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Abstract

Insights into neural mechanisms through which central serotonin (5-HT) systems influence brain function may be gained by examining the

contributions of individual 5-HT receptor subtypes. Significant attention has focused on the 5-HT2C receptor subtype, which is abundantly

expressed throughout the central nervous system and displays high-affinity interactions with a wide variety of psychiatric medications. Both

pharmacological and genetic approaches to the analysis of 5-HT2C receptor function reveal that it contributes substantially to the serotonergic

regulation of awide variety of behavioral and physiological processes. For example, significant inhibitory effects of 5-HT2C receptor stimulation

have been observed in both limbic and striatal dopamine pathways. These may contribute to the effects of experimental 5-HT2C receptor

manipulations on responses to psychostimulant, atypical antipsychotic and antidepressant drugs. Further evidence for a role of these receptors in

affect regulation arises from recent findings that alterations in 5-HT2C mRNA editing are observed in the brains of suicide victims with a history

of depression and in animals exposed to antidepressant drug treatment. Finally, we will review a growing body of evidence indicating a role of 5-

HT2C receptors in the serotonergic regulation of energy balance. Pharmacological and genetic studies reveal these receptors to influence feeding,

glucose homeostasis and the energy efficiency of physical activity.
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1. Introduction

Attempts to uncover neural mechanisms through which

brain serotonin systems influence behavior are complicated

by the heterogeneity of the receptors through which

serotonin acts. At least 14 distinct subtypes of serotonin

(5-hydroxytryptamine; 5-HT) receptors are expressed with-

in the central nervous system (Barnes and Sharp, 1999).

They are highly diverse with regard to their structures,

gene regulation, primary effector mechanisms, regional and

subcellular expression patterns and physiological actions.

However, the multiplicity of 5-HT receptors provides an

opportunity for a fine functional dissection of brain sero-

tonin systems, one receptor at a time. Progress in this area

has been facilitated by the development of relatively

selective pharmacological tools and by molecular genetic
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techniques enabling the generation of animals with planned

5-HT receptor gene mutations. This will be illustrated by a

discussion of the contributions of a prominent central

serotonin receptor subtype—the 5-HT2C receptor—to the

actions of serotonin.
2. The 5-HT2C receptor subtype

The 5-HT2C receptor was initially identified in the

choroid plexus, as a receptor binding site exhibiting high

affinity for 5-HT, mesulergine and lysergic acid diethyla-

mide (LSD) and low affinity for ketanserin (Pazos et al.,

1985; Yagaloff and Hartig, 1985). Its activation stimulates

phosphatidylinositol (PI) turnover (Conn et al., 1986).

Because the binding properties of this receptor appeared

to resemble 5-HT1A and 5-HT1B sites more than 5-HT2

(now designated 5-HT2A) sites, its original designation was

5-HT1C. Subsequently, the molecular cloning of the cDNA

encoding this receptor revealed it to be a member of the

superfamily of G-protein coupled receptors (Julius et al.,
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1988; Lubbert et al., 1987) highly related to the 5-HT2A

receptor subtype, with which it shares substantial amino

acid identity (Julius et al., 1990). Their high level of

homology is associated with very similar pharmacological

binding profiles, so that 5-HT2C receptors may have con-

tributed to many of the pharmacological actions originally

attributed to the 5-HT2A subtype. Because the two receptors

were clearly members of the 5-HT2 subfamily the 5-HT1C

receptor was renamed 5-HT2C (Barnes and Sharp, 1999).

The gene encoding the 5-HT2C receptor is X-linked in both

humans and mice (Milatovich et al., 1992).

Interestingly, the 5-HT2C receptor is the only known G-

protein coupled receptor whose mRNA undergoes post-

transcriptional editing to yield different receptor isoforms

(Burns et al., 1997). 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 in the second intracellular loop,

which contains a consensus sequence for G protein interac-

tion (Burns et al., 1997; Niswender et al., 1999). It is

therefore clear that changes in amino acid sequence at this

level may affect 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 m-

RNA isoforms encoding receptors with higher sensitivity to

serotonin (Gurevich et al., 2002). Accordingly, expression

of these isoforms is reduced by treatment with the mixed 5-

HT2A/2C receptor agonist 4-iodo-2,5-dimethoxyamphet-

amine (DOI) (Gurevich et al., 2002). These results indicate

that mRNA editing may serve as a mechanism whereby 5-

HT2C receptor activity is stabilized in the face of changing

synaptic serotonergic input.

In recent years, a number of relatively selective pharma-

cological agents with agonist or antagonist activity at 5-

HT2C receptors have been developed. These, along with the

availability of mutant mice lacking functional 5-HT2C recep-

tors, have allowed investigators to better understand the

functional roles of this receptor in the central nervous

system. Unlike the 5-HT2A and 5-HT2B receptors, there is

little evidence for expression of 5-HT2C receptors outside the

CNS (Barnes and Sharp, 1999; Julius et al., 1988). Studies

utilizing radioligand binding and in situ hybridization assays

have provided a detailed map of the regional distribution of

5-HT2C receptors in the brain of different species, including

man (Lopez-Gimenez et al., 2001; Mengod et al., 1990;

Pasqualetti et al., 1999; Pompeiano et al., 1994). Although

the highest density of 5-HT2C receptors has been consistently

found in the choroid plexus, the functional significance of

these receptors remains to be determined. Within brain

tissue, 5-HT2C binding sites are widely distributed in neo-

cortical areas, hippocampus, nucleus accumbens, amygdala,

dorsal striatum and substantia nigra. An overlapping distri-

bution of 5-HT2C receptor mRNA and 5-HT2C receptor

binding sites has been observed in monkey brain indicating

a potential somatodendritic localization of these receptors

(Lopez-Gimenez et al., 2001). Interestingly, both 5-HT2C
receptor mRNA and immunoreactivity have been observed

in the dorsal raphe nucleus, a region providing serotonergic

innervation of much of the forebrain (Clemett et al., 2000;

Wright et al., 1995).
3. Modulation of mesocorticolimbic dopamine system

function by 5-HT2C receptors

Several lines of evidence indicate that serotonin exerts

both tonic and phasic modulation of central dopamine

transmission via activation of 5-HT2C receptors. Initial

evidence of 5-HT2C receptor-mediated modulation of meso-

limbic dopamine transmission arose from the observation

that m-chlorophenylpiperazine (m-CPP; a mixed 5-HT1B/2B/

2C receptor agonist) strongly inhibited the firing rates of

ventral tegmental area (VTA) dopamine neurons in anesthe-

tized rats (Prisco et al., 1994). These effects of m-CPP were

reversed by mesulergine, a compound with antagonist activ-

ity at 5-HT2C receptors. The existence of a reciprocal

modulation between central serotonergic and dopaminergic

systems has been validated by the observation that in the

ventral tegmental area (VTA), the origin of mesocorticolim-

bic dopaminergic pathways, as well as in the substantia nigra

pars compacta (SNc), the origin of the dopaminergic nigros-

triatal projection, serotonergic projections innervate dopami-

nergic neurons themselves, as well as other cell types, such

as inhibitory g-aminobutyric acid (GABAergic) neurons

(Cameron et al., 1997; Erhardt et al., 1998; Herve et al.,

1987; Trent and Tepper, 1991). In addition, serotonergic

neurons originating in mesencephalic raphe nuclei also send

efferents to brain areas innervated by dopamine systems,

such as dorsal and ventral striatum and prefrontal cortex

(Azmitia and Segal, 1978).

The synthesis of compounds with higher selectivity for

the 5-HT2C receptor subtype has aided pharmacological

characterization of 5-HT2C receptor function. For example,

SB-206553 a mixed 5-HT2C/2B receptor antagonist with 160-

fold selectivity over the 5-HT2A site was shown to attenuate

the hypolocomotion induced by acute administration of m-

CPP in rats (Kennett et al., 1996). A structural modification

of SB-206553 has led to the synthesis of SB-242084, which

displays at least 100-fold selectivity for 5-HT2C receptors

relative to the 5-HT2A and 5-HT2B receptor subtypes (Bro-

midge et al., 1997). As for 5-HT2C receptor agonists, m-CPP

and, to a lesser extent, MK-212 have been employed to

assess functional consequences of 5-HT2C receptor stimula-

tion. However, these compounds display considerable affin-

ity for other serotonergic and non-serotonergic receptors.

More recently, selective 5-HT2C receptor agonists, such as

Ro 60-0175 have been developed and tested in a number of

preclinical studies.

The above-mentioned compounds have been used to

examine 5-HT2C receptor influences on central dopamine

transmission. Systemic administration of SB-242084 was

found to increase firing rates of VTA dopamine neurons in a
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dose-dependent fashion (Di Matteo et al., 1999). Existence

of a 5-HT2C receptor-mediated modulation of dopamine

neuronal activity was further confirmed by the ability of

the selective 5-HT2C receptor agonist Ro 60-0175 to depress

VTA dopamine neuron firing rates. Furthermore, using in

vivo microdialysis, SB-242084 was found to increase do-

pamine levels in nucleus accumbens and prefrontal cortex of

anesthetized rats (Di Matteo et al., 1999; Gobert et al.,

2000). Conversely, systemic administration of 5-HT2C re-

ceptor agonists (MK-212 and m-CPP) significantly reduced

both basal firing rate and total number of events in bursts as

well as number of bursts of VTA dopamine neurons (Di

Giovanni et al., 2000). These results indicate 5-HT2C

receptor-mediated inhibitory control of VTA dopamine

neurons.

It has been found that 5-HT2C receptor mRNA is

expressed by GABAergic neurons but not by dopamine

neurons within SNc and VTA (Eberle-Wang et al., 1997).

This raises the possibility that inhibitory effects of 5-HT2C

receptor stimulation on central dopamine function may

depend upon a 5-HT2C receptor-mediated enhancement of

VTA GABAergic inhibitory tone. In this regard, it has been

shown that both GABAA and GABAB receptor subtypes

mediate inhibition of midbrain dopamine neuronal function

(Chen and Rice, 2002; Giorgetti et al., 2002; Westerink et

al., 1996).

The proposed involvement of VTA GABAergic trans-

mission in the inhibitory effects of 5-HT2C receptor stim-

ulation on central dopamine transmission, has been

substantiated by a study in which systemic as well as

microiontophoretic administration of m-CPP excited VTA

non-dopamine (GABAergic) neurons (Di Giovanni et al.,

2001). Interestingly, recent experimental evidence indicates

that approximately 60% of VTA mesoprefrontal projec-

tions are GABAergic (Carr and Sesack, 2000). Activation

of mesoprefrontal GABAergic pathways could therefore

play an important role in modulating excitatory outputs to

sub-cortical structures. In this regard, we may speculate

that 5-HT2C receptor activation of VTA GABAergic neu-

rons may actually inhibit dopaminergic neuronal activity

via a long feedback loop involving glutamatergic pyrami-

dal cells located in prefrontal cortex.
4. Role of 5-HT2C receptors in the modulation of

nigrostriatal dopamine transmission and basal ganglia

function

Although electrophysiological data support a preferen-

tial control of mesocorticolimbic dopamine pathways by

the 5-HT2C receptor subtype (Di Matteo et al., 1999),

biochemical studies indicate that pharmacological manipu-

lation of the 5-HT2C receptor significantly affects dopa-

mine transmission in the dorsal striatum (Di Giovanni et

al., 1999). It has been shown that 5-HT2C receptors

provide excitatory drive to projection neurons in the output
regions of the basal ganglia (e.g. substantia nigra pars

reticulata-SNr. (Rick et al., 1995)). The excitatory effects

of 5-HT2C receptors on basal ganglia ouput pathways are

demonstrated by studies in which blockade of these

receptors increases locomotion or enhances the actions of

dopamine replacement therapy. For example, intracerebral

infusion of the selective 5-HT2C receptor antagonist SB

206553 into SNr has an antiparkinsonian action in the 6-

hydroxydopamine-lesioned rat model of Parkinson’s dis-

ease (Fox et al., 1998). Moreover, systemic administration

of SB 206553 potentiated the antiparkinsonian action of

the dopamine D2 receptor agonist quinpirole in the 6-

hydroxydopamine-lesioned rat, suggesting a treatment

strategy for alleviating Parkinson’s-related motor dysfunc-

tion. More recently, 5-HT2C receptor binding was found to

be increased in the output regions of the basal ganglia in

Parkinson’s disease patients with levodopa-induced dyski-

nesia, suggesting a compensatory up-regulation of receptor

levels in response to decreased stimulation by endogenous

transmitter (Fox and Brotchie, 2000). This led to specula-

tion that a reduction in 5-HT2C receptor transmission in

basal ganglia output nuclei could contribute to levodopa-

induced dyskinesia. Pharmacological agents that selective-

ly stimulate 5-HT2C receptors in output regions of the

basal ganglia might therefore ameliorate the motor dyski-

nesias that frequently accompany levodopa therapy.
5. Role of 5-HT2C receptors in modulating behavioral

and neurochemical effects of drugs of abuse

All major drugs of abuse, including psychomotor stimu-

lants and opiates, are believed to exert their rewarding effects

through facilitation of mesolimbic dopamine transmission.

For example, cocaine increases dopamine availability in the

synapse by blocking the transporter mediating dopamine

reuptake into the presynaptic terminal (Uhl et al., 2002),

while morphine induces excitation of mesolimbic dopamine

neurons primarily through a reduction of GABAergic inhi-

bition of dopaminergic cells (Kornetsky and Duvauchelle,

1994). It is therefore clear that pharmacological agents

influencing dopamine transmission could potentially modu-

late reinforcing and behavioral effects of drug of abuse. In this

regard, much attention has been focused on those 5-HT

receptor subtypes that are known to modulate mesolimbic

dopamine function, such as the 5-HT2C receptor.

For example, the 5-HT2C receptor antagonist SB-206553

has been observed to alter cocaine-induced hyperactivity in

a dose-dependent manner (McCreary and Cunningham,

1999). Whereas high doses augmented cocaine’s effects

on locomotor activity, lower doses actually attenuated

behavioral activation. The authors discuss the ability of

the high dose of SB-206553 to increase cocaine-induced

behavioral activation as result of a drug-induced disinhibi-

tion of mesoaccumbens dopamine pathway, while inhibitory

effects of lower doses of SB-206553 could result from a
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preferential antagonism at the 5-HT2B receptor subtype.

More recently, hyperactivity induced by systemic injection

of cocaine was attenuated by local administration of the 5-

HT2C receptor antagonist RS 102221 bilaterally into the

shell of the nucleus accumbens, while administration of the

same compound into the VTA did not affect cocaine-

induced hyperactivity (McMahon et al., 2001). These results

indicate that 5-HT2C receptor activation may exert facilita-

tory effects on dopamine function in the nucleus accumbens.

Additional evidence indicates that 5-HT2C receptors located

in distinct brain regions may produce opposing effects on

behavioral responses to psychostimulant drugs. Direct stim-

ulation of central 5-HT2C receptors by Ro 60-0175 disrupted

both cocaine and food maintained behaviors in an equiva-

lent fashion (Grottick et al., 2000). Interestingly, suppressive

effects of Ro 60-0175 on cocaine and food maintained

behaviors were obtained with doses that did not alter

spontaneous motor activity, and were prevented by co-

administration of the potent 5-HT2C receptor antagonist

SB 242084. These results indicate that inhibitory effects

of Ro 60-0175 on VTA dopamine neurons can account for

the reduced reinforcing value of cocaine and food. This

would contrast with the putative enhancement of dopami-

nergic neurotransmission produced by 5-HT2C receptors

within the nucleus accumbens.

In line with these findings, our laboratory has recently

demonstrated that mice lacking functional 5-HT2C receptors

are more sensitive to the effects of acute cocaine on both

locomotor activity and on nucleus accumbens dopamine

levels (Rocha et al., 2002). Moreover, when trained to self-

administer cocaine under a progressive ratio paradigm,

mutant mice reach higher break points than their wild type

controls; indicating that cocaine has greater reinforcing

properties in 5-HT2C receptor mutant mice. A potentially

related phenotypic trait of 5-HT2C receptor mutant mice is

their enhanced locomotor activation in response to novelty.

Mutant mice display reduced habituation to a novel envi-

ronment, a behavioral trait that correlates with enhanced

mesolimbic dopamine function as well as with higher

propensity to self-administer cocaine (Marinelli and White,

2000). This seems to suggest that in 5-HT2C receptor mutant

mice, disinhibited mesolimbic dopamine transmission could

represent a common neurobiological substrate for both

increased sensitivity to cocaine as well as enhanced reac-

tivity to a novel environment.
6. Role of 5-HT2C receptors in the therapeutic effects of

antidepressants

Selective serotonin re-uptake inhibitors (SSRIs) such as

fluoxetine are used in first-line medical treatment for major

depression (Vaswani et al., 2003). It is generally believed

that antidepressant effects of this class of drugs depend on

their ability to raise levels of synaptic serotonin. SSRIs have

a delayed onset of action (usually 2–6 weeks) and may be
accompanied by a number of unwanted side effects such as

insomnia, anxiety, gastrointestinal disturbances and sexual

dysfunction. It is still unknown which neurobiological

processes underlie this delayed onset of antidepressant

action. It has been proposed that inhibition of serotonin

re-uptake by SSRIs activates presynaptic 5-HT1A receptors

on serotonergic cell bodies in the dorsal and median raphe.

This inhibits the firing of serotonin neurons, thus reducing

rather than increasing synaptic serotonin release (Artigas et

al., 1996). The desired effect is an increased activation of

postsynaptic 5-HT receptors, but this is not achieved until

presynaptic 5-HT1A become desensitized. This has led to a

strategy involving coadministration of SSRIs with 5-HT1A

receptor antagonist. In accord with this, evidence exists that

the nonspecific 5-HT1A antagonist pindolol may improve

antidepressant action (Artigas et al., 2001). However, affin-

ity of this drug for other receptors (e.g. h-adrenoreceptors)
raises the possibility that the observed effects could depend

on pharmacological blockade of other targets.

Several lines of evidence indicate that 5-HT2C receptor

antagonists may be used to augment the efficacy of SSRIs.

A number of tricyclic antidepressants and fluoxetine directly

interact with 5-HT2C receptors. Fluoxetine was found to

inhibit the membrane currents elicited by serotonin in frog’s

oocytes expressing both cloned and rat 5-HT2C receptors

(Ni and Miledi, 1997). The affinity of fluoxetine for 5-HT2C

receptors was observed to be similar to its affinity for the

serotonin transporter. Other SSRIs, like paroxetine, do not

show appreciable antagonist effects at the 5-HT2C receptor

site. However, chronic paroxetine treatment was found to

significantly attenuate the inhibitory effect of m-CPP. These

results indicated that chronic SSRI treatment may lead to a

functional desensitization of 5-HT2C receptors. Such a

reduction of 5-HT2C receptor function may contribute to

the antidepressant efficacy of SSRIs, as indicated by a

recent study demonstrating that the acute antidepressant-

like behavioral effects of imipramine are augmented by

pretreatment with SB-206553 (Yamada and Sugimoto,

2001).

Another mechanism through which SSRIs may influ-

ence affective regulation involves their indirect effects on

dopaminergic neurotransmission. Acute SSRI administra-

tion induces strong inhibition of VTA dopamine neuronal

firing rates (Di Mascio et al., 1998). It was proposed that

the inhibitory effect of the SSRIs on the activity of

mesolimbic dopaminergic function might contribute to

the lag in antidepressant action. Interestingly, inhibitory

effects of acute fluoxetine treatment on VTA dopamine

neuronal firing rates are prevented by pretreatment with

the 5-HT2C receptor antagonist mesulergine (Prisco and

Esposito, 1995). Thus, full expression of antidepressant

effects would depend, at least in part, upon a down-

regulation/desensitization of 5-HT2C receptors in the

VTA. That, in turn, would promote dopamine function in

the limbic system. This hypothesis is in accord with animal

models of anhedonia such as amphetamine withdrawal, in
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which decreased function of the mesoaccumbens dopamine

pathway has been described (Markou et al., 1998).

Intriguing evidence also exists for a potential role of

cortical 5-HT2C receptors in the pathophysiology of depres-

sion. In a recent study, altered patterns of 5-HT2C receptor

editing were detected in post-mortem brains from suicide

victims with a history of major depression (Gurevich et al.,

2002). These changes were opposite to those detected in

mice chronically treated with fluoxetine. Since different

edited isoforms of 5-HT2C receptors are associated with

different levels of constitutive activity (Niswender et al.,

1999), the authors conclude that a potential therapeutic effect

of SSRIs could be to reverse abnormalities in 5-HT2C

receptor mRNA editing.
7. Role of 5-HT2C receptors in the therapeutic effects of

antipsychotic drugs

Drugs used for the treatment of psychotic states are

typically considered to fall within two main classes: typical

and atypical antipsychotics. Both classes of antipsychotics

block dopamine D2 receptors to varying degrees. D2

receptor blockade is believed to account for much of the

therapeutic efficacy of typical antipsychotics, such as chlor-

promazine and haloperidol. However, these drugs are

known to induce various extrapyramidal side effects, such

as tardive dyskinesias. In contrast, treatment with atypical

antipsychotics, such as clozapine and risperidone is associ-

ated with a significantly lower incidence of extrapyramidal

side effects (Meltzer, 1999). Atypical antipsychotics display

only weak affinity for D2 receptors, but high affinity for a

variety of 5-HT receptor subtypes (i.e. 5-HT1A, 5-HT2A, 5-

HT2C, 5-HT6 and 5-HT7). These compounds display im-

proved efficacy for treating negative symptoms of schizo-

phrenia (Meltzer, 1999). The improved efficacy of these

drugs has been proposed to relate to their high 5-HT2A/D2

affinity ratio (Meltzer, 1999). However, in addition to the

high affinity for the 5-HT2A receptor subtype, atypical

antispychotics such as clozapine and risperidone bind to

the 5-HT2C receptor subtype with submicromolar affinity

(Canton et al., 1990; Roth et al., 1992). It is notable that a

number of atypical antipsychotic drugs were found to

decrease the basal formation of inositol phosphate in cells

expressing rat or human 5-HT2C receptors (Herrick-Davis et

al., 2000). These results suggest that atypical antipsychotics

could exert inverse agonist actions at 5-HT2C receptors by

reducing its levels of constitutive activity. In accord with

this possibility, both clozapine and risperidone, but not

haloperidol, were found to prevent the inhibitory effects of

the 5-HT2C receptor agonist Ro 60-0175 on nucleus accum-

bens dopamine release (Di Matteo et al., 2002).

A number of experimental reports have shown that

administration of atypical antipsychotics preferentially

increases dopamine extracellular levels in medial prefrontal

cortex relative to nucleus accumbens and striatum (Kuroki
et al., 1999; Moghaddam and Bunney, 1990). On the other

hand, haloperidol significantly increases dopamine efflux

from the nucleus accumbens, without affecting prefrontal

cortical dopamine. The facilitatory effect of atypical anti-

psychotic drugs on mesocortical dopamine function has

been associated with the ability of these drugs to improve

negative symptoms of schizophrenia. In light of these

findings, a possible involvement of 5-HT2C receptors in

mediating effects of atypical antipsychotics on mesocortical

dopamine systems has been proposed (Di Matteo et al.,

2002).

A side effect of treatment with antipsychotic drugs,

particularly those of the atypical category, is increased body

fat, which often leads to further morbidity and poor adher-

ence to treatment. It has been recently shown that a specific

polymorphism of the 5-HT2C receptor regulatory region

affects treatment-induced weight gain in first-episode

schizophrenic patients (Reynolds et al., 2002). This suggests

that altered 5-HT2C receptor function could contribute to

metabolic disorders often associated with antipsychotic

medications.
8. Role of 5-HT2C receptors in neural regulation of

feeding and energy balance

For several decades, central serotonin systems have been

implicated in the suppression of feeding behavior. Fenflur-

amine, a pharmacological agent with anorexic activity in

rodents and humans (Foltin and Moran, 1989; McGuirk et

al., 1991; Rogers and Blundell, 1979) globally and indirect-

ly activates 5-HT receptors by stimulating synaptic release

of serotonin and blocking its reuptake into presynaptic

terminals (Rowland and Carlton, 1986). Conversely, treat-

ments that suppress central serotonergic signaling produce

hyperphagia and weight gain in humans and rodents (Blun-

dell and Leshem, 1974; Geyer et al., 1976; Ghosh and

Parvathy, 1973; Saller and Stricker, 1976).

A confluence of evidence strongly indicates that 5-HT2C

receptors contribute substantially to the serotonergic sup-

pression of feeding. mCPP and the related nonspecific 5-HT

receptor agonist trifluoromethylphenylpiperazine (TFMPP)

produce hypophagia that is blocked by antagonists of the

5-HT2C receptor (Kennett and Curzon, 1991; Kennett et

al., 1997; Middlemiss and Tricklebank, 1992). The be-

havioral specificity of these agents and the more selective

5-HT2C receptor agonist Ro 60-0175 has been investigat-

ed in ethological-influenced studies of feeding behavior.

Similar effects on feeding behavior were noted, charac-

terized by increases in the latency to feed and reductions

of meal size (Clifton et al., 1993, 2000). The potential

suitability of the 5-HT2C receptor as a target for anorectic

drug development was further highlighted by studies

revealing that both pharmacological blockade and genetic

inactivation of these receptors blunts the anorectic effects

of dexfenfluramine (Vickers et al., 1999, 2001).
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In accord with a role for 5-HT2C receptors in the

serotonergic suppression of feeding, a line of mutant mice

lacking 5-HT2C receptors were found to have elevations of

body weight and adiposity relative to wild type litter-

mates—the first reported instance of obesity arising from

an engineered mutation (Tecott et al., 1995). Developmental

studies of food intake revealed a chronic hyperphagia in the

mutants beginning in the first 2 months of life and persisting

through at least 1 year of age (Nonogaki et al., 1998).

Interestingly, despite months of chronic hyperphagia, the

body weights and adiposity levels of mutant mice did not

diverge from those of wild type animals until 5–6 months of

age. The hyperphagia of young adult mutant mice did not

result from perturbations of leptin signaling-leptin levels

and the acute feeding-suppressant response to exogenous

leptin administration were normal in young adult mutants.

Moreover plasma glucose, insulin, corticosterone, triglycer-

ide and free fatty acid levels were normal in these animals.

In contrast, by 9–10 months of age, a transition to a

different physiological state was apparent (Nonogaki et al.,

1998). The body weights of mutants were elevated, accom-

panied by an increase in adiposity. In addition, older obese

mutants displayed hyperinsulinemia, hyperleptinemia and

partial resistance to exogenous leptin administration. The

presence of a prediabetic state in older mutants was further

indicated by elevations of fasting insulin levels, reduced

glucose tolerance, and increase susceptibility to high fat

diet-induced type 2 diabetes. A number of features of this

obesity syndrome are reminiscent of common forms of

human ‘‘middle-age’’ obesity. An understanding of the

mechanisms through which the young adult mutants com-

pensate for chronic hyperphagia and the subsequent age-

related failure of those mechanisms may therefore shed light

on this common human condition.

Because levels of food intake and locomotor activity were

not observed to change during the period of obesity devel-

opment, energy expenditure was examined using indirect

calorimetry for metabolic rate determinations (Nonogaki et

al., 2003). In young adult animals, no phenotypic differences

were observed in total or in resting metabolic rate. However,

older obese mutants displayed less total oxygen consumption

relative to controls, without changes in resting metabolic

rates. Surprisingly, simultaneous activity measurements

revealed that the reduction in the total energy expenditure

of mutants occurred despite twofold elevations of their

locomotor activity levels. Correlational analysis of locomotor

activity and oxygen consumption revealed that older obese

mutants required less energy to travel a given distance than

did age-matched wild type animals or younger mutants. Thus,

as mutants enter the ‘‘middle-age’’ portion of their lifespan, a

progressive reduction in the energy cost of physical activity

may lead to a positive energy balance and fat accumulation.

Future studies will determine whether such a phenomenon

contributes to the age-related increases in the prevalence of

human obesity, which doubles between the third and sixth

decades of life (Flegal, 1996; Seidell and Flegal, 1997).
Future studies will also examine the possibility that 5-HT2C

receptor agonists will reduce body weight by increasing the

energy cost of physical activity, as well as by the suppression

of food intake.

In light of the widespread central distribution of 5-HT2C

receptors, multiple candidate mechanisms for their effects on

feeding exist. Particular attention has focused on the hypo-

thalamus as the locus of serotonergic effects on feeding.

Systemic administration of indirect agonists such as dexfen-

fluramine and fluoxetine increases extracellular hypothalam-

ic serotonin levels, and microinjections of serotonin into the

paraventricular nucleus (PVN) of the hypothalamus have

been found to suppress feeding by reducing meal size and

feeding rate (Hutson et al., 1988; Schwartz et al., 1989; Shor-

Posner et al., 1986). Similar effects were also observed with

microinjection of serotonin into the ventromedial (VMN)

and dorsomedial (DMN) nuclei of the hypothalamus (Lei-

bowitz et al., 1988). 5-HT2C receptors are expressed in these

and other hypothalamic regions implicated in the regulation

of energy balance (Hoffman and Mezey, 1989; Wright et al.,

1995).

Recent studies have reported an influence of 5-HT2C

receptors on hypothalamic melanocortin pathways (Heisler

et al., 2002). 5-HT2C receptors were found to be expressed

in, and to activate, arcuate nucleus neurons expressing the

melanocortin precursor proopiomelanocortin. These results

raise the possibility that 5-HT2C receptor-mediated activa-

tion of this pathway contributes to the anorectic effects of 5-

HT2C receptor stimulation. In accord with this, genetic and

pharmacological melanocortin receptor antagonism was

found to suppress anorectic effects of dexfenfluramine

(Heisler et al., 2002). The extent to which 5-HT2C receptors

expressed in additional hypothalamic regions influence

energy balance remains to be determined.

Furthermore, it remains possible that 5-HT2C receptor

expression at extrahypothalamic sites may also play a role in

the serotonergic regulation of ingestive behavior. For ex-

ample these receptors are expressed in the pontine lateral

parabrachial nucleus, which has been implicated in the

anorectic actions of mCPP and dexfenfluramine (Kaplan

et al., 1998; Li et al., 1994; Wright et al., 1995). Additional

sites of expression within the basal ganglia, amygdala and

hippocampal formation also warrant consideration (Pazos

and Palacios, 1985; Wright et al., 1995).
9. Conclusion

Twenty years after its initial identification as a distinctive

serotonin binding site, the 5-HT2C receptor has emerged as a

prominent central nervous system serotonin receptor subtype.

The pleiotropic effects of a 5-HT2C receptor null mutation

reflect roles for this receptor in the regulation of a wide

variety of behavioral processes. The strong correlation of

multiple mutant phenotypes with the effects of recently

developed antagonist compounds provides compelling evi-
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dence that the 5-HT2C receptor contributes substantially to

many physiological processes attributable to central seroto-

nin function. Studies to date implicate the function of this

receptor in the actions of a broad range of psychoactive

compounds, including appetite suppressant, antidepressant,

antipsychotic, anxiolytic, psychostimulant and psychedelic

drugs. We anticipate that efforts currently underway to

elucidate 5-HT2C receptor function and the clinical efficacy

of 5-HT2C receptor-selective compounds will provide novel

insights into the serotonergic regulation of behavior and the

treatment of psychiatric disorders.
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