Current Topics in Medicinal Chemistry 2005, 5, 59-67 59

Serotonergic 5-HT2C Receptors as a Potential Therapeutic Target for the

Design Antiepileptic Drugs

Methvin Isaac*

NPS Pharmaceuticals Inc., 6850 Goreway Drive, Mississauga, ON, Canada, L4V 1V7

Abstract: A variety of clinical observations suggest that certain forms of epilepsy are due to long-term, progressive
changes in neural networks that eventually provoke spontaneous and recurring seizures. Recently, there has been growing
evidence that serotonergic neurotransmission modulates experimentally induced seizures and is involved in the enhanced
seizure susceptibility observed in some genetically epilepsy-prone animals. Generally, agents that elevate extracellular
serotonin (5-Hydroxytryptamine, 5-HT) levels, such as 5-hydroxytryptophan, and 5-HT reuptake blockers inhibit both
limbic and generalized seizures. Conversely, depletion of brain 5-HT lowers the threshold to audiogenically, chemically
and electrically-evoked convulsions. More specifically, the recent finding that the 5-HT2B/2C receptor agonist, 1-(m-
chlorophenyl)-piperazine (mCPP) is anticonvulsant has kindled an interest into the investigation of the serotonergic 5-
HT2C receptor subtype as a potential target for the treatment of epilepsy. Further pharmacological evaluation of selective
activation or inactivation of the 5-HT2C receptor subtype with selective agonist/positive modulators and antagonists will
provide important information about the therapeutic contribution of this receptor to the epileptic circuitry in the brain.
Future development of serotonergic antiepileptic drugs will be a significant addition to the therapeutic armamentarium

against epilepsy.
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INTRODUCTION

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 [1]. Epilepsy also poses
a considerable economic burden on society. The direct costs
of epilepsy vary significantly depending on the severity of
the disease and the response to treatment. Despite the
considerable progress in our understanding of the
pathophysiology and pharmacotherapy of seizures and
epilepsy [2], the cellular basis of human epilepsy remains an
enigma. In the absence of etiological understanding,
approaches to pharmacotherapy must be directed to the
control of symptoms, that is the suppression of seizures.
More concerning is that current antiepileptic drugs do not
halt the underlying natural progression of the disorder.

Over the years, there has been considerable success in the
development of novel antiepileptic drugs (AED) along with
new improved formulations. These include older “first
generation’ drugs such as carbamazepine, phenobarbitol,
valproic acid and newer, ‘second generation’ drugs such as
lamotrigine, vigabatrin, tiagabine, topiramate, gabapentin
and levetiracetam [3, 4]. The selection of an antiepileptic
drug for treatment is predicated on its efficacy for the
specific type of seizures, tolerability and safety [5, 6].

Epileptic seizures can be either generalized (generalized
epileptic seizure), originating in both hemispheres of the
brain simultaneously, or partial (focal seizures) originating in
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one or more parts of one or both hemispheres, most
commonly the temporal lobe. With generalized seizures,
consciousness is always impaired or lost. Consciousness may
be maintained in partial seizures but partial seizures may
become generalized seizures in a process referred to as
secondary generalization, at which point consciousness is
lost. In patients the type of epilepsy or epileptic syndrome
are further classified according to features such as the type of
seizure, etiology, age of onset and electroencephalogram.
Epilepsy or epileptic syndromes can be either idiopathic
(etiology or cause is unknown) with a presumed genetic
basis or symptomatic (acquired). The known potential causes
of epilepsy include brain tumors, infections, traumatic head
injuries, perinatal insults, developmental malformations,
cerebrovascular diseases, febrile seizures and status
epilepticus [7].

Traditionally, pharmacological strategies for treatment of
epilepsy are aimed at suppressing either the initiation or
propagation of seizures rather than the underlying processes
that lead to epilepsy. Some epileptic patients are
unresponsive to current antiepileptic drug treatment and for
this reason the major goal in epilepsy research has been to
develop drugs with greater anticonvulsant efficacy and less
toxicity than existing drugs [8]. There is growing evidence
that serotonergic neurotransmission modulates a wide variety
of experimentally-induced seizures and is involved in the
enhanced seizure susceptibility observed in some genetically
epilepsy-prone animals [9-14]. This review highlights the
developments in the knowledge of the mammalian 5-HT2C
receptor subtypes, specifically its structure, pharmacology,
CNS distribution and actions at the molecular level.
However, particular emphasis or focus will be on the
therapeutic potential of this molecular target in the design of
antiepileptic drugs.

© 2005 Bentham Science Publishers Ltd.
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5-HT2C RECEPTOR STRUCTURE, DISTRIBUTION
AND FUNCTION

5-Hydroxytryptamine (5-HT or Serotonin), a key
neurotransmitter of the peripheral and central nervous system
(PNS and CNS), has been implicated in a variety of sensory,
motor and behavioral processes. 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 (Figure 1).

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 (PI1) hydrolysis) and subsequent
mobilization of intracellular calcium [15].

The 5-HT2C receptor was identified as a tritiated-5-HT
binding site in the choroid plexus (tissue involved in
production of cerebrospinal fluid, 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 tritiated
5-HT [16]. 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 [17].

5-HT2C Receptor Structure

The partial cloning of the mouse 5-HT2C receptor [18]
was shortly followed by the sequencing of the full length
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clone in the rat [19], mouse [20] and human [21].
Additionally, a splice variant of the 5-HT2C receptor has
been observed in brain tissues of the rat, mouse and human
[22]. The functional significance of this variant is however,
unclear as the protein product is truncated and lacks a 5-HT
binding site. More recently, it has been reported that 5-HT2C
mRNA undergoes post-transcriptional editing to yield
multiple 5-HT2C receptor isoforms with different distri-
butions 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) may have different regulatory and pharmacological
properties [23].

The gene for the 5-HT2C receptor is located on the
human X chromosome at position q 24 (Xqg24). The 5-HT2C
receptor gene has three introns (rather than two as in the case
of the 5-HT2A and 5-HT2B) and may produce a protein
product with eight rather than seven transmembrane regions,
which, if proven, would be unusual for a G-protein coupled
receptor [20]. 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 [15].

5-HT2C Receptor Distribution

In contrast to the 5-HT2A receptor (expressed in CNS
and PNS tissues) and 5-HT2B receptor (expressed
principally in the periphery and only sparsely in the CNS),
the 5-HT2C receptor has been found primarily in CNS.

Serotonin (5-HT) Receptors
Samm;w:eptor 5-HT1 5-HT2 5-HT3 5-HT4 5-HT5 5-HT6 5-HT7
[ T1 o
1A 1BID IE1F 2A | 2B %8

5-HT2C

Fig. (1). A schematic showing the 14 serotonin receptor subtypes highlighting simplistically the subtype relationships.
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Autoradiographic studies, using a variety of ligands
(including tritiated-5-HT, tritiated-mesulergine and tritiated
—-LSD), have provided a detailed map of the distribution of
5-HT2C binding sites in rat and many other species [24, 25].
In addition to the very high levels detected in the choroid
plexus, 5-HT2C binding sites are widely distributed and
present in the cortex (olfactory nucleus, pyriform, cingulate
and retrosplenial), limbic system (nucleus accumbens,
hippocampus, amygdala) and the basal ganglia (caudate
nucleus, substantia nigra). The presence of 5-HT2C binding
sites in the pyriform cortex and substantia nigra is relevant to
findings of 5-HT2C receptor-mediated electrophysiological
responses in these regions [26, 27].

Two studies have reported 5-HT2C receptor mRNA in
the midbrain raphe nuclei [28, 29]. In addition, both 5-HT2C
receptor mRNA and immunoreactivity have been found in
the central grey which is adjacent to the dorsal raphe nucleus
(DRN). Experimental findings to date seem to suggest that
there is a good concordance between the distribution of 5-
HT2C receptor mRNA and 5-HT2C binding sites.
Furthermore, neurotoxic lesion experiments indicate that the
5-HT2C receptors are mostly post-synaptic but there is also
evidence suggesting possible presynaptic localization on 5-
HT nerve terminals. Thus, whilst the 5-HT2C receptors are
clearly located post-synaptically, the possibility of a
presynaptic location needs further study [30].

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 (Ggl1). Phos-
pholipase 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. In choroid plexus preparations,
the non-selective 5-HT2 receptor agonists, mCPP, TFMPP,
and MK-212 behave as agonists but only the latter
compound had an efficacy equal to 5-HT. It has been
suggested that 5-HT2C receptors in choroid plexus may
regulate CSF formation as a result of their ability mediate
cyclic guanosine monophosphate (cGMP) formation [31-34].

To further determine the intracellular mechanism of the
5-HT2C receptor endogenously expressed in the choroid
plexus epithelial cells, an elegant strategy of targeted
disruption of protein-protein interactions was recently
employed [35]. The strategy entails the delivery of
conjugated membrane-permeable peptides that disrupts
domain interaction at specific steps in the signaling cascade.
For example, peptides targeted against receptor Galpha g-
protein interaction domain were found to disrupt the 5-HT2C
receptor-mediated  phosphatidylinositide  hydrolysis. In
contrast, peptides that bind to and sequester free
Gbetagamma subunits were ineffective at blocking 5-HT2C
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receptor mediated phosphatidylinositol turnover. These
results provide the first direct demonstration that active
Galpha g subunits mediate 5-HT2C receptor activation of
phospholipase C beta and that the Gbetagamma subunits
released from Galpha q heterotrimeric proteins are not
involved.

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
[36]. The different 5-HT2C receptor isoforms generated
from RNA editing have demonstrated altered dynamics of
agonist-induced calcium released. These distinctions in
agonist-induced calcium release imply that edited 5-HT2C
receptors may produce distinct physiological responses
within the CNS [37]. Particular isoforms vary with regard to
their central distribution and the extent to which they display
constitutive activation. It has been shown that editing sites
are located on the second intracellular loop, which contains a
consensus sequence for G-protein interaction [38]. It is
therefore clear that changes in amino acid sequence may
affect the coupling ability between the receptor and its G-
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 mMRNA editing may
serve as a mechanism whereby 5-HT2C receptor activity
is stabilized in the face of changing synaptic serotonergic
input [39].

5-HT2C RECEPTORS AND EPILEPSY

Epilepsy, a brain disorder manifested by recurrent
seizures, refers to a complicated constellation of more than
40 distinct disorders. The seizure, a sudden massive neuronal
discharge, can be either partial or complete, depending on
the area of brain involved or whether or not consciousness is
impaired. Normally there is a balance between excitation and
inhibition in the brain. When this balance is disrupted by
increased excitation or decreased inhibition, a seizure may
result. The neuronal discharges may stimulate muscles
innervated by the nerves involved, resulting in involuntary
muscle contractions, or convulsions [40].

There are currently several drugs in clinical use to inhibit
seizures, which fall into three different categories in terms of
their target [41]. Most common are the drugs that affect the
flow of sodium into the cell via voltage-gated sodium ion
channels. A sodium ion channel is a structure in the cell
membrane that is selectively permeable to sodium ions and
is opened by changes in voltage across the cell membrane.
Other drugs affect calcium ion channels. The third category
of drugs affects some aspect of inhibitory synapses that are
activated by the neurotransmitter g-aminobutyric acid
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(GABA). Despite the availability of these drugs, a large
proportion of patients continue to have seizures.
Furthermore, among those in whom seizures are effectively
inhibited, substantial numbers experienced persistent and
undesirable effects from these drugs. In light of this, the
current goal of researchers is to identify new classes of anti-
seizure drugs that act on novel molecular targets and by
novel mechanisms that may permit effective treatment of
large numbers of individuals unsatisfactorily treated at
present. The recently cloned 5-HT2C receptor has revealed a
novel molecular target that provides just this opportunity for
the development of novel antiepileptic drugs.

There is growing evidence that serotonergic neurotrans-
mission modulates a wide variety of experimentally-induced
seizures and involved in the enhanced seizure susceptibility
observed in some genetically prone rodents [42, 43]. Studies
have shown that mice bearing a targeted disruption of the 5-
HT2C receptor genes exhibit an epilepsy syndrome
associated with sporadic spontaneous seizures that
occasionally result in death. In all epileptic paradigms, mice
lacking the 5-HT2C receptors were significantly more
seizure susceptible than wild-type controls. Results indicate
that mutants have lower focal seizure thresholds, increased
focal seizure excitability, and facilitated propagation within
the forebrain seizure system. Mutants also exhibit lower
generalized seizure threshold for the expression of both
generalized clonic and generalized tonic seizures.
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.
Together, these data strongly implicate a role for serotonin
and the 5-HT2C receptors in the modulation of neuronal
network excitability and seizure propagation throughout the
CNS [44-46]. Furthermore, agents that elevate extracellular
serotonin (5-HT) levels, such as 5-hydroxytryptophan and 5-
HT reuptake blockers, inhibit both limbic and generalized
seizures. Conversely, depletion of brain 5-HT lowers the
threshold to audiogenically, chemically and electrically
evoked convulsion [47-49].

Fluoxetine 1 (Figure 2), a selective serotonin reuptake
inhibitor, has been shown to exert a protective action against
convulsive seizures in animal models when administered
systemically or focally into the substantia nigra [50]. A
similar reduction in seizure activity has been observed for
the 5-HT2C receptor agonists mCPP and TFMPP when
microinjected bilaterally into the rat substantia nigra. This
indicates that the 5-HT2C receptors in the substantia nigra
may contribute to seizure regulation [51, 52]. Among the
clinically effective anticonvulsants such as carbamazepine,
dose-related anticonvulsant effects correlate with increased
extracellular serotonin further implicating the role of
serotonin and hence the 5-HT2C receptor agonist in epileptic
seizures. Nevertheless, cross talk between the 5-HT2C and
g-amino butyric acid (GABA) receptors in the mediation
of the observed anticonvulsant activity should not be
overlooked [53].

Furthermore, Citalopram 2 (Figure 2), a more selective
serotonin reuptake inhibitor when administered to non-
depressed patients with poorly controlled epilepsy as an add-
on therapy decreased the seizure frequency in these patients
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Fig. (2). Drugs that increase extracellular serotonin levels resulting
in 5-HT2C activation.

[54]. This result is further evidence of a serotonergic
impairment, possibly 5-HT2C receptors, as a possible
mechanism of epilepsy. Although controlled studies are
required to validate this hypothesis, the antiepileptic action
of both citalopram and fluoxetine demonstrate that an
anticonvulsant effect can be obtained not only by affecting
the GABA and glutamate system but also by potentiating
serotonergic activity.

Despite the fact that a large number of 5-HT receptors
with different anatomical localization and function have been
identified, there are only few studies investigating the role of
5-HT receptor subtypes in the modulation of seizure activity
and the results are sometimes controversial depending on the
experimental epilepsy model used [55]. In order to further
delineate the role of the 5-HT2C receptors in seizure
generation, the effects of the 5-HT2C preferring agonist,
mCPP, were evaluated in a genetic absence epilepsy model.
mCPP weakly elevated seizure threshold in mice (but not in
rats) electroshock test, however appreciable protection
against pentylenetetrazol-induced myoclonic and/or tonic
seizures in mice and rats were observed. This protection
against pentylenetetrazol-induced myoclonic and/or tonic
seizures in mice and rats was inhibited by the 5-HT2C/2B
receptor antagonist, SB 206533. The fact that the 5-HT2B
agonist, BW-723C86, had no effect on animal seizure
models supports the view that the 5-HT2C receptor mediated
the mCPP-induced anticonvulsant effects [56]. The selective
5-HT2C receptor antagonist, SB 242084 do not induce pro-
convulsant effects in rats, which are characteristic of mutant
mice lacking the 5-HT2C receptor. This failure to exhibit
pro-convulsant properties in rats in contrast to the reported
characteristics of mutant mice lacking 5-HT2C receptors
might be accounted for by species differences [57].

To further realize the growing potential of 5-HT2C
agonists as useful antiepileptic drugs, a larger number of the
more selective 5-HT2C agonist ligands (see Figure. 3, 4, 5)
recently identified need to be evaluated in preclinical and
clinical epileptic models.

5-HT2C LIGANDS AS POSSIBLE TOOLS AND
CANDIDATES FOR PRECLINICAL AND CLINICAL
EVALUATION

The pharmacology of the 5-HT2C receptor is of great
interest and many of the molecular tools available to probe
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Fig. (3). Tryptamines and Isotrytamines as selective 5-HT2C agonist with potential antiepileptic properties.

the consequences of 5-HT2C activation in epilepsy lacked
selectivity versus the other 5-HT receptors, especially the
other 5-HT2 receptor subtypes. Activation of the 5-HT2A
and 5-HT2B has been suggested to produce undesirable
physiological effects (hallucinations, platelet aggregation,
vasoconstriction, pulmonary hypertension and valvulopathy).
Given the physiological effects associated with 5-HT2A and
5-HT2B receptor activation, and the need for anti-epileptic
medications with very few undesirable or intolerable effects,
the search for selective 5-HT2C agonists has been a major
focus of research in this area. Despite the progress that has
been made in the development of 5-HT2C ligands, relatively
few molecules have promising functional selectivity over the
5-HT2A and 5-HT2B receptors [58-60].

Most of the recently published 5-HT2C agonist ligands
bear common structural motifs with the endogenous ligand,
serotonin (3), possessing a basic amine two or three atoms
away from an aromatic core. Researchers have taken
advantage of the observation that the hydroxyl group in
serotonin is not critical for 5-HT2C activities. For example,
the isotryptamines 4 and 5 (Figure 3) were found to be
potent 5-HT2C ligands, however, these compounds lacked
selectivity versus other 5-HT receptors, especially the other
5-HT2 receptor subtypes, and therefore the resulting
pharmacological outcomes utilizing these ligands should be
assigned to 5-HT2C receptor activation with appropriate
caution.

Researchers at Vernalis have reported on a series of
tricyclic indoles (exemplified by 6 and 7) as 5-HT2C
agonists, containing a 2-aminopropyl group as a common
motif, which is thought to provide improved metabolic
stability (reduction of oxidative deamination) and improved
selectivity over 5-HT1 receptors [58]. Some excellent
functional selectivity for 5-HT2C over 5-HT2A has been
demonstrated for compound 6 (ECsy (h5-HT2C) = 8 nM,
80% of the 5-HT response in a calcium mobilization assay).
Unlike compound 6 that is racemic, compound 7 is chiral
with the S-enantiomer being preferred. This compound

displayed good functional selectivity over 5-HT2A with
good potency at the 5-HT2C receptors (ECso (W5-HT2C) = 4
nM, 87% of the 5-HT response in a calcium mobilization
assay). Another functionally selective and orally active 5-
HT2C agonists with the potential to demonstrate
antiepileptic effects is the indazole YM-348, 8 (ECsq (h5-
HT2C) = 1 nM, 76% of the 5-HT response), which showed
functional selectivity in a phosphoinositide hydrolysis assay
over 5-HT2A (ECs, (h5-HT2A) = 93 nM, 97% of the 5-HT
response). However, very little selectivity was observed over
the 5-HT2B (ECsy (h5-HT2B) = 3.2 nM, 110% of the 5-HT
response) [61].

Several series of compounds are also related to mCPP 9,
TFMPP 10, MK-212 11 and Org-12962 12. These arylpipera-
zines are known to be 5-HT2C agonists but they are not
selective for the 5-HT2C receptors. The anticonvulsant effect
demonstrated by mCPP has given impetus to research efforts
to seek out similar pharmacophores with favorable pharma-
cokinetic properties. Many variations on arylpiperazines
have been explored in an effort to find potent agonists
having promising functional selectivity over the 5-HT2A and
5-HT2B receptors. Biovitrum (formerly part of Pharmacia)
has disclosed piperazinylpyazine 13 with excellent affinity
(Ki (h5-HT2C) = 8 nM) for the 5-HT2C receptors although
no functional data was provided [58].

Eli Lilly has reported in vitro and in vivo profiles of a
selective 5-HT2C receptor agonist, LY-448100 14. LY-
448100 has an EC50 of 8 nM with an Emax 110% for the 5-
HT2C receptor with very good selectivity against the highly
homologous 5-HT2A and 5-HT2B receptors. This compound
also exhibited very good oral activity in rats (oral bioavail-
ability = 83%) making it an ideal candidate for further proof
of concept as an orally active anticonvulsant [60].

More recently two additional piperazine analogs 15 and
16 were disclosed as potent and selective 5-HT2C agonists.
These analogues are claimed to be useful as potential anti-
epileptics but no supporting in vivo data was reported [58].
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Fig. (4). Aryl piperazines as selective 5-HT2C agonists with potential antiepileptic properties.

Scientists at Vernalis were able to combine the active
indole structure and the arylpiperazine template to produce
potent ring-constrained analogs exemplified by the
tetrahydropyazioindole 17. Compound 17 has an ECsg, value
of 0.4 nM at the h5-HT2C receptor and is more than 1000-
fold selective over 5-HT2A in a calcium mobilization
functional assay. Another constrained arylpiperazine, WAY -

21

161503 18 reported by American Home Product (now
Wyeth) is a potent 5-HT2C agonist (ECsy (h5-HT2C) = 8
nM, in a functional assay measuring inositol monophosphate
formation) with a 2,000-fold functional selectivity over 5-
HT2A. Compound 19 and 20 are additional highly selective
5-HT2C receptor agonists with ECgq values of 3 nM and 76
nM respectively [58].
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Fig. (5). Other related structures as selective 5-HT2C agonists with potential antiepileptic properties.
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Researchers at Wyeth recently disclosed a novel class of
arylhomopiperazines. The specified compound 21 showed
binding affinity at the h5-HT2C receptor of 112 nM but no
functional data was provided [58].

Finally, Hoffmann- la Roche and Vernalis reported a
piperazine 22 where the basic nitrogen atom appears to be
spatially distant from the aromatic core. Compound 22
possessed good potency (ECsy (h5-HT2C) = 22 nM, 91% of
the 5-HT response) and good functional selectivity over the
5-HT2A receptors [58].

Further evaluation of selective 5-HT2C agonists in
animal models of epilepsy has to be performed to realize the
full potential of selective 5-HT2C agonists in anticonvulsant
therapy.

Besides direct agonistic activity, 5-HT2C receptor-
mediated actions of serotonin may be potentiated by ligands
other than receptor agonists via allosteric modulation. An
allosteric modulator is a compound that affects the binding
of an agonist to the primary binding site of the receptor
protein by interacting with a secondary binding site, which is
distant from but functionally coupled to the primary
recognition site. Allosteric enhancers or positive allosteric
modulators of the 5-HT2C receptors present a novel drug
design strategy to augment the response to endogenous
serotonin in a site and event specific manner. Researchers at
Pharmacia (now Pfizer) reported the discovery and character-
ization of PNU-69176E 23 (Figure 6), a positive allosteric
modulator with high selectivity for the 5-HT2C receptors
[62]. PNU-69176E (L-threo-a-D-galacto-octopyranoside,
methyl-7-chloro-6, 7, 8-trideoxy-6-[[(4-undecyl-2-piperi-
dinyl)carbonyl]amino]-1-thio-monohydrochloride) at 10 uM
markedly stimulated [*H]5-HT (2 nM) binding (~300%).
PNU-69176E concentration-dependently enhanced the
affinity and efficacy of serotonin for the 5-HT2C receptors.
This novel approach of using positive allosteric modulators
of the 5-HT2C receptors to develop novel anticonvulsant
therapy is a very attractive strategy since it is much easier to
achieve high receptor subtype selectivity or even absolute
specificity with a ligand binding to the allosteric site than
with orthosteric ligands that bind to the agonist binding site.

NS~

o cl
H \u\:( 0

O _HCl
: HO "1 oH

OH

PNU-69176E, 23

Fig. (6). PNU-69176E, a positive allostreric modulator of the
human 5-HT2C receptor.
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CONCLUSION

Researchers have found more than 40 genes that cause
epilepsy in mice or humans. There is great diversity within
these 40 genes and it is thought that a large portion of the
human epilepsies comprises disorders in which the
inheritance of two or three susceptibility genes in the same
individual is required to produce epilepsy [62].

The identification of these genes, which cause the rarer
forms of epilepsy, can provide powerful clues to novel
antiseizure drug mechanisms and, thus, new forms of
effective antiseizure drugs. In other words, the protein coded
by the mutant gene can suggest new molecules to be targeted
by the antiseizure drugs. These drugs might regulate the
structure and function of the molecule to have antiseizure
effects. Conversely, understanding the mechanism by which
these drugs act may in turn provide a clue to decoding the
epilepsy genes.

Even in individuals known to be at high risk for
developing epilepsy, there is currently no effective method
of preventing the development of the disease. In addition,
once individuals become afflicted with epilepsy, doctors
have no way of curing the disease. Rather, current therapies
are entirely symptomatic, analogous to the treatment of
diabetes with insulin. Like the diabetic, the epileptic can take
drugs that inhibit the symptoms of the disease; in this case
seizures, but these drugs cannot abolish the problem entirely.

Despite the availability of new antiepileptic drugs
(AEDs) with novel pharmacological modes of action, the
efficacy of the medical therapies in terms of seizure control
has not increased significantly over recent years. However,
the new drugs have brought considerable improvement in
tolerability of anticonvulsant therapy. Nevertheless, there is
a continuing need for new AEDs, especially for focal and
secondary generalized seizures.

The 5-HT2C receptor subtype appears to be a rational
target for the development of novel antiepileptic drugs. The
effects seen with 5-HT2C agonists are consistent with data
on mutated 5-HT2C receptor-deficient animals suggesting
that the 5-HT2C receptors may mediate tonic inhibition of
neuronal network excitability. Polymorphism of the 5-HT2C
receptor genes has been proposed to be associated with a
number of CNS disorders. In addition, the possible role of
somatic mutations of 5-HT2C receptors in the genetic
predisposition to or pathophysiology of epilepsy cannot be
excluded. Recent advances in the understanding of the
biology and function of the 5-HT2C receptor, along with the
design and development of novel, potent and selective
agonist ligands, raises the exciting possibility of an entirely
novel class of antiepileptic drugs.

The available evidence suggests that the combination of
AEDs with different modes of action may be more effective
than monotherapy. It is therefore conceivable that AEDs
with new modes of action, such as 5-HT2C receptor
agonism, can improve the effectiveness of medical therapy
with respect to seizure control if they are sensibly combined
with existing AEDs. Obviously, such ‘rational polytherapy’
is only possible if drug interactions do not prevent the use of
the chosen agents in combination. Future clinical approval of
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5-HT2C agonists as AEDs is expected to be a useful addition
to the treatment armamentarium for focal and secondary
generalized seizures
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