and brainstem
were homogenised in a polytron homogeniser with cold 50mM Tris-HCl buffer,
pH 7.4, containing 1mM EDTA to obtain a 15% homogenate. The homogenate
was then centrifuged at 40,000xg for 15 min and the supernatant was transferred
to fresh tubes for cGMP assay using [3H]cGMP Biotrak Assay System kit.

Principle of the assay
The assay is based on the competition between unlabelled cGMP and a
fixed quantity of the [3H]cGMP for binding to an antiserum, which has a high
specificity and affinity for cGMP. The amount of [3H]cGMP bound to the
antiserum is inversely related to the amount of cGMP present in the assay sample.
Measurement of the antibody bound radioactivity enables the amount of
unlabelled cGMP in the sample to be calculated. Separation of the antibody bound
cGMP from the unbound nucleotide was done by ammonium sulphate
precipitation, followed by centrifugation. The precipitate which contains the
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antibody bound complex was resuspended in water and its activity was determined
by liquid scintillation counting. The concentration of unlabelled cGMP in the
sample was determined from a linear standard curve.

Assay Protocol
Standards, ranging from 0.5 to 4.0 pmoles/tube, and [3H]cGMP were
added together and the volume was made up to 100µl with assay buffer. Samples
of appropriate concentration from experiments were used for the assay. The
antiserum was added to all the assay tubes and then vortexed. The tubes were
incubated for 90 minutes at 2 - 8°C. Ammonium sulphate was added to all tubes,
mixed and allowed to stand for 5 minutes in ice bath. The tubes were centrifuged
at 12000xg for 2 minutes at room temperature. The supernatant was aspirated out
and the pellet was resuspended in water and decanted immediately into
scintillation vials. The radioactivity in the suspension was determined using liquid
scintillation counter.
A standard curve was plotted with Co/Cx on the Y-axis and cGMP
concentration (pmoles/tube) on the X-axis of a linear graph paper. Co - the cpm
bound in the absence of unlabelled cGMP; Cx - the cpm bound in the presence of
standard/unknown cGMP. cGMP concentration in the samples was determined by
interpolation from the plotted standard curve.

cAMP CONTENT IN THE BRAIN REGIONS OF CONTROL AND
EXPERIMENTAL RATS IN VIVO
Brain tissues - cerebral cortex, hippocampus, cerebellum and brainstem
were homogenised in a polytron homogeniser with cold 50mM Tris-HCl buffer,
pH 7.4, containing 1mM EDTA to obtain a 15% homogenate. The homogenate
was then centrifuged at 40,000 x g for 15min and the supernatant was transferred
to fresh tubes for cAMP assay using [3H]cAMP Biotrak Assay System kit.
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Principle of the assay
cAMP assay kit was used. The assay is based on the competition between
unlabelled cAMP and a fixed quantity of tritium labeled compound for binding to
a protein which has a high specificity and affinity for cAMP. The amount of
labeled protein -cAMP complex formed is inversely related to the amount of
unlabelled cAMP present in the assay sample. Measurement of the protein-bound
radioactivity enables the amount of unlabelled cAMP in the sample to be
calculated.
Free [3H] cAMP

Bound

[3H]

cAMP-binding

protein
+

Binding protein

=

cAMP

+
cAMP-binding protein

Separation of the protein bound cAMP from unbound nucleotide was
achieved by adsorption of the free nucleotide on to a coated charcoal followed by
centrifugation. An aliquot of the supernatant is then removed for liquid
scintillation counting. The concentration of unlabelled cAMP in the sample was
then determined from a linear standard curve.

Assay Protocol
The tubes were placed on a water bath at 0°C. The assay mixture
consisted of different concentrations of standard, [3H]cAMP and binding protein
in case of standards; buffer, [3H]cAMP and binding protein for zero blank and
unknown samples, [3H]cAMP and binding protein for determination of unknown
samples. The mixture was incubated at 2°C for 2h. Cold charcoal reagent was
added to the tubes and the tubes were immediately centrifuged at 12,000 x g for
2min at 2°C. Aliquots of the supernatant was immediately transferred to
scintillation vials and mixed with cocktail-T and counted in a liquid scintillation
counter (Wallac, 1409).
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Co/Cx is plotted on the Y-axis against picomoles of inactive cAMP on the
X- axis of a linear graph paper, where Co is the counts per minute bound in the
absence of unlabelled cAMP and Cx is the counts per minute bound in the presence
of standard or unknown unlabelled cAMP. From the Co/Cx value for the sample,
the number of picomoles of unknown cAMP was calculated.

Elevated Plus Maze
The elevated plus-maze is a widely used animal model of anxiety that is
based on two conflicting tendencies; the rodent’s drive to explore a novel
environment and it’s aversion to heights and open spaces. Four arms were
arranged in the shape of a cross. Two arms had side walls and an end wall ("closed
arms") - the two other arms had no walls ("open arms"). The open arms were
surrounded by small ledges to prevent the animal from falling from the maze. The
maze was fastened to a light-weight support frame. Thus “anxious” animals spent
most of the time in the closed arms while less anxious animals explored open
areas longer. The control and experimental groups of rats were subjected to social
interaction test during post- treatment period once daily for 15 days.
Rats were placed individually into the centre of elevated plus-maze
consisting of two open arms (38L x 5W cm) and two closed arms (38L x 5W x
15H cm), with a central intersection (5cm x 5cm) elevated 50 cm above the floor.
Behaviour was tested in a dimly lit room with a 40W bulb hung 60 cm above the
central part of the maze. The investigator sitting approximately 2 metre apart from
the apparatus observes and detects the movements of the rats for a total of 5
minutes. The experimental procedure was similar to that described by Pellow et
al., (1985). During the 5 minutes test period the following parameters were
measured to analyze the behavioural changes of the experimental rats using
elevated plus-maze: open arm entry, closed arm entry, percentage arm entry, total
arm entry, time spent in open arm, time spent in closed arm, percentage of time
spent in open arm, head dipping, stretched attend posture and grooming (Holmes
& Rodgers, 1998). An entry was defined as entering with all four feet into one
arm.
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Rotarod Test
Rotarod has been used to evaluate motor coordination by testing the
ability of rats to remain on revolving rod (Dunham & Miya, 1957). The control
and experimental groups of rats were subjected to social interaction test during
post- treatment period once daily for 15 days. 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 five
minutes. 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.

Social Interaction
The control and experimental groups of rats were subjected to social
interaction test during post- treatment period once daily for 15 days. In the social
interaction test, as previously (Millan et al. 2005), described by two unfamiliar,
weight-matched rats receiving the same treatment were placed in opposite corners
for 10 min into a brightly-lit chamber (30 × 30 × 60 cm; width, length and height,
respectively) with floor covered with wood shavings. The total time spent in
active social behaviour - allogrooming, sniffing the partner, crawling under and
over, following was recorded, for each rat separately.

Forced Swim Test
The control and experimental groups of rats were subjected to forced
swim test during post- treatment period once daily for 15 days as reported in
Porsolt et al. (1977) and Millan et al. (2001). In short, cylindrical glass tanks (50
cm tall X18 cm diameter), filled to a depth of 30 cm with 22 (±1) °C water and
were used in the forced swimming test. Testing consisted of two phases, the
induction phase and the test phase. During the induction phase animals were
placed in the water for 15 min. After 24 h the rats are placed in the same tanks for
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5 min. The movements of the rats were videotaped for off-line measurement of the
duration of immobility (seconds). The behavioural variable ‘immobility’ was
defined as follows: making no movements for at least 2 seconds or making only
those movements that were necessary to keep the nose above the water. The rats
were allowed to slightly move their forepaws or support themselves by pressing
their paws against the wall of the cylinder. Active climbing, diving and swimming
along the wall were scored as mobility and the time taken was recorded in
seconds.

Confocal Studies
Control and experimental rats were deeply anesthetized with ether. The rat
was transcardially perfused with PBS (pH- 7.4) followed by 4% paraformaldehyde
in PBS (Chen et al., 2007). After perfusion the brains were dissected and
immersion fixed in 4% paraformaldehyde for 1 hr and then equilibrated with 30%
sucrose solution in PBS (0.1 M). 40 µm sections were cut using Cryostat (Leica,
CM1510 S). The sections were treated with PBST (PBS in 0.05% Triton X-100)
for 20 min. Brain slices were were incubated overnight at 4 °C with either rat
primary antibody for 5-HT2C (No: RA24505 Neuromics, diluted in PBST at 1: 500
dilution), NMDA2b (No: 610416 BD Biosciences, diluted in PBST at 1: 500
dilution), mGlu5 (No: AB7130F, Chemicon, diluted in PBST at 1: 500 dilution)
(polyclonal or monoclonal). After overnight incubation, the brain slices were
rinsed with PBST and then incubated with appropriate secondary antibody of
either FITC (No: AB7130F, Chemicon, diluted in PBST at 1: 1000 dilution) or
Rhodamine dye (No:AP307R Chemicon, diluted in PBST at 1: 1000 dilution). The
sections were observed and photographed using confocal imaging system (Leica
SP 5).

STATISTICS
Statistical evaluations were done by ANOVA using InStat (Ver.2.04a)
computer programme.

Linear regression Scatchard plots were made using

SIGMA PLOT (Ver 2.03). Sigma Plot software (version 2.0, Jandel GmbH,
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Erkrath, Germany). Competitive binding data were analysed using non-linear
TM

regression curve-fitting procedure (GraphPad PRISM , San Diego, USA).
Empower software were used for HPLC analysis. Relative Quantification
Software was used for analyzing Real-Time PCR results.
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Body weight, feed intake, water consumption and blood glucose level in control
and experimental groups of rats
There was a significant reduction (p<0.001) in the body weight of epileptic
rats compared to control rats and Bacopa monnieri treated control rats on 30th and 45th
day of experiment. The body weight of Bacopa monnieri and carbamazepine treated
epileptic rats reversed (p<0.001) to control on 30th and 45th day of experiment
(Table- 1). There is a significant decrease (p<0.001) in the feed intake and water
consumption of epileptic rats on 30th and 45th day of experiment compared to control
rats and Bacopa monnieri treated control rats. Both Bacopa monnieri and
carbamazepine treatment to epileptic rats significantly increased the feed intake and
water consumption on 30th (p<0.05) and 45th (p<0.001) day of experiment
(Table 2, 3). There was no significant change in the blood glucose level in the control
and experimental groups of rats (Table- 4).

5-HT and 5-HIAA content (nmoles/g wet wt.) in the cerebral cortex of control
and experimental groups of rats
5-HT content in the cerebral cortex showed a significant decrease (p<0.001)
in epileptic rats compared to control rats and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.05) treatment to epileptic rats
significantly increased the 5-HT contents near to control. 5-HIAA content was
significantly increased (p<0.01) in epileptic rats compared to control rats and Bacopa
monnieri treated control rats. Both Bacopa monnieri (p<0.01) and carbamazepine
(p<0.05) treatment to epileptic rats significantly decreased the 5-HIAA content to
control. 5-HT/5-HIAA ratio showed a significant decrease (p<0.001) in the epileptic
rats compared to control rats and Bacopa monnieri treated control rats. Treatment with

Bacopa monnieri (p<0.01) to epileptic rats significantly reversed the 5-HT/5-HIAA
ratio towards control. Treatment with carbamazepine (p<0.05) to epileptic rats showed
no significant change in the 5-HT/5-HIAA compared to epileptic rats (Table- 5).

5-HT and 5-HIAA content (nmoles/g wet wt.) in the hippocampus of control and
experimental groups of rats
5-HT content in the hippocampus showed a significant decrease (p<0.01) in
epileptic rats compared to control rats and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.05) treatment to epileptic rats
significantly increased the 5-HT contents near to control. 5-HIAA content was
significantly increased in epileptic rats (p<0.001) and carbamazepine treated epileptic
rats (p<0.001) compared to both control rats and Bacopa monnieri treated control rats.
Only Bacopa monnieri (p<0.01) treatment to epileptic rats significantly decreased the
5-HIAA content to control. 5-HT/5-HIAA ratio showed no significant change in the
hippocampus of control and experimental groups of rats (Table- 6).

5-HT and 5-HIAA content (nmoles/g wet wt.) in the cerebellum of control and
experimental groups of rats
5-HT content in the cerebellum showed a significant decrease (p<0.001) in
epileptic rats compared to control rats and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.01) treatment to epileptic rats
significantly increased the 5-HT contents near to control. 5-HIAA content was
significantly increased in epileptic rats (p<0.001) and carbamazepine treated epileptic
rats (p<0.05) compared to both control rats and Bacopa monnieri treated control rats.
Only Bacopa monnieri (p<0.01) treatment to epileptic rats significantly decreased the
5-HIAA content to control. 5-HT/5-HIAA ratio showed a significant decrease
(p<0.001) in the epileptic rats and carbamazepine treated epileptic rats (p<0.05)
compared to control rats and Bacopa monnieri treated control rats. Treatments with

75

Results
Bacopa monnieri (p<0.01) to epileptic rats significantly reversed the 5-HT/5-HIAA
ratio towards control (Table- 7).

5-HT and 5-HIAA content (nmoles/g wet wt.) in the brainstem of control and
experimental groups of rats
5-HT content in the brainstem showed a significant decrease (p<0.001) in
epileptic rats compared to control rats and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.05) and carbamazepine (p<0.01) treatment to epileptic rats
significantly increased the 5-HT contents near to control. 5-HIAA content was
significantly increased in epileptic rats (p<0.05) and carbamazepine treated epileptic
rats (p<0.05) compared to both control rats and Bacopa monnieri treated control rats.
Only Bacopa monnieri (p<0.05) treatment to epileptic rats significantly decreased the
5-HIAA content to control. 5-HT/5-HIAA ratio showed no significant change in the
brainstem of control and experimental groups of rats (Table- 8).

BRAIN 5-HT2C RECEPTOR ALTERATIONS IN THE CONTROL AND
EXPERIMENTAL GROUPS OF RATS

CEREBRAL CORTEX
Scatchard analysis using [3H]mesulergine against mesulergine
Scatchard analysis of [3H]mesulergine against mesulergine in cerebral cortex
showed a significant increase (p<0.001) in Bmax and Kd (p<0.01) of epileptic group
compared to control rats and Bacopa monnieri treated control rats. Treatments with
Bacopa monnieri and carbamazepine significantly reversed (p<0.001) the Bmax to near
control. Kd showed a significant decrease (p<0.01) in both Bacopa monnieri and
carbamazepine treated groups compared to epileptic rats (Fig. 1; Table- 9).
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Real-Time PCR analysis of 5-HT2C Receptors
The gene expression studies by Real-Time PCR analysis showed that 5-HT2C
receptor mRNA in cerebral cortex was significantly (p<0.001) up regulated in
epileptic group compared to control and Bacopa monnieri treated control rats. Bacopa
monnieri and carbamazepine administration to epileptic rats significantly (p<0.01)
reversed the up regulation compared to epileptic rats (Fig. 2; Table- 10).

HIPPOCAMPUS
Scatchard analysis using [3H]mesulergine against mesulergine
Scatchard analysis of [3H]mesulergine against mesulergine in hippocampus
showed a significant increase (p<0.001) in Bmax and Kd of epileptic group compared to
control rats and Bacopa monnieri treated control rats. Treatments with Bacopa
monnieri and carbamazepine significantly reversed (p<0.001) the Bmax to near control.
Kd showed a significant decrease in both Bacopa monnieri (p<0.01) and
carbamazepine

(p<0.001)

treated

groups

compared

to

epileptic

groups

(Fig. 3; Table- 11).

Real-Time PCR analysis of 5-HT2C Receptors
The gene expression studies by Real-Time PCR analysis showed that 5-HT2C
receptor mRNA in hippocampus was significantly (p<0.001) up regulated in epileptic
group compared to control and Bacopa monnieri treated control rats. Bacopa monnieri
and carbamazepine administration to epileptic rats significantly (p<0.01) reversed the
up regulation to control (Fig. 4; Table- 12).

CEREBELLUM
Scatchard analysis using [3H]mesulergine against mesulergine
Scatchard analysis of [3H]mesulergine against mesulergine in cerebellum
showed a significant decrease in Bmax (p<0.001) and Kd (p<0.01) of epileptic group
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compared to control rats and Bacopa monnieri treated control rats. Treatments with
Bacopa monnieri and carbamazepine significantly reversed (p<0.001) the Bmax to near
control. Kd showed a significant increase (p<0.01) in both Bacopa monnieri and
carbamazepine treated groups compared to epileptic groups (Fig. 5; Table- 13).

Real-Time PCR analysis of 5-HT2C Receptors
The gene expression studies by Real-Time PCR analysis showed that 5-HT2C
receptor mRNA in cerebellum was significantly (p<0.001) down regulated in epileptic
group compared to control and Bacopa monnieri treated control rats. Bacopa monnieri
and carbamazepine administration to epileptic rats significantly (p<0.01) reversed the
down regulation to control level (Fig. 6; Table- 14).

BRAINSTEM
Scatchard analysis using [3H]mesulergine against mesulergine
Scatchard analysis of [3H]mesulergine against mesulergine in brainstem
showed a significant decrease in Bmax (p<0.001) of epileptic group compared to
control rats and Bacopa monnieri treated control rats. Treatments with Bacopa
monnieri and carbamazepine significantly reversed (p<0.001) the Bmax to near control.
There was no significant change in Kd of control and experimental groups of rats. (Fig.
7; Table- 15).

Real-Time PCR analysis of 5-HT2C Receptors
The gene expression studies by Real-Time PCR analysis showed that 5-HT2C
receptor mRNA in brainstem was significantly (p<0.001) down regulated in epileptic
group compared to control and Bacopa monnieri treated control rats. Bacopa monnieri
and carbamazepine administration to epileptic rats significantly (p<0.01) reversed the
down regulation to control level (Fig. 8; Table- 16).
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BRAIN NMDA RECEPTOR ALTERATIONS IN THE CONTROL AND
EXPERIMENTAL GROUPS OF RATS

CEREBRAL CORTEX
Scatchard analysis using [3H]MK-801 against MK-801
Scatchard analysis of [3H]MK-801 against MK-801 in cerebral cortex showed
a significant decrease in Bmax(p<0.001) and of epileptic rats compared to control and
Bacopa monnieri treated control rats. Bacopa monnieri (p<0.001) and carbamazepine
(p<0.001) treatment to epileptic rats significantly reversed alterations in Bmax to near
control level (Fig. 9; Table- 17). There was no significant change in Kd in control and
experimental rats.

Real-Time PCR analysis of NMDA2b Receptors
Real-Time PCR analysis showed that the NMDA2b receptor mRNA
significantly decreased (p<0.001) in epileptic condition when compared to control and
Bacopa monnieri treated control rats. Bacopa monnieri and carbamazepine treatment
to epileptic rats significantly reversed (p<0.01) NMDA2b receptor mRNA alteration
to near control (Fig. 10; Table- 18).

Real-Time PCR analysis of mGLU5 Receptors
The mGlu5 receptor mRNA was significantly increased (p<0.001) in epileptic
condition compared to control and Bacopa monnieri treated control rats. Bacopa
monnieri and carbamazepine treatment to epileptic rats significantly reversed
(p<0.001) mGlu5 receptor mRNA alteration to near control (Fig. 11; Table- 19).

Real-Time PCR analysis of GLAST
The GLAST mRNA was significantly increased (p<0.01) in epileptic
condition compared to control and Bacopa monnieri treated control rats. Bacopa
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monnieri and carbamazepine treatment to epileptic rats significantly reversed (p<0.01)
the up regulation of GLAST mRNA compared to epileptic rats (Fig. 12; Table- 20).

HIPPOCAMPUS
Scatchard analysis using [3H]MK-801 against MK-801
Scatchard analysis of [3H]MK-801 against MK-801 in hippocampus showed a
significant decrease in Bmax(p<0.001) and in Kd (p<0.01) of epileptic rats compared to
control and Bacopa monnieri treated control rats. Bacopa monnieri (p<0.01) and
carbamazepine (p<0.001) treatment to epileptic rats significantly reversed alterations
in Bmax to near control level. Bacopa monnieri (p<0.05) treatment to epileptic rats
significantly reversed alterations in Kd to near control level. Carbamzepine treatment
to epileptic rats showed no significant change in Kd when compared to epileptic rats.
(Fig 13; Table- 21).

Real-Time PCR analysis of NMDA2b Receptors
Real-Time-PCR analysis showed that the NMDA2b receptor mRNA in
hippocampus significantly down regulated (p<0.001) in epileptic rats when compared
to control Bacopa monnieri treated control rats. Bacopa monnieri (p<0.01) and
carbamazepine treatment (p<0.001) to epileptic rats increased NMDA2b receptor
mRNA to near control (Fig. 14; Table- 22).

Real-Time PCR analysis of mGLU5 Receptors
The mGlu5 receptor mRNA in hippocampus was significantly increased
(p<0.001) in epileptic condition compared to control and Bacopa monnieri treated
control rats. Bacopa monnieri (p<0.001) and carbamazepine treatment (p<0.01) to
epileptic rats significantly reversed mGlu5 receptor mRNA alteration to near control
(Fig. 15; Table- 23).
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Real-Time PCR analysis of GLAST
The GLAST mRNA in hippocampus was significantly up regulated (p<0.001)
in epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine treatment (p<0.001) to epileptic rats
significantly reversed GLAST mRNA alteration to near control (Fig. 16; Table- 24).

CEREBELLUM
Scatchard analysis using [3H]MK-801 against MK-801
Scatchard analysis of [3H] MK-801 against MK-801 in cerebellum showed a
significant increase in Bmax (p<0.001) and Kd (p<0.01) of epileptic rats compared to
control and Bacopa monnieri treated control rats. Bacopa monnieri (p<0.001) and
carbamazepine (p<0.001) treatment to epileptic rats significantly reversed alterations
in Bmax to near control level (Fig. 17; Table- 25). There was no significant change in
the Kd of both the treatment groups compared to control.

Real-Time PCR analysis of NMDA2b Receptors
Real Time-PCR analysis showed that the NMDA2b receptor mRNA in
cerebellum significantly up regulated (p<0.001) in epileptic rats when compared to
control Bacopa monnieri treated control rats. Bacopa monnieri and carbamazepine
treatment to epileptic rats significantly decreased (p<0.01) NMDA2b receptor mRNA
to near control (Fig. 18; Table- 26).

Real-Time PCR analysis of mGLU5 Receptors
The mGlu5 receptor mRNA was significantly up regulated (p<0.001) in
cerebellum of epileptic rats compared to control and Bacopa monnieri treated control
rats. Treatment with Bacopa monnieri (p<0.001) and carbamazepine treatment
(p<0.01) to epileptic rats significantly reversed mGlu5 receptor mRNA alteration to
near control (Fig. 19; Table- 27).
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Real-Time PCR analysis of GLAST
The GLAST mRNA was significantly down regulated (p<0.001) in
cerebellum of epileptic rats compared to control and Bacopa monnieri treated control
rats. Bacopa monnieri (p<0.01) and carbamazepine (p<0.001) treatment to epileptic
rats significantly reversed GLAST mRNA alteration to near control (Fig. 20; Table28).

BRAINSTEM
Scatchard analysis using [3H]MK-801 against MK-801
Scatchard analysis of [3H]MK-801 against MK-801 showed a significant
increase in Bmax (p<0.001) and Kd (p<0.01) in brainstem of epileptic rats compared to
control and Bacopa monnieri treated control rats. Bacopa monnieri and
carbamazepine treatment to epileptic rats significantly reversed (p<0.001) NMDA
receptor Bmax alterations to near control. Bacopa monnieri (p<0.01) and
carbamazepine (p<0.01) treatment to epileptic rats significantly reversed alterations in
Kd to near control level (Fig. 21; Table- 29).

Real-Time PCR analysis of NMDA2b Receptors
Real Time-PCR analysis showed that the NMDA2b receptor mRNA in
brainstem significantly up regulated (p<0.001) in epileptic rats when compared to
control Bacopa monnieri treated control rats. Bacopa monnieri and carbamazepine
treatment to epileptic rats significantly reversed (p<0.01) NMDA2b receptor mRNA
to near control (Fig. 22; Table- 30).

Real-Time PCR analysis of mGLU5 Receptors
The mGlu5 receptor mRNA was significantly up regulated (p<0.001) in
brainstem of epileptic rats compared to control and Bacopa monnieri treated control
rats. Treatment with Bacopa monnieri (p<0.001) and carbamazepine (p<0.01)
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treatment to epileptic rats significantly reversed mGlu5 receptor mRNA alteration to
near control (Fig. 23; Table- 31).

Real-Time PCR analysis of GLAST
The GLAST mRNA was significantly up regulated (p<0.001) in brainstem of
epileptic rats compared to control and Bacopa monnieri treated control rats. Bacopa
monnieri and carbamazepine treatment to epileptic rats significantly reversed (p<0.01)
the GLAST mRNA alteration to near control (Fig. 24; Table- 32).

IP3 content in the cerebral cortex of control and experimental groups of rats
The IP3 content in the cerebral cortex was significantly increased (p<0.001)
in epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.05) treatment to epileptic rats
significantly reversed IP3 content alteration to near control level (Fig. 25; Table- 33).

IP3 content in the hippocampus of control and experimental groups of rats
The IP3 content in the hippocampus was significantly increased (p<0.001) in
epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.01) treatment to epileptic rats
significantly reversed IP3 content alteration to near control level (Fig. 26; Table- 34).

IP3 content in the cerebellum of control and experimental groups of rats
The IP3 content in the cerebellum was significantly decreased (p<0.001) in
epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.01) treatment to epileptic rats
significantly reversed IP3 content alteration to near control level (Fig. 27; Table- 35).
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IP3 content in the brainstem of control and experimental groups of rats
The IP3 content in the brainstem was significantly increased (p<0.001) in
epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.05) treatment to epileptic rats
significantly reversed IP3 content alteration to near control level (Fig. 28; Table- 36).

cGMP content in the cerebral cortex of control and experimental groups of rats
The cGMP content in the cerebral cortex was significantly decreased (p<0.01)
in epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri and carbamazepine treatment to epileptic rats significantly reversed
(p<0.01) the cGMP content alteration to near control level (Fig. 29; Table- 37).

cGMP content in the hippocampus of control and experimental groups of rats
The cGMP content in the hippocampus was significantly increased (p<0.001)
in epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.01) treatment to epileptic rats
significantly reversed cGMP content alteration to near control level (Fig. 30; Table38).

cGMP content in the cerebellum of control and experimental groups of rats
The cGMP content in the cerebellum was significantly increased (p<0.001) in
epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.05) treatment to epileptic rats
significantly reversed cGMP content alteration to near control level (Fig. 31; Table39).
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cGMP content in the brainstem of control and experimental groups of rats
The cGMP content in the brainstem was significantly increased (p<0.001) in
epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.05) treatment to epileptic rats
significantly reversed cGMP content alteration to near control level (Fig. 32; Table40).

cAMP content in the cerebral cortex of control and experimental groups of rats
The cAMP content in the cerebral cortex was significantly increased
(p<0.001) in epileptic rats compared to control and Bacopa monnieri treated control
rats. Bacopa monnieri (p<0.001) and carbamazepine (p<0.01) treatment to epileptic
rats significantly reversed cAMP content alteration to near control level (Fig. 33;
Table- 41).

cAMP content in the hippocampus of control and experimental groups of rats
The cAMP content in the hippocampus was significantly increased (p<0.001)
in epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.05) treatment to epileptic rats
significantly reversed cAMP content alteration to near control level (Fig. 34; Table42).

cAMP content in the cerebellum of control and experimental groups of rats
The cAMP content in the cerebellum was significantly decreased (p<0.001) in
epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.01) and carbamazepine (p<0.01) treatment to epileptic rats
significantly reversed cAMP content alteration to near control level (Fig. 35; Table43).
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cAMP content in the brainstem of control and experimental groups of rats
cAMP content in the brainstem was significantly decreased (p<0.001) in
epileptic condition compared to control and Bacopa monnieri treated control rats.
Bacopa monnieri (p<0.001) and carbamazepine (p<0.001) treatment to epileptic rats
significantly reversed cAMP content alteration to near control level (Fig. 36; Table44).

Rotarod Performance of control and experimental groups of rats
Rotarod experiment showed a significant decrease at 10 revolutions per
minute (rpm) (p<0.01), 15 rpm (p<0.001) and 25 rpm (p<0.001) in the retention time
on the rotating rod in epileptic group compared to control. Bacopa monnieri treatment
to epileptic rats significantly reversed the retention time near to control at 10(p<0.01),
15 (p<0.01) and 25 (p<0.05) rpm. Carbamazepine treatment to epileptic rats
significantly reversed the retention time near to control at 10(p<0.01), 15 (p<0.001)
and 25 (p<0.05) rpm (Fig. 37; Table- 45).

Elevated Plus Maze Test in the control and experimental Rats

Behavioural response of control and experimental rats in open and closed arm
entry (counts/5 minutes) in elevated plus maze test
The epileptic rats showed a significant increase in the number of entries made
into open arm (p<0.001), closed arm (p<0.01) and total arm entry (p<0.001),
compared to control and Bacopa monnieri treatment. Bacopa monnieri treatment to
epileptic rats reversed the number of entries into open arm (p<0.01) closed arm
(p<0.05) and total arm entry (p<0.001) to near control. Carbamazepine to epileptic
rats treatment significantly decreased (p<0.05) the number of entries into open arm to
near control (Table- 46).
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Behavioural response of control and experimental rats in time spent (seconds/5
minutes) in open and closed arms in elevated plus maze test
There was a significant increase in time spent in the closed arm (p<0.001) and
decrease (p<0.001) in the time spent in the open arm by epileptic rats compared to
control and Bacopa monnieri treated control rats. There was significant increase in the
time spent in the open arm by Bacopa monnieri (p<0.01) and carbamazepine (p<0.05)
treated epileptic rats to near control. Bacopa monnieri and carbamazepine treatments
to epileptic rats caused significant decrease (p<0.01) in time spent in the closed arm
near to near control rats (Table- 47).
Percentage of time spent in open arm showed a significant decrease in
epileptic (p<0.001) rats compared to control. Bacopa monnieri and carbamazepine
treatments to epileptic rats caused significant increase (p<0.01) in time spent in the
closed arm near to near control rats and Bacopa monnieri treated control rats
(Table- 47).

Behavioural response of control and experimental rats in head dipping attempts,
stretched attend posture and grooming attempts in elevated plus- maze test
There was a significant decrease in head dipping (p<0.01), stretched attend
posture (p<0.001) and grooming attempts (p<0.001) in epileptic rats compared to
control and Bacopa monnieri treated control rats.

Bacopa monnieri and

carbamazepine treatment to epileptic rats caused a significant increase (p<0.05) in
head dipping attempt, stretched attend posture and grooming attempts to control
(Table- 48).
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Social Interaction Test in the control and experimental rats

Behavioral response of control and experimental rats at allogrooming, sniffing,
aggressive attacks and following the partner in Social Interaction Test (Counts/10
minutes)
There was a significant decrease in the attempts in allogrooming (p<0.001),
sniffing (p<0.01) and following (p<0.05) the partner by epileptic rats compared to
control and Bacopa monnieri treated control rats. Bacopa monnieri treatment to
epileptic rats caused a significant increase in the attempts at allogrooming (p<0.05),
sniffing (p<0.05) and following (p<0.01) near to control rats. Carbamazepine
treatment to epileptic rats caused a significant increase in the attempts at allogrooming
(p<0.05), sniffing (p<0.05) and following (p<0.01) near to control rats. No aggressive
attacks were observed in control and experimental groups of rats (Table- 49).

Behavioral response of control and experimental rats in time spent in social
interaction test (seconds/10 minutes)
There was a significant decrease (p<0.001) in total time spent in social
interaction and increase in time spent without social interaction (p<0.001) by epileptic
rats compared to control and Bacopa monnieri treated control rats. Bacopa monnieri
(p<0.01) and carbamazepine (p<0.001) treatment to epileptic rats caused a significant
increase in the time spent social interaction compared to epileptic rats. Bacopa
monnieri (p<0.01) and carbamazepine (p<0.001) treatment to epileptic rats
significantly decreased the time spent without social interaction compared to epileptic
rats (Table- 50).

Behavioural response of control and experimental rats in Forced Swim Test
There was a significant increase (p<0.001) in the immobility period and
significant decrease (p<0.001) in mobile period spent in forced swim test by epileptic
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rats compared to control and Bacopa monnieri treated control rats. Bacopa monnieri
and carbamazepine treatment to epileptic rats caused a significant increase (p<0.01) in
the mobile period compared to epileptic rats. Bacopa monnieri (p<0.01) and
carbamazepine (p<0.001) treatment to epileptic rats also significantly decreased the
immobile period compared to epileptic rats (Table- 51).

CONFOCAL STUDIES
Cerebral Cortex

5-HT2C receptor antibody staining in control and experimental groups of rats
The 5-HT2C receptor antibody staining in the cerebral cortex showed an
increase in the 5-HT2C receptor in epileptic rat compared to control and Bacopa
monnieri treated control rats. Bacopa monnieri and carbamazepine treated epileptic
rats showed a reversal of the increase in 5-HT2C receptor staining in the cerebral
cortex compared to epileptic rats. (Fig. 38; Table- 52).

NMDA2b receptor antibody staining in control and experimental groups of rats
The NMDA2b receptor antibody staining in the cerebral cortex showed a
decrease in the NMDA2b receptor in epileptic rat compared to control and Bacopa
monnieri treated control rats. Bacopa monnieri and carbamazepine treated epileptic
rats showed a reversal in decreased NMDA2b receptor staining in the cerebral cortex
compared to epileptic rats. (Fig. 39; Table- 53).

mGlu5 receptor antibody staining in control and experimental groups of rats
The mGlu5 receptor antibody staining in the cerebral cortex showed an
increase in the 5-HT2C receptor in epileptic rat compared to control and Bacopa
monnieri treated control rats. Bacopa monnieri and carbamazepine treated epileptic
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rats showed a reversal of the mGlu5 receptor staining in the cerebral cortex compared
to epileptic rats. (Fig. 40; Table- 54).

Cerebellum

5-HT2C receptor antibody staining in control and experimental groups of rats
The 5-HT2C receptor antibody staining in the cerebellum showed an increase
in the 5-HT2C receptor in epileptic rat compared to control and Bacopa monnieri
treated control rats. Bacopa monnieri and carbamazepine treated epileptic rats showed
a reversal in increased 5-HT2C receptor staining in the cerebral cortex compared to
epileptic rats. (Fig. 41; Table- 55).

NMDA2b receptor antibody staining in control and experimental groups of rats
The NMDA2b receptor antibody staining in the cerebellum showed a
decrease in the NMDA2b receptor in epileptic rat compared to control and Bacopa
monnieri treated control rats. Bacopa monnieri and carbamazepine treated epileptic
rats showed a reversal in decreased NMDA2b receptor staining in the cerebral cortex
compared to epileptic rats. (Fig. 42; Table- 56).

mGlu5 receptor antibody staining in control and experimental groups of rats
The mGlu5 receptor antibody staining in the cerebellum showed an increase
in the 5-HT2C receptor in epileptic rat compared to control and Bacopa monnieri
treated control rats. Bacopa monnieri and carbamazepine treated epileptic rats showed
a reversal in increased mGlu5 receptor staining in the cerebral cortex compared to
epileptic rats. (Fig. 43; Table- 57).
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Epilepsy, a common neurological disorder characterized by recurrent
spontaneous seizures, is considered to be a major health problem that affects
approximately one to two percent of the population worldwide. The epileptogenesis is
a dynamic process with major modifications taking place at multiple levels, which
include synaptic plasticity, aberrant reorganization of the neuronal circuitry,
alterations in interneuron number and function and changes in dentate neurogenesis.
The latency period found between the initial precipitating insult and the development
of chronic epilepsy offers a useful window for application of promising
neuroprotective strategies. On basis of behavioural, electrophysiological and
histopathological findings obtained with different protocols and by comparing
mortality rates, onset of spontaneous recurrent seizures (SRSs), neuronal damage, and
network reorganization, pilocarpine model is considered as a valuable tool to
investigate the mechanisms involved in TLE.
We observed a decrease in the body weight of epileptic rats compared to
control and Bacopa monnieri treated control rats. Also, the feed and water intake of
the epileptic rats were comparatively reduced. Bacopa monnieri treatment and
carbamazepine treatment reversed these changes to near control level. There was no
significant change in the blood glucose in the control and experimental groups of rats.
PET imaging studies of glucose metabolism and cerebral blood flow in patients with
TLE and depression have so far mainly focused on frontal and temporal lobes, with
hippocampus and amygdala being the regions of main interest (Kondziella et al.,
2007). The same stress-responsive CNS mediators that produce emotional, cognitive
and behavioral manifestations also lead to inhibition of endocrine programs for

growth and reproduction to preserve energy, a catabolic state to provide glucose to the
brain and increased heart rate and blood pressure (Gold, 2005)
The serotonergic innervation of the cerebral cortex in the rat has been studied
by

immunohistochemistry

employing

an

antibody

directed

against

the

neurotransmitter, serotonin. All regions of the cerebral cortex appear to be innervated
by serotonergic axons which have a distinctive morphology: they are fine (0.1–0.5
µm), varicose and extremely convoluted. Serotonergic axons of passage are thicker
and comparatively straight.
The serotonergic afferents to the cortex appear to have at least two different
modes of distribution, a relatively uniform pattern in the anterior cingulate and the
lateral neocortex and a restricted, laminar pattern in the posterior cingulate and the
hippocampus. The density and extent of the serotonin innervation is such that the
raphe neurons may contact every cell in the cortex. The widespread arborization of
serotonin axons contrasts with the spatially restricted termination of thalamic
afferents. The distribution of serotonin-containing fibers also differs substantially
from the terminal patterns of noradrenergic and dopaminergic fibers. The differences
in axonal morphology and distribution amongst the monoamine afferents reflect
differences in their contributions to cortical circuitry. The present findings indicate
that the serotonin-containing neurons may exert a profound and global, but not
necessarily uniform, influence upon cortical function (Lidov, 1980).

Serotonin content
We observed a decrease in the 5-HT content in the cerebral cortex
hippocampus, cerebellum and brainstem of epileptic rats when compared to control
and Bacopa monnieri treated control rats. The monoamine content in brain structures
has been related to neuronal excitability and several approaches have been used to
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study this phenomenon during seizure vulnerability. An increase in the serotonin
content was found in cerebral cortex hippocampus, cerebellum and brainstem of
Bacopa monnieri treated epileptic rats and carbamazepine treated epileptic rats. 5-HT
plays an important regulatory role in epileptic mechanism; 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 (Jacobs & Fornal, 1997). In the genetically epilepsy-prone rat model of
generalized epilepsy, a decrease is found in brain concentration of serotonin (Dailey et
al., 1989). There has been increasing evidence that serotonergic neurotransmission
modulates a wide variety of experimentally induced seizures. Generally, agents that
elevate extracellular serotonin levels, such as 5-hydroxytryptophan and 5-HT reuptake
blockers, inhibit both focal and generalized seizures. Conversely, depletion of brain
5-HT lowers the threshold to audiogenically, chemically and electrically evoked
convulsions (Bagdy et al., 2006). Moreover 5-HT is a key modulatory
neurotransmitter and has been implicated in the pathophysiology and treatment of
anxiety and mood disorders (Neumeister et al., 2002). Both Bacopa monnieri and
carbamazepine treatment to epileptic rats increased the 5-HT content in brain regions
of epileptic rats. Bacopa monnieri plant extract is a nerve tonic used extensively in the
traditional Indian medicinal system Ayurveda. Bacopa monnieri has been used for
centuries as a memory-enhancing, antioxidative, adaptogenic (Jyoti & Sharma, 2004),
antiinflammatory, analgesic, antipyretic, sedative, and antiepileptic agent. Bacopa
monnieri is currently recognized as being possibly effective in the treatment of mental
illness and epilepsy (Russo et al., 2003).
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Cerebral Cortex
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 (Tecott et al., 1995; Fone et al., 1998). The
cerebellar cortex, like all other motor structures, receives serotonergic innervations in
the form of a plexus of fine varicose fibers. (Dieudonné & Dumoulin, 2000).
Our findings report an increase in 5-HT2C receptor function in the cerebral
cortex with no significant change in Kd which is supported by the gene expression
studies. Increased 5-HT2C receptor function in cortical regions is implicated in mood
disorders and anxiodepressive states (Millan, 2005). It has been reported that
increased 5-HT2C receptor contributes to the enhanced response to anxiety (Fone et
al., 1996) in the epileptic rats. 5-HT2C receptor agonist 1-(m-chlorophenyl) piperazine
has been reported to produce hypolocomtion, hypophagia, and anxiogenesis (Samad et
al., 2008) in rats. The changes in the receptors have been confirmed using
immunofluorescent antibodies specific to 5-HT2C, receptors Behavioural and
neurochemical evidence for anxiogenic actions of 5-HT2C agonists have been well
documented in rodents (Hackler et al., 2007).
The serotonin 5-HT2C receptor subtype signals activate phospholipase C
(PLC), leading to the intracellular accumulation of inositol trisphosphate and
subsequent Ca2+ release. Increased Ca2+ release triggers the oxidative damage and
excitotoxicity (Bishnoi et al., 2008). Thus up-regulated 5-HT2C receptor function in
epileptic cortex leads to excessive Ca2+ overload in cells leading to apoptosis. Earlier
findings from our lab also implicate overactivation of 5-HT2C receptors in cell
proliferation by acting as a co-mitogen (Sudha & Paulose, 1998). Hence, the upregulated 5-HT2C receptors could play a significant role in neuronal hypertrophy
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(Julius et al., 1989) which has been previously reported in cortical regions of patients
with temporal lobe epilepsy (Bothwell et al., 2001). At present it is unknown why
cortical tissues become epileptogenic. It has been previously demonstrated that in the
lateral temporal lobe of TLE patients which are supposed to be normal (Babb et al.,
1984) there is fine disorganization in the synaptic circuits that consists of increase and
decrease in excitatory and inhibitory synapses respectively (Marco et al., 1997).
Neuronal hypertrophy leads to formation of tumours which are reported to be
potential causes for onset of secondary seizures (Loscher, 2002). Focal cortical
dysplasia is associated with vulnerability to epilepsy, and suggested to augment
hippocampal epileptogenicity (Takase et al., 2008) However, its epileptogenicity
remains unclear. Therefore, we created a novel rat Serotonin can inhibit events
triggered by glutamate release by acting at postsynaptic receptors of the 5-HT2C
subtype. Experiments in human cerebral cortex support the view that serotonergic
activation through 5-HT2C receptors interacts with glutamate transmission through
NMDA receptor (Maura et al., 2000).
Our investigation revealed a down regulation in the NMDA receptor binding
in the cerebral cortex of the epileptic rats compared to control and Bacopa monnieri
treated without a change in its affinity. Also, there was increase in the gene expression
of 5-HT2C and mGlu5 gene expression whereas a decrease in the expression NMDA2b
of in the cerebral cortex of epileptic. Bacopa monnieri and carbamazepine treatment
to epileptic rats showed a reversal of the receptor expressions to near control. These
have been confirmed using immunofluorescent antibodies specific to 5-HT2C,
NMDA2b and mGlu5 receptors in our study. Conflicting reports exist regarding the
status of NMDA receptors in the epileptic cortex. Guzman et al., (2008) reported
neuronal network hyperexcitability due to NMDA receptors in the deep layers of
entorhinal cortex of pilocarpine treated rats. But we report a decrease in the NMDA
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receptor activity in the epileptic cortex. A possible explanation to the loss of NMDA
binding sites is suggested to be due to a compensatory down-regulation of the
receptors because of an excessive release of glutamate (Otoya et al., 1997) during
epilepsy. Hypofunction of NMDA receptor has been indicated to produce
schizophrenic symptoms, including deficits in working memory (Olney and Farber,
1995). NMDA-receptor antagonism could adversely affect storage and processing of
information (Javitt et al., 1996) in the cerebral cortex of epileptic rats. Our recent
studies involving Water Maze Test (Reas et al., 2008) confirms the deficits in memory
and cognitive impairments observed in the epileptic rats.
Immunohistochemical studies have previously identified positive staining for
presynaptic mGlu5 receptors in the rat cerebral cortex (Romano et al., 1995). The
mGluR5 is reported to mediate a G-protein-dependent release of intracellular calcium
stores (Valenti et al., 2002). Moreover, NMDA receptor function is inhibited by a rise
in intracellular calcium (Rosenmund et al., 1995). Yu et al., (1997) pointed out that
mGlu5 mediated direct inhibition via G-proteins also leads to NMDA receptor
inhibition. We observed an increased expression of the mGluR5 receptor gene
expression in the cerebral cortex of epileptic rats compared to control and Bacopa
monneiri treated control rats. Hence, it is likely that the G-protein-dependent release
of intracellular Ca2+ through mGlu5 activation depresses NMDA responses as seen in
our present study.
Our experimental findings also demonstrate an increase in intracellular IP3
content in the epileptic cerebral cortex. Inositol phosphates are known to regulate
membrane trafficking, glucose metabolism, cytoskeletal organisation and intracellular
Ca2+ homeostasis—particularly the release of stored Ca2+ via IP3 receptors.
Intracellular Ca2+ regulation by both inositol 1,4,5-triphosphate receptors (IP3R) and
ryanodine receptors (RyR) has been implicated in epileptogenesis and the
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maintenance of epilepsy (Nagarkatti et al., 2008). This leads to excess Ca2+ release
from IP3-sensitive stores in response both 5-HT2C receptor hyperfunction and
mGluR5 stimulation. Excessive Ca2+ overload in cells have been reported to cause
apoptosis. Boehning et al., (2003) demonstrated a small amount of cytochrome C
released from mitochondria binds to and promote Ca2+ conductance through IP3 in the
endoplamic reticulum membrane. The released Ca2+ further triggers mass exodus of
cytochrome C from all mitochodria in the cell and thus activating the caspase and
nuclease enzyme that finalize the apoptotic process. Glutamate uptake into neurons
and glial cells is important for the termination of glutamatergic transmission. They are
essential for the maintenance of low extracellular levels of glutamate (Lo´pezBayghen et al., 2003). We observed an increase in the expression of GLAST receptor
gene expression of epileptic rats. The increase in the glutamate transporter is
suggested to be a compensatory mechanism to facilitate the fast removal of the
glutamate and thus prevents its prolonged action at the synapse during the epileptic
condition.
Treatment with Bacopa monnieri to epileptic rats caused a reversal in the Bmax
of 5-HT2C receptors and NMDA receptors to near control level. It is also evident that
Bacopa monnieri has neuroprotective action mediated through the 5-HT2C, NMDA2b,
mGlu5 and GLAST receptor at the transcription level. Singh et al., 2006 have
demonstrated the anti-oxidant properties of Bacopa monnieri in rodents. Bacopa
monnieri treatment has been demonstrated to modulate serotonin level (Singh et al.,
1997) which renders protection against seizures (Reas et al., 2008) during epilepsy.
However, its traditional memory-enhancing claim could be established experimentally
by our findings on 5-HT2C and NMDA receptors. Bacopa monniera treatment to
epileptic rats significantly increases NMDA receptors which play an important role in
cognition and memory. Also, Bacopa monnieri treatment has been reported to possess
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anxiolytic and antidepressant property which is evident from modulation of 5-HT2C
receptors. Up regulation of the 5-HT2C receptor renders the epileptic rat anxiogenic
which is supported by elevated plus maze test. Bacopa monnieri treatment to epileptic
rats caused the upregulated 5-HT2C receptors and IP3 content to near control level and
thus provides support at the molecular level to the antidepressive and anxiolytic
property as provided by reports of Bhattacharya & Ghosal, (1998) and Sairam et al.,
(2002).
To determine anxiety in experimental groups, rats were subjected to the
elevated plus maze. Behaviour in rodents is determined by the conflict between the
drive to explore the unknown area/object and the motivation to avoid potential danger.
Elevated open alleys arouse greater avoidance responses than elevated closed alleys.
Voluntary passage onto the open arms of an elevated, plus shaped maze is associated
with neurobiological changes indicative of a decreased anxiety (Olivier et al., 2008).
In elevated plus maze test, the epileptic rats exhibit significant alterations in its
behavioural response due to epileptic insult to the cortical neurons. The epileptic rats
remained for longer period in closed arms of elevated plus-maze which is
characteristic to anxio-depressive traits. It has been demonstrated that the preference
shown for the closed arms reflects an aversion toward the open arms, caused by fear
or anxiety induced by the open space in the elevated plus maze test (de Souza et al.,
2007). The head dipping attempt, stretched attend posture and grooming attempts
were also greatly reduced supporting the anxiogenic condition as a result of epileptic
stress. But an increased attempt made towards open arm entry by epileptic rats
indicates an abnormal behavioural profile. 5-HT2C selective antagonists show robust
anxiolytic-like effects in conflict-based paradigms, so the activity of S32006 in the
Vogel’s Confidence Test can confidently be ascribed to 5-HT2C receptor blockade
(Martin et al. 2002; Millan 2003). The Bacopa monnieri treatment during epilepsy
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reversed the behavioural abnormalities to control. Bacopa monnieri treatment to
epileptic rats had anti-anxiety effects, as indicated by increase of the time spent in the
open arm and increase in head dipping attempt, stretched attend posture and grooming
attempts compared to epileptic rats.
Thus we show evidence for dysfunction of the epileptic cerebral cortex that is
a reflection for manifestation of abnormal behavioural patterns and possibility for
cellular proliferation. The receptor analysis and gene expression studies along with the
behavioural data implicate a role for 5-HT2C receptors in the manifestation of anxiety
and NMDA receptors for the cognitive and memory deficits associated with epileptic
rats. It is evident that neuroprotective role of Bacopa monnieri in epilepsy involves
the interaction of 5-HT2C and NMDA receptors, with modulation of mGlu5 and
GLAST receptor gene expression at the mRNA level and IP3 and cGMP activation at
the second messenger level. Thus our results suggest that anti-epileptic effect of
Bacopa monnieri extract is mediated through 5-HT2C, NMDA receptors, mGlu5,
GLAST, IP3 and cGMP functional regulation which has clinical significance in the
treatment of epilepsy.

Hippocampus
Hippocampus is an area of interest to investigate the pilocarpine-induced
seizures, because it is one of the most vulnerable brain areas for epilepsy-related brain
damage and plays a main role in the development and maintenance of limbic seizures.
A wide range of neuropsychological deficits follow the SE, which typically include
learning and memory dysfunction and other cognitive deficits (Holmes et al., 2004;
Holmes, 2006). The hippocampal formation contains a rich glutamatergic and
GABA-ergic input, GABA-ergic interneurones containing peptide co-transmitters and
the glutamatergic perforant pathway interconnects with entorhinal cortex, subiculum,
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CA1, CA3 fields and dentate gyrus (Ottersen & Storm-Mathisen, 1984). Pilocarpine
produced marked changes in morphology, membrane properties and synaptic
responses of hippocampal rat neurons which are comparable to those observed in
human epileptic hippocampal neurones (Isokawa & Mello, 1991). Recent findings
suggest that the SE induced by pilocarpine is triggered by changes in the blood-brain
barrier permeability.
We observed a decrease in the serotonin content in the hippocampus of
epileptic rats when compared to control and Bacopa monnieri treated control rats.
Studies of the serotonergic modulation of hippocampal function have been
complicated by the marked heterogeneity of 5-HT receptor subtypes, with at least 14
distinct subtypes expressed in the central nervous system. Psychological stress
activates the serotonergic neurons in the hippocampus and the amygdala through the
cortical association areas and through ascending catecholaminergic neurons from the
brain stem (Feldman & Weidenfeld 1998; Koob & Heinrichs 1999). Serotonergic
neurotransmission exerts a considerable influence on hippocampal function. This
structure is influenced powerfully by serotonergic projections from midbrain raphe
nuclei (Tecott et al., 1998) which modulate hippocampal electrical activity,
hippocampal-dependent behaviours, and long-term potentiation (LTP), a form of
hippocampal plasticity that has been implicated in memory formation (Vanderwolf &
Baker, 1986). There is good evidence that noradrenaline and 5-HT interact to
influence neuroplasticity in the brain (Delgado 2004). Many modern antidepressants
including mirtazapine, milnacipran, venlafaxine, and duloxetine have been developed
based on their interaction with both 5-HT and noradrenaline (Tran et al. 2003).
In this study, we focused on the 5-HT2C receptor, which is abundantly
expressed throughout the hippocampal formation and the subiculum. An involvement
of this receptor subtype is suggested in the regulation of neuronal plasticity (Tecott,
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1998). We observed a significant increase in the Bmax and Kd of 5-HT2C receptors the
hippocampus of epileptic rats compared to control and Bacopa monnieri. 5-HT2C
receptors gene expression patterns were similar to the receptor binding studies.
Treatment with Bacopa monnieri and carbamazepine reversed the receptor alterations
in Bmax and Kd to near control levels. Anxiolytic like actions of 5-HT2C receptor
antagonists, transduced in the amygdala and hippocampus (Menard & Treit 1999;
Campbell & Merchant 2003; Millan 2003; Alves et al. 2004), may be expressed
against certain forms of clinical anxiety. 5-HT2C receptor antagonism have been
reported to improve insomnia and sexual dysfunction comorbid to depression
(Dekeyne et al., 2008). Bacopa monnieri’s multiple active constituents have
multifunctional properties, making its pharmacology complex. Bacopa monnieri
treatment has been demonstrated to increase serotonin levels in hippocampus (Singh
& Dhawan, 1997) preventing the compensatory increase in the number of 5-HT2C
receptor in the epileptic hippocampus and thus provide protection to hippocampus
during seizures.
Based on extensive supportive experimental data, the release of high levels of
glutamate by neurons at a seizure focus is thought to be the underlying mechanism for
the initiation and maintenance of seizures. Imbalances between excitatory and
inhibitory synaptic transmission in key brain areas such as hippocampus are
implicated in the pathophysiology of TLE, in which fast synaptic excitatory
neurotransmission is mediated via activation of ionotropic glutamate receptors like
NMDA receptors.
We report a down regulation in the NMDA receptor binding in the
hippocampus of the epileptic rats compared to control with an increase in its affinity.
The gene expression of NMDA2b sub unit was also found to be decreased in the
epileptic hippocampus. Bacopa monnieri treatment and carbamazepine treatment
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caused an increase in the NMDA receptors and NMDA2b gene expression to near
control level. There was no significant change in Kd of epileptic rats treated with
carbamazepine compared to epileptic rats. The mGlu5 and GLAST gene expression
was also found to be increased in the epileptic hippocampus. Bacopa monnieri
treatment and carbamazepine treatment reversed these changes in the gene expression
to near control level. Our experimental results also show an increase in the IP3, cGMP
and cAMP content in the hippocampus of epileptic rats compared to control and
Bacopa monnieri treated control rats. Bacopa monnieri and carbamazepine treatment
to epileptic rats showed a reversal in the alterations to control level.
A possible explanation to the loss of NMDA binding sites in the epileptic
hippocampus is suggested to be due to a compensatory down-regulation of the
receptors because of an excessive release of glutamate in the epileptic hippocampus
(Otoya et al., 1997, Reas et al., 2008) or loss of cells in the sclerotic hippocampus
(Steffens et al., 2005) during epilepsy. Hippocampal area CA3 is critically involved in
the formation of nonoverlapping neuronal subpopulations to store memory
representations as distinct events. Efficient pattern separation relies on the strong and
sparse excitatory input from the mossy fibers to pyramidal cells and feed forward
inhibitory interneurons (Galván et al., 2008). Several studies have shown an increase
in the density of hippocampal and cortical NMDA receptors in some animal models of
epilepsy (Yeh et al., 1989; Ekonomou & Angelatou, 1999). Other experiments in
epileptic human and rat neocortex, showed that components of the NMDA-receptor
complex were downregulated (Wyneken et al., 2003). Our experimental results
support the latter. Earlier studies described that intrahippocampal administration of
pilocarpine resulted in a decrease of the extracellular glutamate and shows
simultaneous slowing of the rhythmic activity recorded on the electroencephalogram
(EEG), showing theta and delta waves. Intrahippocampal pilocarpine perfusion
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followed by a significant and sustained enhancement of the extracellular glutamate
concentrations was reported. (Smolders et al., 2004). Reports also suggest that
seizures induced either by tetanus toxin or flurothyl were found to reduce the
expression of NMDA receptor subunits in both the hippocampus and neocortex
(Hashimoto et al., 2004). Enhanced glutamate in the EC is suggested to be associated
with the development of epileptic condition (Thompson et al., 2007). Recent research
suggests that the consolidation of fear and extinction memories depends on NMDA
receptors. Using a fear conditioning and extinction paradigm in healthy normal
volunteers, it was shown that post-learning administration of the NMDA partial
agonist D-cycloserine facilitates fear memory consolidation (Kalisch et al., 2009).
Our experimental results showed that Bacopa monnieri treatment caused an
increase in total NMDA receptors and Kd as well as gene expression of NMDA2b to
near control level. We had previously reported a down regulated NMDAR1 gene
expression during epilepsy which was reversed to control level after Bacopa monnieri
treatment (Reas et al., 2008). NMDA receptor in the hippocampus is reported to
modulate some forms of memory formation, with the NR2b subunit being particularly
relevant to this process (White & Youngentoba, 2004). It is evident that Bacopa
monnieri has a definite role in decreasing glutamate mediated excitotoxicity in the
hippocampus of epileptic rats. Treatment with Bacopa monnieri extract reduced the
increase in glutamate dehydrogenase activity to near-control levels and was effective
in memory enhancement in epileptic rats which was observed through the Water Maze
Test (Reas et al., 2008; Paulose et al., 2008) This is consistent with earlier reports
(Singh et al., 1988) that Bacopa monnieri treatment can induce membrane
dephosphorylation and a concomitant increase in mRNA turnover and protein
synthesis. It can also enhance protein kinase activity in the hippocampus, which is
critically involved in learning and memory.
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The mGluR5 is reported to mediate a G-protein-dependent release of
intracellular calcium stores (Valenti et al., 2002). Moreover, NMDA receptor function
is inhibited by a rise in intracellular calcium (Rosenmund et al., 1995). Yu et al.,
(1997) pointed out that mGlu5 mediated direct inhibition via G-proteins also leads to
NMDA receptor inhibition. mGluR5 receptors may modulate NMDA receptor
function because both receptors have been linked as signaling partners (Kotecha et al.
2003; Movsesyan et al. 2001). We observed an increased expression of the mGluR5
receptor in the cerebral cortex of epileptic rats compared to control and Bacopa
monneiri treated control rats. Hence, it is likely that the G-protein-dependent release
of intracellular Ca2+ through mGlu5 activation depresses NMDA responses as seen in
our present study. MGluR5 antagonists are promising candidates for anti-depressants
(Stachowicz et al. 2006).
Our experiment with the second messengers revealed an increased level of
IP3, cGMP and cAMP in the hippocampus of epileptic rats compared to control and
Bacopa monnieri treated control rats. Both Bacopa monnieri and carbamazepine
treatment to epileptic rats reversed these changes to control values. Mossy fiber
sprouting, gliosis, and synaptic reorganization in the hippocampus, amygdala,
parahippocampal cortices and thalamus during temporal lobe seizures participates in
the constitution of hyperexcitable circuits underlying spontaneous seizures and
emotional disturbances (Roch et al. 2002). Antiepileptic agents reduce aggression in
rats (Keele 2001) and humans (Stanford et al. 2005).

Cerebellum
In our earlier studies, we reported the therapeutic action of Bacopa monnieri
on glutamate receptors especially in the cerebellum and hippocampus of pilocarpine
induced epilepsy in rats (Reas et al., 2008, Paulose et al., 2008). In the present study,
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we have demonstrated the therapeutic role of Bacopa monnieri in epileptic motor
dysfunction through its effect on 5-HT2C receptor gene expression and binding in
cerebellum. Electrophysiologists have reported that serotonergic agonists affect
directly the firing of cerebellar neurons (Cumming-Hood et al., 1993) and are able to
modulate the effect of excitatory amino acids. Experimental evidence indicate the
involvement of the cerebellum in variety of human mental activities including
language, attention, cognitive affective syndromes (Gowen and Miall, 2005) fear and
anxiety caused by threats of pain (Ploghause et al., 1999) and motor relearning
(Imazumi et al., 2004). There is also accumulating evidence to suggest that the
cerebellum plays a role in more cognitive, social and emotional functions (Allen et al.,
1997; Schmahmann and Sherman, 1998). some of the most frequent signs of
cerebellar hypoplasia include poor fine motor skills, hypotonia and autistic features
(Wassmer et al., 2003). 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
(Diener et al., 1989). Damage to the cerebellum, in particular the vermis (Baloh et al.,
1998) results in more postural sway than in control subjects (Ho et al., 2004, Marvel
et al., 2004). Decreased postural stability would correspond with abnormalities of the
vermis observed in autistic subjects (Gowen & Miall, 2005).
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
(Tecott et al., 1995). 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 (Dailey et al., 1989). This decreased
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5-HT2C 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 (Applegate & Tecott,
1998).
Treatment with Bacopa monnieri to epileptic rats caused a reversal in the Bmax
of 5-HT2C receptors to near control level. Rohini et al., (2004) have demonstrated the
anti-oxidant properties of Bacopa monnieri in rodents. This is in consistence with the
earlier reports (Reas et al., 2008) which states that Bacopa monnieri treatment induces
membrane dephosphorylation and concomitant increase in mRNA turnover and
protein synthesis. Moreover, Bacopa monnieri treatment has been demonstrated to
increase serotonin level (Singh & Dhawan, 1997) which renders protection against
seizures (Bagdy, 2006) during epilepsy.
We also observed an increase in the NMDA receptors binding, NMDA2b and
mGlu5 gene expression in the cerebellum of epileptic rats compared to control rats
and Bacopa monnieri treated control rats. In the cerebellum of pilocarpine induced
epileptic rats, extracellular glutamate was reported to be elevated significantly during
the pilocarpine-induced convulsions. During limbic seizures and during the interictal
period, changes in metabolic activity and cerebral blood flow occur (Park et al.,
1992). Hyperperfusion at the ipsilateral side of epileptic focus, as demonstrated in a
case report (Overbeck et al., 1990) explain the increased amino acid and thus
glutamate concentrations in ipsilateral cerebellum.
Pharmacological tools now allow for the examination of the role of
metabotropic glutamate receptors (mGluRs) in the development of sensitization
(Spooren et al. 2000). mGluRs regulate synaptic transmission by modulating calcium
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and potassium channels and the activity of ionotropic glutamate receptors. mGluR5
receptors modulate NMDA receptor function because both receptors have been linked
as signaling partners (O’Leary et al. 2000; Movsesyan et al. 2001; Kotecha et al.
2003). The activation of mGluR5 receptors leads to the potentiation of NMDA
currents (Bleakman et al. 1992; Cerne and Randic 1992), possibly through the
activation of protein kinase C and the subsequent increase in intracellular Ca2+,
thereby acting as an indirect agonist of NMDA receptors (Benquet et al. 2002; Fujii et
al. 2004). NMDA receptor activation in the cerebellum leads to an increase in the Ca2+
also via IP3 receptors. Glutamate uptake into neurons and glia cells is important for
the termination of glutamatergic transmission. Several glutamate transporters have
been characterized, the Na+-dependent glutamate/aspartate transporter (GLAST) being
the major uptake system within the cerebellum. We observed a down regulation in the
GLAST expression in the cerebellum of epileptic rats. Bacopa monnieri treatment and
carbamazepine treatment reversed the changes to near control. The decreased
expression of the GLAST gene expression causes a low uptake of glutamate in the
cerebellum. Purkinje cells make synaptic contacts with the parallel fibers, which are
the axons of the granule cells and that these synapses are glutamatergic, it is possible
that glutamate synaptic levels regulate the Bergmann glia glutamate transporter,
GLAST. In fact, it has been suggested that glutamate regulates GLAST translocation
process in these cells in a receptor-independent manner (Gonzalez & Ortega, 2000).
Thus, Bacopa monnieri treatment renders protection by increasing the glutamate reuptake into cerebellar cells and thus reducing the extracellular glutamate which cause
excitotoxicity.
Our experimental results also show an increase in the IP3, cGMP and cAMP
content in the cerebellum of epileptic rats compared to control and Bacopa monnieri
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treated control rats. Bacopa monnieri and carbamazepine treatment to epileptic rats
reversed the increase in the IP3, cGMP and cAMP levels to near control.
The increased cGMP content in the epileptic cerebellum is due to the
increased NMDA receptors. Suvarna and O’Donnel, (2002) reported the NMDA
mediated increase in the cGMP in the neuronal culture studies. Baltrons et al., (1997)
and Oh et al., (1997) reported an NMDA induce cGMP formation in the cultured
cerebellar granule cells. Increased IP3 activation leads to Ca2+ influx which in turn
activates neuronal nitric oxide synthase (nNOS) to produce NO (Garthwaite, 2005).
NO activates soluble guanylyl cyclase (sGC) to generate increased levels of cGMP
which in turn activates protein kinase G (PKG) (Garthwaite, 2005) in the cerebellum
during epilepsy. The role of NO during epileptogenesis is controversial as it has been
shown to have both anticonvulsant (Sardo & Ferraro, 2007; Royes et al., 2007)) and
proconvulsant (De Sarro et al., 1993; Tutka et al., 1996). This rise in cAMP could be
mainly due to the influence of increased mGlu5 (Winder & Conn, 1992) receptors as
is seen our studies. Thus the neuroprotective effect of Bacopa monnieri involves the
modulation at the second messenger level also.
We observed a down regulation of the 5-HT2C receptor expression using
immunofluorescent

antibodies

specific

to

5-HT2C.

Bacopa

monnieri

and

carbamazepine treatment to epileptic rats reversed the alteration to near control, thus
confirming the gene expression studies in the cerebellum of epileptic rats. Also, there
was increase in the gene expression of NMDA2b and mGlu5 gene expression in the
cerebellum of epileptic and these have been confirmed using immunofluorescent
antibodies specific to NMDA2b and mGlu5 receptors in our study. Bacopa monnieri
and carbamazepine treatment to epileptic rats reversed the alteration to near control,
thus confirming the gene expression studies in the cerebellum of epileptic rats.
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Rotarod test has been previously used to examine motor in-coordination
(Cendelín et al., 2008). 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 at the same time adjust their limb movements on the metallic rod and
is indicative of cerebellar dysfunction. Many other brain regions have been associated
with timing tasks including the dorsal lateral premotor cortex, inferior parietal lobe,
supplementary motor area, superior temporal gyrus, caudal putamen, ventrolateral
thalamus and inferior frontal gyrus (Rao et al., 1997; Jancke et al., 2000; Lewis and
Miall, 2003). Abnormalities of some of these areas, such as the inferior frontal gyrus
and superior temporal gyrus (Abell et al., 1999; Castelli et al., 2002) have been
reported in autistic subjects rendering it difficult to isolate the cerebellum in this task.
However, increased timing variance has been observed in patients with cerebellar
disorders (Ivry et al., 1988). 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 (Gowen and Miall, 2005). Poor
limb - eye coordination in patients with cerebellar dysfunction has been earlier report
(Van Donkelaar and Lee, 1994).
Thus perturbations of the 5-HT2C receptor system directly modulate seizure
susceptibility. This study demonstrates the involvement of 5-HT2C receptor which has
modulating effect on the seizure susceptibility and associated motor defects. The
administration of crude extract of Bacopa monnieri to epileptic rats increased the fall
off time from the rod when compared to control rats. Bacopa monnieri not only
possesses memory enhancing properties but also alleviate their stress levels which
assist in lowering their time for spatial recognition (Shankar & Singh, 2000) and helps
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to maintain their posture during movement on the rod. It is also reported to facilitate
the acquisition, consolidation, retention and recall of learned asks (Diener etal., 1989)
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 and glutamatergic abnormality. The
receptor analysis and gene expression studies along with the behavioural data
implicate a role for serotonin, 5-HT2C, NMDA and mGlu5 receptors in the modulation
of neuronal network excitability and seizure propagation via changes in IP3, cGMP
and cAMP. These neurofunctional deficits are one of the key contributors to motor
deficits and stress associated with epilepsy. Our results suggest that Bacopa monnieri
extract treatment reverses the 5-HT2C receptor mediated motor dysfunction in epilepsy
and cerebellar excitotoxicity due to glutamatergic modulation mediated through
changes in IP3, cGMP and cAMP. This will have clinical significance in the
management of epilepsy.

Brain stem
We found a decrease in the serotonin content in the brainstem of epileptic rats
when compared to control and Bacopa monnieri treated control rats. The cell bodies
of the 5-HT containing neurons are confined primarily to the raphe nucleus of the
brainstem (Duan et al., 1989; Jocobs and Azimitia, 1992) where the level of
extracellular 5-HT are determined (Sharp et al., 1990). 5-HT plays an important
regulatory role in epileptic mechanisms; as demonstrated from studies in both animal
models of epilepsy and humans. Selective serotonin reuptake inhibitors (SSRIs) such
as fluoxetine, which has antiseizure effects in several models (Hernandez et al., 2002).
In the genetically epilepsy-prone rat model of generalized epilepsy, a decrease is
found in brain concentration of serotonin (Dailey et al., 1989). Serotonin is reported to
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play a role in the mechanism of action of some antiepileptic drugs (AEDs). Studies in
genetically epilepsy prone rats GEPRs suggest that carbamazepine (CBZ) and
valproate (VPA) release 5-HT. (Yan, 2002, Yan et al., 1992, Dailey et al., 1997).
Decrease in the serotonin content is thus involved the seizure generation in epileptic
rats. After Bacopa monnieri and carbamazepine treatment, an increase in the serotonin
content towards control level was found. Thus, Bacopa monnieri treatment to epileptic
rats causes an increase in the serotonin content in the brainstem.
Our experimental results showed a decrease in the Bmax and Kd and gene
expression pattern of 5-HT2C receptors in the brainstem of epileptic rats compared to
control and Bacopa monnieri treated control rats. Bacopa monnieri and
carbamazepine treatment reserved these receptor changes to control level.
There was an increase in the Bmax of NMDA receptors with a decreased Kd
when compared to control and Bacopa monnieri treated control rats. The NMDA2b
mGlu5 and GLAST gene expression was found to be up- regulated in the brainstem of
epileptic rats when compared to control and Bacopa monnieri treated control rats. Our
results showed that there is an increased glutamatergic activity in the brain stem
during chronic epileptic state. Increased NMDA receptors in the brain regions are
involved in repetitive tonic seizures during epilepsy. In the epileptic rats group treated
with Bacopa monnieri and carbamazepine the Bmax reversed to the control. NMDA2b
and mGlu 5 and GLAST gene expression gene expression also reversed to the control
values. These results suggest the therapeutic effect of Bacopa monnieri in epilepsy
through NMDA and mGlu5 receptors. It is widely accepted that excitatory amino-acid
neutransmitters such as glutamate are involved in the initiation of seizures and their
propagation. Most attention is directed to synapses using NMDA receptors but more
recent evidence indicates potential roles for ionotropic non-NMDA (AMPA/kainate)
and metabotropic glutamate receptors (Ure et al., 2006).
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Based on the role of glutamate in the development and expression of seizures,
antagonism of glutamate receptors has long been thought to provide a rational strategy
in the search for new, effective anticonvulsant drugs. Furthermore, glutamate receptor
antagonists, particularly those acting on NMDA receptors, protect effectively in the
induction of kindling. It was suggested that they have utility in epilepsy prophylaxis.
However, many clinical trials with competitive and uncompetitive NMDA receptor
antagonists in patients with partial seizures showed that these drugs lack convincing
anticonvulsant activity but induce severe neurotoxic adverse effects in doses which
were well tolerated in healthy volunteers. The proconvulsant effects of NMDA were
reported when administered 30 minutes before pilocarpine injection. Smaller and
higher doses of NMDA drugs not protected but increased pilocarpine-induced seizures
and mortality. (Frietas et al., 2006). NMDA antagonists, irrespective whether they are
competitive, high- or lowaffinity uncompetitive, glycine site or polyamine site
antagonists, do not counteract focal seizure activity. They attenuate propagation to
secondarily generalized seizures indicating that once kindling is established, NMDA
receptors are not critical for the expression of fully kindled seizures (Locher & Honak,
1991) in brainstem.
Taken together, the reports suggest that recurrent seizures produce persistent
decreases in molecular markers for glutamatergic synapses - particularly components
of the NMDA receptor complex implicated in learning and memory. Mitsuyoshi et al.,
(1993) reported that NMDA receptors were down regulated due to repetitive tonic
seizures in double mutant spontaneously epileptic rats. The possible role of altered
genetic expression in mediating symptomatic epilepsy represents a molecular
mechanism that could account for long-lasting changes in neuronal function in
response to environmental influences (DeLorenzo, 1991). If changes in genetic
expression underlie epilepsy, long lasting alterations in transcriptional regulation
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should accompany epileptogenesis. Previous reports indicate that epilepsy induced by
SE in the pilocarpine model is associated with a long lasting increase in the binding of
the transcription factor SRF to its DNA consensus sequence.
We observed an increase in the IP3 and cGMP levels while a decrease in the
cAMP level in the brainstem of epileptic rats compared to control and Bacopa
monnieri treated control rats. NMDA receptor activation has been implicated in IP3
mediated and cGMP signalling pathway by Suvarna and O’Donnel, (2002). Winder
and Conn (1993) reported the involvement of mGlu5 receptors on cAMP activation.
But in our study, the cAMP levels are low inspite of increased mGlu5 gene expression
indicating the involvement of other receptors on the functional modulation of cAMP
in the epileptic brainstem.
Feelings of despair, depressive mood, aggressive behaviour, anxiety, memory
impairment and overt psychosis are among the common psychiatric features in
patients with TLE (Kanner 2006; Blumer et al. 2004). Monoaminergic
neurotransmitters such as 5-HT and noradrenaline interact with glutamatergic
metabolite, which leads to disturbances of neuronal circuits. Atrophy of hippocampus
and memory impairment develops, as do transient hypertrophy of amygdala and
impaired fear processing. As the hippocampus has critical implications for both
seizure activity and mood disorders, this area provides a link between epilepsy and
depression (Hajszan & MacLusky 2006). The structural and functional alterations
from one disease evoke the other and vice versa. In TLE, for instance,
hyperexcitability and neuronal cell loss in the limbic system evokes mood
disturbances, whereas hippocampal atrophy and neurotransmitter disturbances in
depression decreases the seizure threshold and ultimately lead to TLE. Hence, the
social interaction test and forced swim test which are commonly used paradigms for
models of anxiodepressive states, was conducted.
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In the social interaction test, epileptic rats spent less time in active interactions
in the novel environment. Attempts at allogrooming, sniffing the partner, following
were reduced when compared to control rats and Bacopa monnieri treated control rats.
Administration of Bacopa monnieri treatment to epileptic rats resulted in an increase
in the time spent in social interaction to near control values. Patients with intractable
TLE exhibit an increased risk of psychiatric comorbidity, including depression,
anxiety, psychosis, and learning disorders (Gastens et al., 2008). 5-HT2C receptor
agonists likewise decrease social interaction. Though an inhibitory influence upon
motor function suggests caution in the interpretation of these data, their influence on
cellular markers and clinical studies also suggest anxiogenic-like effects (Hackler et
al. 2007). 5-HT2C antagonists consistently enhance active social interaction in rats.
The forced swim test, the space for rat’s movement was restricted from which
they cannot escape. The period of immobility was greater in epileptic rats compared to
control and Bacopa monnieri treated control rats. Bacopa monnieri treatment once
daily over a period of 15 days decreased the period of immobility in the epileptic rats.
Carbamzepine treatment to epileptic rats also showed a similar effect. Immobility in
rats is considered to be a state of lowed mood or hopelessness which the rodent
experience when they are forced to swim in a constrained space from they cannot
escape. This is believed to indicate a failure or reduced attempts towards escape
directed behaviour from persistent stress. It also causes the development of passive
behaviour that disengages the animal from coping up with stressful stimuli. This form
of immobility which is a state of despair is reported to be reduced by a broad spectrum
of anti-depressant drugs (Porsolt et al., 1977).

Our experimental results thus support the anticonvulsant property of Bacopa
monnieri at the molecular level. We conclude from our studies that Bacopa monnieri
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extract treatment potentates a therapeutic effect by reversing the alterations in 5-HT2C
and NMDA receptor binding, gene expression for NMDA2b, mGlu5 receptor and
GLAST along with IP3, cGMP and cAMP that occur during epilepsy, resulting in
reduced glutamate-mediated excitotoxity in the overstimulated brain regions. Thus, it
is evident that Bacopa monnieri treatment to epileptic rats renders protection against
seizure related excitotoxicity, associated with motor and cognitive deficits which will
have therapeutic significance in the management of epilepsy.
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Summary
1) Pilocarpine induced TLE rats were used as a model to study the alterations of
serotoninergic, ionotropic and metabotropic receptors and their functional
regulation by Bacopa monnieri. It was used to study the serotonin, 5-HT2C and
NMDA receptor alterations in the epileptic rats, Bacopa monnieri and
carbamazepine treatment to epileptic rats.

2) The body weight, feed and water intake was carried out to analyze the changes in
body weight, feed and water consumption due to seizures in epileptic rats
compared to control and effect of Bacopa monnieri and carbamazepine treatment
to epileptic rats. Epilepsy caused a reduction in the body weight, food and water
consumption. Bacopa monnieri and carbamazepine treatment to epileptic rats
reversed the changes to near control.

3) Blood glucose level in the serum was measured to analyze the circulating glucose
level changes due to seizures in epileptic rats compared to control and the effect
of Bacopa monnieri and carbamazepine treatment to epileptic rats. Epilepsy did
not cause any significant change in the circulating blood glucose level of epileptic
rats. There was no significant change in the circulating blood glucose of epileptic
rats after treatment with Bacopa monnieri and carbamazepine.

4) The 5-HT and 5-HIAA contents were measured to identify its alteration in the
cerebral cortex, hippocampus, cerebellum and brainstem in epileptic rats
compared to control and effect of Bacopa monnieri and carbamazepine treatment
to epileptic rats using High Performance Liquid Chromatography.

a. Significant decrease in 5-HT content in the cerebral cortex, hippocampus,
cerebellum and brainstem was observed in epileptic rats compared to control
rats and Bacopa monnieri treated control rats.

Bacopa monnieri and

carbamazepine treatment to epileptic rats reversed the 5-HT content to control
level.
b. 5-HIAA content significantly increased the cerebral cortex, hippocampus,
cerebellum and brainstem of epileptic rats compared to control rats and
Bacopa monnieri treated control rats. Bacopa monnnieri treatment to epileptic
rats reversed the changes to near control level.
c. 5-HT/5-HIAA ratio decreased significantly in the cerebral cortex,
hippocampus, cerebellum and brainstem of epileptic compared to control rats
and Bacopa monnieri treated control rats. Bacopa monnieri treatment to
epileptic rats reversed the changes to control in cerebral cortex and
cerebellum.

5) 5-HT2C receptor functional status was analysed by Scatchard analysis using
[3H]mesulergine in cerebral cortex, hippocampus, brainstem and cerebellum.
Receptor gene expression was confirmed by Real-Time PCR. The 5-HT2C
receptors in cerebral cortex and hippocampus showed a significant increase in
epileptic rats compared to control rats and Bacopa monnieri treated control rats.
Bacopa monnieri and carbamazepine treatment to epileptic rats reversed the
changes to control.

6) NMDA receptor functional status was analysed by Scatchard analysis using
[3H]MK-801 in cerebral cortex, hippocampus, cerebellum and brainstem.
Receptor gene expression was confirmed by Real-Time PCR. The NMDA
receptors were decreased in cerebral cortex and hippocampus while it showed a
significant increase in cerebellum and brainstem of epileptic rats compared to
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control rats and Bacopa monnieri treated control rats. Bacopa monnieri and
carbamazepine treatment to epileptic rats reversed the changes to control. Bacopa
monnieri and carbamazepine treatment to epileptic rats reversed the receptor
status towards control values.

7) The NMDA2b receptor genes showed down regulation in cerebral cortex,
hippocampus while it was up regulated in cerebellum and brainstem of epileptic
rats compared to control rats and Bacopa monnieri treated control rats. This was
reversed to control values with Bacopa monnieri and carbamazepine treatment
which confirmed the receptor data.

8) The mGLU5 gene was up regulated in cerebral cortex, hippocampus, cerebellum
and brainstem of epileptic rats compared to control rats and Bacopa monnieri
treated control rats. Bacopa monnieri and carbamazepine treatment to epileptic
rats reversed the changes to near control.

9) The GLAST gene expression was found to be increased in cerebral cortex,
hippocampus and brainstem while it was found to be decreased in cerebellum of
epileptic rats compared to control rats and Bacopa monnieri treated control rats.
This was reversed to control values with Bacopa monnieri and carbamazepine
treatment.

10) The IP3 levels increased significantly in cerebral cortex, hippocampus and
brainstem while it decreased significantly in cerebellum of epileptic rats compared
to control rats and Bacopa monnieri treated control rats. This was reversed to
control values with Bacopa monnieri and carbamazepine treatment.
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11) The cGMP levels increased significantly in hippocampus, cerebellum and
brainstem while it showed a significant decrease in cerebral cortex of control rats
and Bacopa monnieri treated control rats. Bacopa monnieri and carbamazepine
treatment to epileptic rats reversed the changes to control values.

12) The cAMP levels increased significantly in the cerebral cortex and hippocampus
while decreased significantly in cerebellum and brainstem of control rats and
Bacopa monnieri treated control rats. Bacopa monnieri and carbamazepine
treatment to epileptic rats reversed the changes to control values.

13) Behavioural studies of the experimental groups of rats were carried out using
rotarod test, elevated plus maze test, forced swim test and social interaction test
were conducted to assess the changes in the motor and anxiodepressive states.
•

The Rotarod experiment demonstrated the impairment in the motor

function and coordination in the epileptic rats compared to control rats and
Bacopa monnieri treated control rats. This was reversed to control values with
Bacopa monnieri and carbamazepine treatment to epileptic rats.
•

Elevated plus maze and social interaction test implicate a role for 5-HT2C

receptors in the manifestation of anxiety in the epileptic rats compared to
control rats and Bacopa monnieri treated control rats. Bacopa monnieri
treatment to epileptic rats was found to have anxiolytic properties.
•

Forced swim test confirmed the depressive traits in the epileptic rats

compared to control rats and Bacopa monnieri treated control rats. Bacopa
monnieri and carbamazepine treatment to epileptic rats reversed the
alterations to near control.

119

Summary
14) The 5-HT2C, NMDA2b and mGlu5 receptor changes in the cerebral cortex and
cerebellum were confirmed by confocal studies using receptor specific antibodies
in the brain slices.

Our results demonstrate changes in the brain 5-HT2C receptors play a
significant role in the motor dysfunction, seizure activity, anxiety and depression
during epilepsy. Alterations in the NMDA receptor function lead to seizures, memory
and cognitive deficits in brain. Bacopa monnieri treatment to epileptic rats
significantly reversed these alterations. Bacopa monnieri treatment to epileptic rats
was effective in neurotransmitter receptor functional regulation in controlling
seizures, improving motor function and enhancing the cognitive functions in epileptic
rats mediated through 5-HT2C and NMDA receptors. Thus it is evident that Bacopa
monnieri treatment to epileptic rats renders protection against seizure related
excitotoxicity, associated with motor and cognitive deficits. These findings will have
clinical significance in the management of epilepsy.
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Conclusion
Our findings demonstrated that epilepsy caused significant impact on the
central nervous system (CNS) both functionally and behaviourally. The evaluation of
these damages at molecular level is very important, especially in the cerebral,
hippocampal and cerebellar function. A decrease in the body weight was found in the
epileptic group of rats as result of decreased food and water intake. Structural and
functional integrity of brain depends on regular glucose and oxygen supply. The
receptor binding studies showed alterations in the 5-HT2C and NMDA receptors in the
cerebral cortex, hippocampus, cerebellum and brainstem. 5-HT2C receptors were
found to be increased in the cerebral cortex and hippocampus while it was decreased
in the cerebellum and brainstem of epileptic rats. The NMDA receptors showed a
decrease in cerebral cortex and hippocampus while it was significantly increased in
brainstem and cerebellum during epilepsy. Real-Time PCR confirmed receptor data of
5-HT2C NMDA2b, mGlu5 and glutamate transporter- GLAST gene expression. The
second messenger study confirms that the changes in the receptor levels did percolate
through alterations in IP3, cGMP and cAMP levels. These studies suggest that 5-HT2C
receptor potentiates Ca2+ release through IP3 receptor activation. Also increased
NMDA mediated overactivity leading to increased IP3 dependent Ca2+ release.
Increased Ca2+ release triggers release of Cytochrome C thereby initiating the
apoptotic process. This causes cell damage during epilepticic stress in the rats. The
Bacopa monnieri and carbamazepine treatment to epileptic rats is able to reverse this
damage. The behavioural studies by rotarod test show a decrease in motor activity in
the epileptic rats as result of seizural attack. Epileptic rats suffered from axiogeny and
depression which is evident from elevated plus maze test, social interaction test and
forced swim test. We showed evidence for dysfunction of the epileptic cerebral cortex
and hippocampus that is a reflection for manifestation of abnormal behavioural

patterns and possibility for cellular proliferation. The receptor analysis and gene
expression studies along with the behavioural data implicate a role for 5-HT2C
receptors in the manifestation of anxiety and NMDA receptors for the cognitive and
memory deficits associated with epileptic rats. Our findings also suggest dysfunction
of the epileptic cerebellum that is a reflection of cerebellar serotonergic and
glutamatergic abnormality affecting the motor coordination and timing of action. It is
evident that neuroprotective role of Bacopa monnieri in epilepsy involves the
interaction of 5-HT2C and NMDA receptors, with modulation of mGlu5 and GLAST
receptor gene expression at the mRNA level and IP3, cGMP and cAMP activation at
the second messenger level. Our experimental results thus support the anticonvulsant
property of Bacopa monnieri at the molecular level. We conclude from our studies
that Bacopa monnieri extract treatment potentates a therapeutic effect by reversing the
alterations in 5-HT2C, NMDA receptors, mGlu5, GLAST and IP3, cGMP and cAMP
that occur during epilepsy, resulting in reduced glutamate-mediated excitotoxity in the
brain which has clinical significance in the treatment and management of epilepsy.
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Table- 1
Body weight (g) of control and experimental groups of rats

Animal status

Initial day of

30th day of

45th day of

Experiment

Experiment

Experiment

Control

252 ± 1.10

284 ± 4.78

288 ± 1.22

Epileptic

258 ± 2.03

236 ± 3.86@@@

228 ± 3.59@@@

Control+Bacopa monnieri

263 ± 3.27

287 ± 2.17***

291 ± 3.14***

Epilepsy+Bacopa monnieri

260 ± 2.12

259 ± 1.32***

265 ± 2.39***

Epileptic+Carbamazepine

262 ± 1.28

254 ± 2.70***

260 ± 2.27***

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.
@@@

p<0.001when compared to Control group
***p<0.001 wen compared to Epileptic group

Table- 2
Feed intake of control and experimental groups of rats

Initial day of
Experiment

30th day of
Experiment

45th day of
Experiment

Control

118 ± 2.4

128 ± 2.2

130 ± 2.4

Epileptic

120 ± 1.5

101 ± 2.0@@@

98 ± 1.7@@@

Control+Bacopa monnieri

122 ± 1.7

131 ± 2.6***

133 ± 3.0***

Epilepsy+Bacopa monnieri

117 ± 2.0

110 ± 1.7*

122 ± 2.1***

Epileptic+Carbamazepine

119 ± 1.6

108 ± 1.5*

117 ± 2.3***

Animal status

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.
@@@

p<0.001when compared to Control group
***p<0.001, *p<0.05 when compared to Epileptic group

Table- 3
Water consumption of control and experimental groups of rats

Animal status

Initial day of
Experiment
(ml)

30th day of
Experiment
(ml)

45th day of
Experiment
(ml)

Control

129 ± 3.3

136 ± 2.4

130 ± 3.1

Epileptic

127 ± 2.8

112 ± 2.0@@@

96 ± 2.5@@@

Control+Bacopa monnieri

129 ± 3.5

134 ± 3.2***

126 ± 2.8***

Epilepsy+Bacopa monnieri

130 ± 3.6

124 ± 2.2*

122 ± 2.3***

Epileptic+Carbamazepine

132 ± 3.4

122 ± 2.6*

125 ± 2.5***

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.
@@@

p<0.001when compared to Control group
***p<0.001, *p<0.05 when compared to Epileptic group

Table- 4
Blood glucose level of control and experimental groups of rats

Animal status

Initial day of 30th day of
Experiment Experiment
(mg/dL)
(mg/dL)

45th day of
Experiment
(mg/dL)

Control

119 ± 1.74

118 ± 2.21

120 ± 1.68

Epileptic

114 ± 1.83

120 ± 2.56

116 ± 1. 85

Control+Bacopa monnieri

113 ± 1.87

122 ± 1. 77

122 ± 1.74

Epilepsy+Bacopa monnieri

117 ± 2.12

121 ± 1.84

115 ± 1.59

Epileptic+Carbamazepine

120 ± 2.23

120 ± 1.44

121 ± 1.79

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.

Table- 5
5-HT and 5-HIAA content in the cerebral cortex of
control and experimental groups of rats
Animal status

5-HT
(nmol/g wet wt.)

5-HIAA
(nmol/g wet wt.)

5-HT/5-HIAA

Control

1.88 ± 0.08

1.88 ± 0.18

1.02 ± 0.14

Epileptic

1.03 ± 0.01@@@

2.53 ± 0.01@@

0.40 ± 0.19@@@

Control+Bacopa monnieri

1.91 ± 0.03***

1.84 ± 0.08**

1.04 ± 0.15 ***

Epileptic+Bacopa monnieri

1.62 ± 0.07**

2.22 ± 0.06**

0.73 ± 0.10**

Epileptic+Carbamazepine

1.34 ± 0.18*

2.35 ± 0.03*

0.57 ± 0.16@

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.
@@@
p<0.001, @@p<0.01 when compared to Control group
***p<0.01, **p<0.01, *p<0.05 when compared to Epileptic group

Table- 6
5-HT and 5-HIAA content in the hippocampus of
control and experimental groups of rats
Animal status

5-HT
(nmol/g wet wt.)

5-HIAA
(nmol/g wet wt.)

5-HT/5-HIAA

Control

1.49 ± 0.10

2.20 ± 0.09

0.54 ± 0.04

Epileptic

0.90 ± 0.09@@

3.24 ± 0.05@@@

0.27 ± 0.05

Control+Bacopa monnieri

1.37 ± 0.04**

2.37 ± 0.15**

0.57 ± 0.08

Epileptic+Bacopa monnieri

1.28 ± 0.05**

2.68 ± 0.08**

0.48 ± 0.06

Epileptic+Carbamazepine

1.18 ± 0.06*

3.18 ± 0.12@@@

0.30 ± 0.04

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.
@@@
p<0.001, @@p<0.01 when compared to Control group
***p<0.01, **p<0.01, *p<0.05 when compared to Epileptic group

Table- 7
5-HT and 5-HIAA content in the cerebellum of
control and experimental groups of rats
Animal status

5-HT
(nmol/g wet
wt.)

5-HIAA
(nmol/g wet wt.)

5-HT/5-HIAA

Control

2.76 ± 0.12

2.35 ± 0.05

1.18 ± 0.06

Epileptic

1.52 ± 0.18@@@

2.82 ± 0.04@@@

0.53 ± 0.04@@@

Control+Bacopa monnieri

2.81 ± 0.14***

2.21 ± 0.05***

1.27 ± 0.03***

Epileptic+Bacopa monnieri

2.32 ± 0.05**

2.52 ± 0.07**

0.92 ± 0.08**

Epileptic+Carbamazepine

2.10 ± 0.09**

3.02 ± 0.09@

0.68 ± 0.05@

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.
@@@

p<0.001, @@p<0.01, @p<0.01 when compared to Control group
***p<0.01, **p<0.01, *p<0.05 when compared to Epileptic group

Table- 8
5-HT and 5-HIAA content in the brainstem of
control and experimental groups of rats
Animal status

5-HT
(nmol/g wet wt.)

5-HIAA
(nmol/g wet wt.)

5-HT/5-HIAA

Control

2.95 ± 0.04

3.15 ± 0.12

0.94 ± 0.04

Epileptic

2.30 ± 0.06@@@

3.70 ± 0.06@

0.62 ± 0.09

Control+Bacopa monnieri

2.87 ± 0.12**

3.27 ± 0.12**

0.87 ± 0.03

Epileptic+Bacopa monnieri

2.56 ± 0.05*

3.56 ± 0.05*

0.72 ± 0.05

Epileptic+Carbamazepine

2.78 ± 0.07**

3.68 ± 0.03@

0.75 ± 0.06

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.
@@@

p<0.001, @p<0.05 when compared to Control group
**p<0.01, *p<0.05 when compared to Epileptic group

Figure 1
Scatchard analysis of [3H]mesulergine binding against mesulergine in
cerebral cortex of control and experimental rats.
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Table- 9
Scatchard analysis of [3H]mesulergine binding against mesulergine in
cerebral cortex of control and experimental rats.
Animal status
Control

Bmax
(fmoles/mg protein)
65 ± 04

Kd
(nM)
0.38 ± 0.04

Epileptic

176 ± 11@@@

0.65 ± 0.02@@

Control+Bacopa monnieri

62 ± 08

0.37 ± 0.05

Epileptic+Bacopa monnieri

117 ± 03***

0.42 ± 0.03**

Epileptic+Carbamazepine

132 ± 15***

0.43 ± 0.03**

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls Test.
@@@

p<0.001, @@p<0.01 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 2
Real Time amplification of 5-HT2C receptor mRNA from the
cerebral cortex of control and experimental rats

@@@

**

**

***
C - Control, E - Epileptic, C + B - Control + Bacopa monnieri, E + B - Epileptic + Bacopa
monnieri, E + C - Epileptic + Carbamazepine

Table- 10
Real Time amplification of 5-HT2C receptor mRNA from the
cerebral cortex of control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

1.42 ± 0.21 @@@

Control+Bacopa monnieri

-0.21± 0.04 ***

Epileptic+Bacopa monnieri

0.51± 0.03 **

Epileptic+Carbamazepine

0.48 ± 0.06**

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 3
Scatchard analysis of [3H]mesulergine binding against mesulergine
hippocampus of control and experimental rats.
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Table- 11
Scatchard analysis of [3H]mesulergine binding against mesulergine in
hippocampus of control and experimental rats
Animal status
Control

Bmax
(fmoles/mg protein)
175 ± 08
@@@

Kd
(nM)
0.42 ± 0.04

Epileptic

532 ± 14

0.88 ± 0.09@@@

Control+Bacopa monnieri

160 ± 5***

0.9 ± 0.05***

Epileptic+Bacopa monnieri

325 ± 18 ***

0.54 ± 0.04**

Epileptic+Carbamazepine

314 ± 12***

0.60 ± 0.10***

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls’ Test.
@@@

p<0.001when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 4
Real Time amplification of 5-HT2C receptor mRNA from the
hippocampus of control and experimental rats.
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Table- 12
Real Time amplification of 5-HT2C receptor mRNA from the
hippocampus of control and experimental rats.
Animal status
Control

Log RQ value
0

Epileptic

1.35 ± 0.10 @@@

Control+Bacopa monnieri

-0.18 ± 0.12 ***

Epileptic+Bacopa monnieri

0.74 ± 0.06 **

Epileptic+Carbamazepine

0.85 ± 0.09**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001 **p<0.01 when compared to Epileptic group

Figure 5
Scatchard analysis of [3H]mesulergine binding against mesulergine in
cerebellum of control and experimental rats.
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Table- 13
Scatchard analysis of [3H]mesulergine binding against mesulergine in
cerebellum of control and experimental rats
Animal status
Control

Bmax
(fmoles/mg protein)
288 ± 10
@@@

Kd
(nM)
0.68 ± 0.04
0.41± 0.08@@

Epileptic

95 ± 04

Control+Bacopa monnieri

299 ± 60***

0.70 ± 0.05 **

Epileptic+Bacopa monnieri

207± 18***

0.69± 0.06**

Epileptic+Carbamazepine

254 ±15 ***

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.
@@@

p<0.001, @@p<0.01 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 6
Real Time amplification of 5-HT2C receptor mRNA from the cerebellum of
control and experimental rats
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Table- 14
Real Time amplification of 5-HT2C receptor mRNA from the cerebellum of
control and experimental rats.
Animal status
Control

Log RQ value
0

Epileptic

-2.27 ± 0.35 @@@

Control+Bacopa monnieri

0.40 ± 0.01 ***

Epileptic+Bacopa monnieri

-0.76 ± 0.03 **

Epileptic+Carbamazepine

-0.25± 0.10**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 7
Scatchard analysis of [3H]mesulergine binding against mesulergine in
brainstem of control and experimental rats
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Table- 15
Scatchard analysis of [3H]mesulergine binding against mesulergine in
brainstem of control and experimental rats
Animal status
Control

Bmax
(fmoles/mg protein)
175 ± 10

Kd
(nM)
0.32 ± 0.04

Epileptic

80 ± 16 @@@

0.41 ± 0.18

Control+Bacopa monnieri

168 ± 15 ***

0.36 ± 0.05

Epileptic+Bacopa monnieri

125 ± 14 ***

0.41 ± 0.06

Epileptic+Carbamazepine

140 ± 15 ***

0.41± 0.31

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls’ Test.
@@@

p<0.001 when compared to Control group
***p<0.001 when compared to Epileptic group

Figure 8
Real Time amplification of 5-HT2C receptor mRNA from the brainstem of
control and experimental rats.
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Table- 16
Real Time amplification of 5-HT2C receptor mRNA from the brainstem of
control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

-1.26 ± 0.13@@@

Control+Bacopa monnieri

1.53 ± 0.14***

Epileptic+Bacopa monnieri

-0.45 ± 0.07 **

Epileptic+Carbamazepine

-0.61 ± 0.08**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 9
Scatchard analysis of [3H]MK-801 binding against MK-801 in
cerebral cortex of control and experimental rats.
600

Bound/free (fmoles/mg protein/nM)

550

Control
Epileptic
C+B
E+B
E+C

500
450
400
350
300
250
200
150
100
50
0
0

50

100 150 200 250 300 350 400 450 500 550 600 650 700

Bound(fmoles/mg protein)

C – Control, E – Epileptic, C + B - Control + Bacopa monnieri, E + B - Epileptic +
Bacopa monnieri, E + C - Epileptic + Carbamazepine

Table- 17
Scatchard analysis of [3H]MK-801 binding against MK-801 in
cerebral cortex of control and experimental rats
Animal status
Control

Bmax
(fmoles/mg protein)
650 ± 28

Kd
(nM)
1.25 ± 0.18

Epileptic

350 ± 21@@@

1.55 ± 0.08

Control+Bacopa monnieri

635 ± 33***

1.35 ± 0.29

Epileptic+Bacopa monnieri

500 ± 20***

1.47± 0.06

Epileptic+Carbamazepine

550 ± 33***

1.56 ± 0.31

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls’ Test.
@@@

p<0.001, when compared to Control group
***p<0.001, when compared to Epileptic group

Figure 10
Real Time amplification of NMDA2b receptor mRNA from the
cerebral cortex of control and experimental rats

***

**

**

@@@

C - Control, E - Epileptic, C + B - Control + Bacopa monnieri, E + B - Epileptic + Bacopa
monnieri, E + C - Epileptic + Carbamazepine

Table- 18
Real Time amplification of NMDA2b receptor mRNA from the
cerebral cortex of control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

-1.38 ± 0.06@@@

Control+Bacopa monnieri

-0.18 ± 0.04 ***

Epileptic+Bacopa monnieri

-0.82 ± 0.08 **

Epileptic+Carbamazepine

-0.90 ± 0.09**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 11
Real Time amplification of mGlu5 receptor mRNA from the
cerebral cortex of control and experimental rats.
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Table- 19
Real Time amplification of mGlu5 receptor mRNA from the
cerebral cortex of control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

2.27 ± 0.35 @@@

Control+Bacopa monnieri

-0.82 ± 0.08 ***

Epileptic+Bacopa monnieri

0.78 ± 0.03 ***

Epileptic+Carbamazepine

1.15 ± 0.10 ***

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001 when compared to Epileptic group

Figure 12
Real Time amplification of GLAST mRNA from the cerebral cortex of
control and experimental
rats.
Title
1.6

@@

1.4

1.2

1

**

Log RQ

0.8

**

0.6

glast

0.4

0.2

0

-0.2

***

-0.4
C

E

C+B

E+B

E+C

C - Control, E - Epileptic, C + B - Control + Bacopa monnieri, E + B - Epileptic + Bacopa
monnieri, E + C - Epileptic + Carbamazepine

Table- 20
Real Time amplification of GLAST mRNA from the cerebral cortex of
control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

1.12 ± 0.35 @@

Control+Bacopa monnieri

-0.25 ± 0.04 ***

Epileptic+Bacopa monnieri

0.47 ± 0.03 **

Epileptic+Carbamazepine

0.61 ± 0.10 **

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@
p<0.01 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 13
Scatchard analysis of [3H] MK-801 binding against MK-801 in hippocampus
of control and experimental rats.
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Table- 21
Scatchard analysis of [3H]MK-801 binding against MK-801 in hippocampus
of control and experimental rats
Animal status
Control

Bmax
(fmoles/mg protein)
700 ± 26

Kd
(nM)
0.93 ± 0.09

Epileptic

320 ± 08

@@@

0.71 ± 0.05@@

Control+Bacopa monnieri

675 ± 30 ***

0.96 ± 0.06 **

Epileptic+Bacopa monnieri

460 ± 22 **

0.87 ± 0.08 *

Epileptic+Carbamazepine

506 ± 16***

0.84 ± 0.13

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls’ Test.
@@@

p<0.001, @@p<0.01 when compared to Control group
***p<0.001, **p<0.01, *p<0.05 when compared to Epileptic group

Figure 14
Real Time amplification of NMDA2b receptor mRNA from the hippocampus
of control and experimental rats
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***

@@@

C - Control, E - Epileptic, C + B - Control + Bacopa monnieri, E + B - Epileptic +
Bacopa monnieri, E + C - Epileptic + Carbamazepine

Table- 22
Real Time amplification of NMDA2b receptor mRNA from the hippocampus
of control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

-1.20 ± 0.36 @@@

Control+Bacopa monnieri

-0.27 ± 0.07 ***

Epileptic+Bacopa monnieri

-0.69 ± 0.06 **

Epileptic+Carbamazepine

-0.67 ±0.11 ***

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 15
Real Time amplification of mGlu5 receptor mRNA from the hippocampus of
control and experimental rats.
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Table- 23
Real Time amplification of mGlu5 receptor mRNA from the hippocampus of
control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

1.38 ± 0.05 @@@

Control+Bacopa monnieri

-0.46 ± 0.04 ***

Epileptic+Bacopa monnieri

0.13 ± 0.03 ***

Epileptic+Carbamazepine

0.25 ± 0.10 **

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 16
Real Time amplification of GLAST mRNA from the hippocampus of control
and experimental rats
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Table- 24
Real Time amplification of GLAST mRNA from the hippocampus of control
and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

1.22 ± 0.15 @@@

Control+Bacopa monnieri

-0.15 ± 0.08 ***

Epileptic+Bacopa monnieri

0.67 ± 0.06 **

Epileptic+Carbamazepine

0.96 ± 0.03 ***

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 17
Scatchard analysis of [3H] MK-801 binding against MK-801 in cerebellum of
control and experimental rats
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monnieri, E + C - Epileptic + Carbamazepine

Table- 25
Scatchard analysis of [3H]MK-801 binding against MK-801 in cerebellum of
control and experimental rats

Animal status
Control

Bmax
(fmoles/mg protein)
210 ± 15

Kd
(nM)
0.52 ± 0.05

Epileptic

520 ± 18 @@@

0.76 ± 0.08 @@

Control+Bacopa monnieri

225 ± 11 ***

0.69 ± 0.08 ***

Epileptic+Bacopa monnieri

330 ± 22***

0.57 ± 0.17

Epileptic+Carbamazepine

380 ± 12***

0.69 ± 0.09

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls’ Test.
@@@

p<0.001, @@p<0.01 when compared to Control group
***p<0.001 when compared to Epileptic group

Figure 18
Real Time amplification of NMDA2b receptor mRNA from the cerebellum of
control and experimental rats.
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Table- 26
Real Time amplification of NMDA2b receptor mRNA from the cerebellum of
control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

0.94 ± 0.08 @@@

Control+Bacopa monnieri

0.20 ± 0.11***

Epileptic+Bacopa monnieri

0.51± 0.05**

Epileptic+Carbamazepine

0.65 ± 0.07**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001 , **p<0.01 when compared to Epileptic group

Figure 19
Real Time amplification of mGlu5 receptor mRNA from the cerebellum of
control and experimental rats.
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Table- 27
Real Time amplification of mGlu5 receptor mRNA from the cerebellum of
control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

1.67 ± 0.07@@@

Control+Bacopa monnieri

0.20 ± 0.07 ***

Epileptic+Bacopa monnieri

1.10 ± 0.05***

Epileptic+Carbamazepine

0.99 ± 0.06**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 20
Real Time amplification of GLAST mRNA from the cerebellum of control
and experimental rats.
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Table-28
Real Time amplification of GLAST mRNA from the cerebellum of control
and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

-1.82 ± 0.21@@@

Control+Bacopa monnieri

-0.23 ± 0.08 ***

Epileptic+Bacopa monnieri

-0.83 ± 0.12**

Epileptic+Carbamazepine

-1.11± 0.10***

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 21
Scatchard analysis of [3H]MK-801 binding against MK-801 in brainstem of
control and experimental rats.
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Table-29
Scatchard analysis of [3H]MK-801 binding against MK-801 in brainstem of
control and experimental rats
Animal status

Kd
(nM)
0.67 ± 0.04

Control

Bmax
(fmoles/mg protein)
218 ± 10

Epileptic

420 ± 40 @@@

0.41± 0.08 @@

Control+Bacopa monnieri

233 ± 16 ***

0.70± 0.05 **

Epileptic+Bacopa monnieri

305 ± 08 ***

0.69±0.06 **

Epileptic+Carbamazepine

333 ± 15 ***

0.79 ± 0.03 **

Values are mean ± SEM of 4-6 separate experiments; n = 5-6 in each group. ANOVA
followed by Students-Newman-Keuls’ Test.
@@@

p<0.001, @@p<0.01 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 22
Real Time amplification of NMDA2b receptor mRNA from the brainstem of
control and experimental rats.
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Table-30
Real Time amplification of NMDA2b receptor mRNA from the brainstem of
control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

0.78 ± 0.04 @@@

Control+Bacopa monnieri

-0.19 ± 0.04 ***

Epileptic+Bacopa monnieri

0.32 ± 0.06 **

Epileptic+Carbamazepine

0.37 ±0.05**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 23
Real Time amplification of mGlu5 receptor mRNA from the brainstem of
control and experimental rats
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Table-31
Real Time amplification of mGlu5 receptor mRNA from the brainstem of
control and experimental rats
Animal status
Control

Log RQ value
0

Epileptic

2.36 ± 0.12 @@@

Control+Bacopa monnieri

0.59 ± 0.17 ***

Epileptic+Bacopa monnieri

-1.09 ± 0.07 ***

Epileptic+Carbamazepine

-0.58 ± 0.15 **

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 24
Real Time amplification of GLAST mRNA from the brainstem of control and
experimental rats.

1.6

@@@

1.4

1.2

1

**

Log RQ

0.8

**

0.6

glast

0.4

0.2

0

-0.2

***

-0.4
C

E

C+B

E+B

E+C

C - Control, E - Epileptic, C + B - Control + Bacopa monnieri, E + B - Epileptic + Bacopa
monnieri, E + C - Epileptic + Carbamazepine

Table-32
Real Time amplification of GLAST mRNA from the brainstem of control and
experimental rats
Animal status
Control

Log RQ value
0

Epileptic

0.92 ± 0.35 @@@

Control+Bacopa monnieri

-0.25 ± 0.04 ***

Epileptic+Bacopa monnieri

0.47 ± 0.03 **

Epileptic+Carbamazepine

0.66 ± 0.10 **

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 25
IP3 in the cerebral cortex of control and experimental groups of rats
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Table-33
IP3 in the cerebral cortex of control and experimental groups of rats
Animal status

IP3 Concentration
(pmoles/g wt tissue)

Control

120.40 ± 19.60

Epileptic

248.75 ± 18.04@@@

Control+Bacopa monnieri

132.92 ± 18.66***

Epileptic+Bacopa monnieri

170.75 ± 19.80**

Epileptic+Carbamazepine

228.75 ± 21.55*

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group***p<0.001, **p<0.01, *p<0.05 when
compared to Epileptic group

Figure 26
IP3 in the hippocampus of control and experimental groups of rats
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Table- 34
IP3 in the hippocampus of control and experimental groups of rats
Animal status

IP3 Concentration
(pmoles/g wt tissue)

Control

132.40 ± 9.70

Epileptic

243.75 ± 10.05@@@

Control+Bacopa monnieri

132.92 ± 16.22***

Epileptic+Bacopa monnieri

189.25 ± 10.60**

Epileptic+Carbamazepine

205.50 ± 11.50**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 27
IP3 in the cerebellum of control and experimental groups of rats
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Table- 35
IP3 in the cerebellum of control and experimental groups of rats
Animal status

IP3 Concentration
(pmoles/g wt tissue)

Control

435.22 ± 25.12

Epileptic

135.42 ± 22.03@@@

Control+Bacopa monnieri

409.66 ± 18.11***

Epileptic+Bacopa monnieri

237.25 ± 19.04**

Epileptic+Carbamazepine

242.33 ± 32.02**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 28
IP3 in the brainstem of control and experimental groups of rats
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Table- 36
IP3 in the brainstem of control and experimental groups of rats
Animal status

IP3 Concentration
(pmoles/g wt tissue)

Control

60.40 ± 12.60

Epileptic

180.55 ± 12.04@@@

Control+Bacopa monnieri

52.92 ± 18.66***

Epileptic+Bacopa monnieri

120.75 ± 15.80**

Epileptic+Carbamazepine

138.75 ± 21.55*

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01, *p<0.05 when compared to Epileptic group

Figure 29
cGMP in the cerebral cortex of control and experimental groups of rats
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Table- 37
cGMP in the cerebral cortex of control and experimental groups of rats
Animal status

cGMP Concentration
(pmoles/g wt tissue)

Control

380.43 ± 21.60

Epileptic

264.25 ± 10.04@@

Control+Bacopa monnieri

366.44 ± 28.34**

Epileptic+Bacopa monnieri

335.37 ± 15.20**

Epileptic+Carbamazepine

326.88 ± 18.66**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@
p<0.01 when compared to Control group
**p<0.01 when compared to Epileptic group

Figure 30
cGMP in the hippocampus of control and experimental groups of rats
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Table- 38
cGMP in the hippocampus of control and experimental groups of rats
cGMP Concentration
Animal status
(pmoles/g wt tissue)
Control

339.74 ± 19.60

Epileptic

479.05 ± 18.04@@@

Control+Bacopa monnieri

345.11 ± 10.66**

Epileptic+Bacopa monnieri

371.97 ± 22.82**

Epileptic+Carbamazepine

388.75 ± 28.55**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001, @@p<0.01 when compared to Control group
**p<0.01 when compared to Epileptic group

Figure 31
cGMP in the cerebellum of control and experimental groups of rats
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Table- 39
cGMP in the cerebellum of control and experimental groups of rats
Animal status

cGMP Concentration
(pmoles/g wt tissue)

Control

243.06 ± 16.82

Epileptic

417.91 ± 28.50@@@

Control+Bacopa monnieri

277.38 ± 20.77**

Epileptic+Bacopa monnieri

327.50 ± 12.80**

Epileptic+Carbamazepine

358.24 ± 18.75*

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
**p<0.01, *p<0.05 when compared to Epileptic group

Figure 32
cGMP in the brainstem of control and experimental groups of rats
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Table- 40
cGMP in the brainstem of control and experimental groups of rats
Animal status

cGMP Concentration
(pmoles/g wt tissue)

Control

342.43 ± 25.60

Epileptic

478.71 ± 20.04@@@

Control+Bacopa monnieri

350.92 ± 25.96**

Epileptic+Bacopa monnieri

398.75 ± 20.18**

Epileptic+Carbamazepine

408.88 ± 31.55*

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
**p<0.01, *p<0.05 when compared to Epileptic group

Figure 33
cAMP in the cerebral cortex of control and experimental groups of rats
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Table- 41
cAMP in the cerebral cortex of control and experimental groups of rats
Animal status

cAMP Concentration
(pmoles/g wt tissue)

Control

185.31 ± 12.40

Epileptic

265.40 ± 15.59@@@

Control+Bacopa monnieri

188.34 ± 15.44***

Epileptic+Bacopa monnieri

218.10 ± 14.76***

Epileptic+Carbamazepine

233.85 ± 10.66**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01 when compared to Epileptic group

Figure 34
cAMP in the hippocampus of control and experimental groups of rats
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Table- 42
cAMP in the hippocampus of control and experimental groups of rats
Animal status

cAMP Concentration
(pmoles/g wt tissue)

Control

136.97 ± 16.60

Epileptic

225.60 ± 14.04@@@

Control+Bacopa monnieri

144.34 ± 10.13***

Epileptic+Bacopa monnieri

177.75 ± 12.82**

Epileptic+Carbamazepine

198.75 ± 10.55*

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01, *p<0.05 when compared to Epileptic group

Figure 35
cAMP in the cerebellum of control and experimental groups of rats
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Table- 43
cAMP in the cerebellum of control and experimental groups of rats
Animal status

cAMP Concentration
(pmoles/g wt tissue)

Control

515.03 ± 8.80

Epileptic

257.20 ± 10.04@@@

Control+Bacopa monnieri

531.14 ± 21.97***

Epileptic+Bacopa monnieri

402.61 ± 25.80**

Epileptic+Carbamazepine

313.62 ± 20.35**

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01, *p<0.05 when compared to Epileptic group

Figure 36
cAMP in the brainstem of control and experimental groups of rats
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Table- 44
cAMP in the brainstem of control and experimental groups of rats
Animal status

cAMP Concentration
(pmoles/g wt tissue)

Control

587.22 ± 33.20

Epileptic

305.57 ± 26.44@@@

Control+Bacopa monnieri

598.92 ± 35.16***

Epileptic+Bacopa monnieri

436.70 ± 28.80***

Epileptic+Carbamazepine

478.50 ± 25.50***

Values are Mean ± SEM of 4-6 separate experiments (n = 5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control group
***p<0.001, **p<0.01, *p<0.05 when compared to Epileptic group

Retention Time on the Rod (in seconds)

Figure 37
Rotarod performance of control and experimental group of rats
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Table- 45
Rotarod performance of control and experimental group of rats
Retention Time on the Rod (in seconds)
Animal status

10 rpm

15 rpm
109.33 ± 6.30

25 rpm

C

112.00 ± 4.61

73.33 ± 3.38

E

83.33 ± 2.40@@

C+B

108.00 ± 0.57 ***

E+B

93.00 ± 5.00**

76.66 ± 3.48**

59.33 ± 5.45*

E+C

95.66 ± 0.88**

82.66 ± 1.43***

55.33 ± 3.75*

51.33 ± 2.18@@@

34.33 ± 4.97@@@

114.66 ± 4.70***

72.00 ± 6.42***

Values are Mean ± SEM of 4-6 separate experiments (n=5-6 rats per group) ANOVA
followed by Students-Newman-Keuls’ Test.
***p<0.001, ** p<0.01, *p<0.05 when compared to Control rats
@@@
p<0.001, @@p<0.01 when compared to Epileptic rats

Table- 46
Behavioural response of control and experimental rats in open and closed
arm entry (Counts/5 minutes) in Elevated Plus-Maze Test
Animal
status

Open Arm
Entry

Closed Arm
Entry

Percentage
Arm Entry

Total Arm
Entry

C

3.33 ± 0.33

8.66 ± 0.33

31.04 ± 3.60

12.33 ± 0.57

E

7.01 ± 0.57@@@

11.66 ± 0.33@@

37.37±1.38

18.66 ± 0.88@@@

C+B

3.33 ± 0.33***

8.02 ± 0.57**

29.54±3.47

11.33 ± 0.33***

E+B

4.33 ± 0.33**

9.33 ± 0.66 *

31.68±2.11

13.66 ± 0.57***

E+C

4.33 ± 0.33*

9.33 ± 0.33*

29.93±4.63

14.04 ± 0.57**

Values are Mean ± SEM of 4-6 separate experiments (n=5-6 rats per group)
ANOVA followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 @@p<0.01 when compared to Control rats
***p<0.001 ** p<0.01 *p<0.05 when compared to Epileptic rats
C - Control
E – Epileptic
C + B - Control + Bacopa monnieri
E + B - Epileptic + Bacopa monnieri
E + C - Epileptic + Carbamazepine

Table- 47
Behavioural response of control and experimental rats on time spent in open
and closed arms (Seconds/5minutes) in Elevated Plus-Maze Test
Animal
status

Time Spent in
Open Arm

Time Spent in
Closed Arm

Percentage of Time
Spent in Open Arm

C

87.00 ± 7.64

198.33 ± 3.28

29.73 ± 1.20

E

45.33 ± 3.33@@@

242.33 ± 4.33@@@

15.11 ± 0.90@@@

C+B

86.00 ± 3.52***

185.00 ± 5.19 ***

28.66 ± 0.50***

E+B

65.00 ± 2.00**

210.33 ± 4.37**

21.77 ± 1.50 **

E+C

66.66 ± 2.02*

215.33 ± 6.64**

22.22 ± 0.67**

Values are Mean ± SEM of 4-6 separate experiments (n=5-6 rats per group)
ANOVA followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control rats
***p<0.001 ** p<0.01 *p<0.05 when compared to Epileptic rats
C - Control
E – Epileptic
C + B - Control + Bacopa monnieri
E + B - Epileptic + Bacopa monnieri
E + C - Epileptic + Carbamazepine

Table- 48
Behavioural response of control and experimental rats on head dipping
attempts, stretched posture attempts and grooming attempts
(Counts/5 minutes) in Elevated Plus-Maze Test

Animal
status

Head Dipping
Attempts

Stretched Posture
Attempts

Grooming
Attempts

C

21.00 ± 1.15

26.33 ± 0.88

6.33 ± 0.33

E

11.66 ± 0.88@@

17.66 ± 0.33@@@

3.05 ± 0.57@@@

C+B

22.66 ± 1.45**

25.33 ± 1.76**

6.66 ± 0.33**

E+B

17.33 ± 0.88*

21.66 ± 0.88*

4.66 ± 0.33*

E+C

16.0 ± 1.52*

23.66 ± 0.66*

4.33 ± 0.33*

Values are Mean ± SEM of 4-6 separate experiments (n=5-6 rats per group)
ANOVA followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 @@p<0.01 when compared to Control rats
***p<0.001, ** p<0.01, *p<0.05 when compared to Epileptic rats
C - Control
E - Epileptic
C + B - Control + Bacopa monnieri
E + B - Epileptic + Bacopa monnieri
E + C - Epileptic + Carbamazepine

Table- 49
Behavioral response of control and experimental rats at allogrooming,
sniffing, aggressive attacks and following the partner in Social Interaction
Test (Counts/10 minutes)
Animal

Allogrooming

groups

Sniffing the

Aggressive

partner

attacks

Following

C

8.33 ± 0.22

44.25 ± 4.0

0

16.25 ± 2.50

E

3.33 ± 0.40@@@

31.50 ± 3.30@@

0

13.50 ± 1.00@

C+B

7.66 ± 1.20***

48.33 ± 5.00**

0

18.25 ± 2.50**

E+B

6.33 ± 3.20*

37.50 ± 3.30*

0

16.75 ± 1.50**

E+C

7.33 ± 2.40*

40.00 ± 5.00**

0

17.75 ± 2.50*

Values are Mean ± SEM of 4-6 separate experiments (n=5-6 rats per group)
ANOVA followed by Students-Newman-Keuls’ Test.
@@@

p<0.001, @@p<0.01, @@p<0.05 when compared to Control rats
***p<0.001 ** p<0.01 *p<0.05 when compared to Epileptic rats
C - Control
E - Epileptic
C + B - Control + Bacopa monnieri
E + B - Epileptic + Bacopa monnieri
E + C - Epileptic Carbamazepine

Table- 50
Behavioral response of control and experimental rats in time spent in social
interaction test (Seconds/10 minutes)
Animal

time spent in social

time spent in without

groups

interaction

interaction

(s)

(s)

C

312 ± 10

288 ± 32

E

195 ± 22@@@

405 ± 28@@@

C+B

321 ± 12***

279 ± 17***

E+B

300 ± 09**

300 ± 20**

E+C

289 ± 14***

311 ± 24***

Values are Mean ± SEM of 4-6 separate experiments (n=5-6 rats per group)
ANOVA followed by Students-Newman-Keuls’ Test.
@@@

p<0.001 when compared to Control rats
***p<0.001 ** p<0.01 when compared to Epileptic rats
C - Control
E - Epileptic
C + B - Control + Bacopa monnieri
E + B - Epileptic + Bacopa monnieri
E + C - Epileptic Carbamazepine

Table- 51
Behavioural response of control and experimental rats in Forced Swim Test
Animal status

Immobility period

Mobility period

(s)

(s)

C

138 ± 14

160 ± 08

E

218 ± 12@@@

76 ± 10 @@@

C+B

145 ± 10***

152 ± 08***

E+B

177 ± 15**

119 ± 07**

E+B

195 ± 20**

98 ± 12**

Values are Mean ± SEM of 4-6 separate experiments (n=5-6 rats per group)
ANOVA followed by Students-Newman-Keuls’ Test.
@@@
p<0.001 when compared to Control rats
***p<0.001 ** p<0.01 when compared to Epileptic rats

C - Control
E - Epileptic
C + B - Control + Bacopa monnieri
E + B - Epileptic + Bacopa monnieri
E + C - Epileptic Carbamazepine
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Figure 38
Confocal image of 5HT2C receptors in the cerebral cortex of control and experimental rats
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Table- 52
5HT2C receptors in the cerebral cortex of control and experimental rats

5HT2C receptors

Epileptic + Bacopa monnieri

Figure 38
Confocal image of 5HT2C receptors in the cerebral cortex of control and experimental rats

NMDA2b receptors
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Control + Bacopa monnieri

Figure 39
Confocal image of NMDA2b receptors in the cerebral cortex of control and experimental rats
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Table- 53
NMDA2b receptors in the cerebral cortex of control and experimental rats

NMDA2b receptors

Epileptic + Bacopa monnieri

Figure 39
Confocal image of NMDA2b receptors in the cerebral cortex of control and experimental rats
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Figure 40
Confocal image of mGlu5 receptors in the cerebral cortex of control and experimental rats
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Table- 54
mGlu5 receptors in the cerebral cortex of control and experimental rats

mGlu5 receptors

Epileptic + Bacopa monnieri

Figure 40
Confocal image of mGlu5 receptors in the cerebral cortex of control and experimental rats
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Figure 41
Confocal image of 5-HT2C receptors in the cerebellum of control and experimental rats
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Table- 55
mGlu5 receptors in the cerebral cortex of control and experimental rats

5-HT2C receptors

Epileptic + Bacopa monnieri

Figure 41
Confocal image of 5-HT2C receptors in the cerebellum of control and experimental rats
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Figure 42
Confocal image of NMDA2b receptors in the cerebellum of control and experimental rats

Epileptic + Carbamazepine
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Table- 56
NMDA2b receptors in the cerebral cortex of control and experimental rats

NMDA2b receptors

Epileptic + Bacopa monnieri

Figure 42
Confocal image of NMDA2b receptors in the cerebellum of control and experimental rats
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Figure 43
Confocal image of mGlu5 receptors in the cerebellum of control and experimental rats

Epileptic + Carbamazepine

321359
366866
330833
336941
345284

Epileptic
Control+Bacopa monnieri
Epileptic+Bacopa monnieri
Epileptic+Carbamazepine

Pixel Intensity

Control

Experimental Group

mGlu5 receptors
Table- 57
mGlu5 receptors in the cerebral cortex of control and experimental rats

Epileptic + Bacopa monnieri

Figure 43
Confocal image of mGlu5 receptors in the cerebellum of control and experimental rats

Figure Legends

Figure 38
Confocal image of 5HT2C receptors in the cerebral cortex of control, epileptic, control + Bacopa
monnieri, epileptic + Bacopa monnieri and epileptic + Carbamazepine treated rats using
immunofluorescent 5HT2C receptor specific primary antibody and FITC as secondary antibody.
There was an up regulation of 5HT2C receptors in the cerebral cortex of epileptic rats which was
reversed to control after Bacopa monnieri and Carbamazepine treatment.
in red shows
5HT2C receptors.

Figure 39
Confocal image of NMDA2b receptors in the cerebral cortex of control, epileptic, control +
Bacopa monnieri, epileptic + Bacopa monnieri and epileptic + Carbamazepine treated rats
using immunofluorescent NMDA2b receptor specific primary antibody and FITC as secondary
antibody. There was a down regulation of NMDA2b receptors in the cerebral cortex of epileptic
rats which was reversed to control after Bacopa monnieri and Carbamazepine treatment.
in red shows NMDA2b receptors.

Figure 40
Confocal image of mGlu5 receptors in the cerebral cortex of control, epileptic, control + Bacopa
monnieri, epileptic + Bacopa monnieri and epileptic + Carbamazepine treated rats using
immunofluorescent mGlu5 receptor specific primary antibody and Rhodamine as secondary
antibody. There was an up regulation of mGlu5 receptors in the cerebral cortex of epileptic rats
which was reversed to control after Bacopa monnieri and Carbamazepine treatment.
in
green shows mGlu5 receptors.

Figure 41
Confocal image of 5-HT2C receptors in the cerebellum of control, epileptic, control + Bacopa
monnieri, epileptic + Bacopa monnieri and epileptic + Carbamazepine treated rats using
immunofluorescent 5HT2C receptor specific primary antibody and FITC as secondary antibody.
There was a down regulation of 5HT2C receptors in the cerebellum of epileptic rats which was
reversed to control after Bacopa monnieri and Carbamazepine treatment.0
in red shows
5-HT2C receptors.

Figure 42
Confocal image of NMDA2b receptors in the cerebellum of control, epileptic, control + Bacopa
monnieri, epileptic + Bacopa monnieri and epileptic + Carbamazepine treated rats using
immunofluorescent NMDA2b receptor specific primary antibody and FITC as secondary
antibody. There was an up regulation of NMDA2b receptors in the cerebellum of epileptic rats
which was reversed to control after Bacopa monnieri and Carbamazepine treatment.
in
red shows NMDA2b receptors.

Figure 43
Confocal image of mGlu5 receptors in the cerebellum of control, epileptic, control + Bacopa
monnieri, epileptic + Bacopa monnieri and epileptic + Carbamazepine treated rats using
immunofluorescent mGlu5 receptor specific primary antibody and Rhodamine as secondary
antibody. There was an up regulation of mGlu5 receptors in the cerebellum of epileptic rats which
was reversed to control after Bacopa monnieri and Carbamazepine treatment.
in green
shows mGlu5 receptors.

