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ABSTRACT: The neurotransmitter 5-hydroxytryptamine (5-HT; serotonin) has long
been associated with the control of a variety of motivated behaviors, including feeding.
Much of the evidence linking 5-HT and feeding behavior was obtained from studies of the
effects of the 5-HT releaser (dex)fenfluramine in laboratory animals and humans.
Recently, the selective 5-HT2C receptor agonist lorcaserin received FDA approval for the
treatment of obesity. This review examines evidence to support the use of selective 5-
HT2C receptor agonists as treatments for conditions beyond obesity, including substance
abuse (particularly nicotine, psychostimulant, and alcohol dependence), obsessive
compulsive, and excessive gambling disorder. Following a brief survey of the early
literature supporting a role for 5-HT in modulating food and drug reinforcement, we
propose that intrinsic differences between SSRI and serotonin releasers may have
underestimated the value of serotonin-based pharmacotherapeutics to treat clinical forms
of addictive behavior beyond obesity. We then highlight the critical involvement of the 5-HT2C receptor in mediating the effect of
(dex)fenfluramine on feeding and body weight gain and the evidence that 5-HT2C receptor agonists reduce measures of drug
reward and impulsivity. A recent report of lorcaserin efficacy in a smoking cessation trial further strengthens the idea that 5-HT2C
receptor agonists may have potential as a treatment for addiction. This review was prepared as a contribution to the proceedings
of the 11th International Society for Serotonin Research Meeting held in Hermanus, South Africa, July 9−12, 2014.
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■ OBESITY AND SUBSTANCE ABUSE CA. 1987:
SEPARATE RESEARCH QUESTIONS

At the time of the inaugural Serotonin Club meeting in 1987,
research into the mechanisms and treatment of obesity was
distinct from research into the causes and treatment of
addiction. Obesity was viewed predominantly as a metabolic
condition, whereas addiction was seen as a central nervous
system (CNS) disorder, involving drug taking and, in some
cases, signs of physical dependence such as drug tolerance and
withdrawal symptoms.1 A role for serotonin in modulating food
intake and body weight gain was well-established, being
supported by the results of many studies in laboratory animals
and in humans.2−4 In parallel, a smaller body of work involving
the use of nonselective drugs such as fenfluramine, tryptophan,
and selective serotonin reuptake inhibitors (SSRIs) as well as
serotonin neurone lesioning approaches suggested that
serotonin could modulate the effects of drugs of abuse,
particularly the psychostimulants cocaine and amphetamine,
as well as alcohol.5−12 To a large extent, it seems that these two
areas of serotonin research developed somewhat independently
with little cross-talk.
On the basis of this preclinical evidence, serotonergic drugs

(primarily SSRIs) were investigated in clinical trials for

substance/alcohol abuse. However, outcomes were inconsis-
tent, with none of these drugs being approved for treatment of
substance/alcohol abuse (see ref 13 for a comprehensive
review). Clinical trials with SSRIs for alcohol abuse were largely
unsuccessful, with only very modest decreases relative to
placebo reported in end points such as urge to drink and
number of drinks consumed.14−17 Mostly negative outcomes
were also reported in smoking cessation trials of multiple
SSRIs, at least in terms of promoting abstinence (reviewed in
ref 18). A modest effect of the SSRI citalopram19 on measures
of cocaine abstinence in dependent subjects was reported,
although this has not been replicated with other SSRI’s
including fluoxetine.20−22 Greater success was realized for the
use of serotonergic drugs in individuals wishing to lose weight,
culminating in the approval of (dex)fenfluramine and its
combination with phentermine (phen-fen) for the treatment of
obesity.23−26
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Figure 1. Comparison between a 5-HT releaser (dexfenfluramine) and SSRI (fluoxetine) on (A) extracellular 5-HT release sampled from rat
hypothalamus, (B) locomotor activity, (C) penile grooming (a 5-HT2C receptor-mediated behavior), and (D) wet dog shakes (WDS) (a 5-HT2A
receptor-mediated response). All figures are drawn to the same scale to highlight differences between the magnitude of the change produced by each
drug. Note that dexfenfluramine (1−10 mg/kg) induces penile grooming at low doses (1−3 mg/kg) and WDS and hyperlocomotion at higher doses
(3−10 mg/kg). Blockade of 5-HT2C receptors with SB-242084 (0.5 mg/kg) inhibits penile grooming and intensifies the WDS and particularly the
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This apparent difference in the effects of serotonergic agents
on measures of obesity and feeding compared to drug abuse
may imply that 5-HT systems play a more prominent role in
modulating food consumption and body mass compared to
drug seeking behaviors. However, an alternative explanation for
the apparent greater success of serotonin-based therapies for
obesity compared to addiction may relate to the drug class used
to treat these disorders. Thus, SSRIs were predominantly
featured in clinical investigations in substance abusers, whereas
(dex)fenfluramine was the primary serotonin-based drug
investigated for the treatment of obesity. (Dex)fenfluramine
was shown to reduce body weight in obese patients on the basis
of large, well-powered clinical trials.27,28 While there are
occasional reports of the effects of (dex)fenfluramine in cocaine
and alcohol users,29−31 these were conducted in small study
populations. Had (dex)fenfluramine been investigated under
designs equivalent to those used in obesity trials, outcomes may
have been more definitive compared to the unconvincing
studies using SSRI-based treatments in substance abuse/alcohol
trials. Furthermore, treatment with SSRIs has generally failed to
produce sustained weight loss in extended obesity trials.28,32,33

Despite the fact that SSRIs and (dex)fenfluramine both
enhance serotonergic neurotransmission, the ineffectiveness of
SSRIs is clearly a different outcome to that found following
(dex)fenfluramine treatment. Conceivably, differences between
the pharmacological properties of serotonin reuptake inhibition
compared to serotonin release may underlie these apparent
differences. The evidence supporting this possibility is reviewed
in the following section, with a specific focus on potential
differential engagement of 5-HT2C receptor subtype activity
following SSRI or (dex)fenfluramine treatment.

■ 5-HT RELEASE VS REUPTAKE INHIBITION:
DIFFERENTIAL ENGAGEMENT OF 5-HT2C
RECEPTOR-MEDIATED NEUROTRANSMISSION?

The sampling of extracellular fluids using in vivo microdialysis
provides a direct way to study drug effects on synaptic efflux of
a neurotransmitter. Comparisons of dexfenfluramine and
fluoxetine using this technique have revealed a significant
difference between the effects of reuptake inhibition and release
on extracellular 5-HT levels.34−36 For example, Tao et al.35

compared the effects of fluoxetine and dexfenfluramine on
extracellular 5-HT in the hypothalamus, with the latter
increasing basal 5-HT 6−16-fold, compared to 3-fold following
fluoxetine (Figure 1A). These differences in magnitude reflect
differences in the way that fluoxetine and dexfenfluramine
elevate 5-HT. The ability of SSRIs to increase extracellular 5-
HT is dependent on neuronal activity (i.e., impulse dependent)
and is subject to autoreceptor feedback inhibition. In contrast,
(dex)fenfluramine increases extracellular 5-HT by disrupting
vesicular storage and promoting nonexocytotic release that is
independent of both of these regulatory factors.36

Such a difference in the extent of elevation of extracellular 5-
HT levels might be predicted to differentially affect distinct 5-

HT receptor populations, and this is indeed the case.
Dexfenfluramine reliably induces behaviors that are character-
istic of 5-HT2C receptor activation, such as penile groom-
ing.37−39 SSRIs such as fluoxetine and citalopram do not evoke
such responses to the same degree (e.g., Figure 1B−D). In
contrast to dexfenfluramine,40−42 the anorectic effects of SSRIs
(fluoxetine, citalopram, sertraline) are not blocked by either
selective or nonselective 5-HT2C receptor antagonists.43−47

Grignaschi et al.47 speculated that this reflects an inability of
SSRIs to sufficiently elevate extracellular 5-HT levels to activate
5-HT2C receptors. This more restricted effect of SSRIs,
compared to (dex)fenfluramine, on 5-HT levels could be due
to differential activation of inhibitory somatodendritic 5-HT1A
autoreceptors in the raphe nuclei.47 While some evidence
supports a SSRI/5-HT2C receptor interaction, for example,
coadministration of a 5-HT2C receptor antagonist augments the
elevation in synaptic 5-HT levels induced by SSRIs.48,49

Overall, however, the data suggest that SSRIs may not promote
signaling through 5-HT2C receptors to the same extent as that
with (dex)fenfluramine. A second pharmacological factor that
may further contribute to differences between the effects of
(dex)fenfluramine and SSRIs is that the primary metabolite of
(dex)fenfluramine, nor-(dex)fenfluramine, also has some
modest agonist activity at the 5-HT2C receptor.50

A further way in which SSRIs and fenfluramine may
differentially alter serotonin neurotransmission relates to a
functional interaction between 5-HT2A and 5-HT2C receptors.
Considerable evidence indicates that these two receptors exert
opposing effects on the expression of some behaviors, ranging
from simple motor responses, such as wet dog shakes (WDS)
and locomotor activity,37,51−54 to more complex response
patterns such as motor impulsivity.55−58 A simple demon-
stration of the importance of this interaction was found in
experiments investigating the effects of combinations of
dexfenfluramine and the selective 5-HT2C antagonist SB-
242084.39,59,60 In the absence of SB-242084,60 dexfenfluramine
produced 5-HT2C receptor-dependent penile grooming in male
rats with a mild incidence of 5-HT2A-mediated behaviors, such
as WDS and paraspinal muscle contractions (PMC61,62).
Cotreatment with SB-242084 intensified 5-HT2A (and 5-
HT1B) receptor-mediated behaviors, including WDS, PMC,
hyperthermia, and hyperlocomotion (Figure 1B,D);39 these
effects were attenuated or blocked by the 5-HT2A antagonist
M100907.39,59 These observations show that removal of 5-
HT2C receptor signaling unmasks a significant 5-HT2A/1B
agonist action of dexfenfluramine.39 In contrast, fluoxetine
and citalopram did not elicit any of these behaviors to a
significant degree either with or without SB-242084 treatment
(Figure 1B,D) (see also refs 63 and 64). A similar unmasking of
non-5-HT2C receptor activity has been found in studies
investigating the effects of the mixed 5-HT agonist/releaser
mCPP in 5-HT2C receptor KO mice.65−67 In wild-type mice,
mCPP reduced locomotor activity; however, 5-HT2C KO mice
showed a paradoxical increase in locomotion in response to

Figure 1. continued

motor response. These data demonstrate an intensification of 5-HT2A receptor mediated behaviours by dexfenfluramine (1−10 mg/kg) when 5-
HT2C receptors are simultaneously blocked. In contrast, fluoxetine produces a much weaker induction of penile grooming and little or no WDS or
hyperactictivity, and the expression of all of these effects is unaffected by SB-242084 pretreatment. Consequently, there is little evidence for 5-HT2C
receptor activation following fluoxetine (1−10 mg/kg) pretreatment under these conditions. * P < 0.05 vs corresponding vehicle control; # P < 0.05
vs corresponding dexfenfluramine dose. Data in (A) were adapted with permission from ref 35. Copyright 2002 Elsevier. Dexfenfluramine data from
(B−D) were reprinted with permission from ref 39. Copyright 2001 John Wiley & Sons. Fluoxetine data from (B−D) are previously unpublished.
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mCPP. This was shown to result from an unmasking of 5-HT1B
receptor activating effects of mCPP.65,66 Taken together, these
data highlight a difference in the degree of indirect 5-HT2C
receptor agonism between the SSRI and releaser drug class.
This difference may explain why obesity was treated more
effectively compared to substance abuse. Indeed, Baumann and
Rothman36,68 proposed that 5-HT releasers and mixed 5-HT/
DA releasers are viable approaches to treat psychostimulant and
alcohol addictions.
Despite the fact that (dex)fenfluramine was used successfully

to reduce appetite and treat obesity, it was found to induce
cardiac valvulopathy and pulmonary hypertension in some

individuals.69−71 This resulted in the withdrawal of (dex)-
fenfluramine from the clinic.72 Despite their extensive usage
and their ability to elevate extracellular 5-HT, SSRIs have not
been associated with these complications.73,74 In turn, this is a
further example of a functional difference between elevated
serotonin function produced by (dex)fenfluramine versus
SSRIs, and it is reasonable to suspect that this could reflect
the more subtle effects of SSRIs on extracellular 5-HT levels
and concomitant 5-HT receptor interactions
On the basis of lessons learned from basic research and

clinical findings with (dex)fenfluramine, evidence suggested
that an ideal serotonergic-based antiobesity drug should activate

Figure 2. (A) Chemical structures of three 5-HT2C receptor agonists: the benzazepine derivative lorcaserin, the indolamine Ro 60-0175, and the
piperazine derivative CP-809101. The table below summarizes agonist potency (pEC50) and efficacy relative to a supramaximal concentration of 5-
HT at respective 5-HT2 receptor subtypes. Also, the selectivity ratio for 5-HT2C/5-HT2A and 5-HT2C/5-HT2B based on pEC50 is presented.
Reproduced with permission from ref 135. Copyright 2013 Springer International Publishing. (Original data used in ref 135 were from (1) Thomsen
et al.,86 (2) Porter et al.,50 and (3) Siuciak et al.113) Because of differences between cell lines, receptor density, and functional readout, these data are
best used for within-drug comparisons across 5-HT2 receptor subtypes rather than between-drug comparisons. (B) The lower figure summarizes
findings from three separate reports utilizing identical methods to measure effects of each 5-HT2C receptor agonist on either food (45 mg pellet) or
intravenous nicotine (0.03 mg/kg/infusion), each available under a fixed ratio 5 with a 20 s time out (FR5TO20s) schedule of reinforcement (60
min session duration). Data is expressed as percentage decrease in the number of reinforcers earned compared to vehicle control. ■ = nicotine; □ =
food. Note that for each drug there is no clear separation between doses that reduce responding for either nicotine or food. * P < 0.05 vs vehicle
control. Data reprinted with permission from refs 87, 131, and 135. Copyright 2012 Nature Publishing Group, copyright 2012 Elsevier, and
copyright 2013 Springer International Publishing, respectively.
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5-HT2C receptors while being devoid of activity at 5-HT2B
receptors, which were subsequently identified as the target for
cardiac valvulopathy and pulmonary hypertension.75−77 This
provided the impetus for the identification and development of
selective 5-HT2C receptor agonists as new antiobesity
agents.33,78−80 The characteristics of such drugs are reviewed
in the following section.

■ 5-HT2C RECEPTORS REGULATE BEHAVIORS
MOTIVATED BY BOTH DRUGS AND FOOD

Evidence for the importance of the 5-HT2C receptor in feeding
behavior was provided by the obese phenotype of the 5-HT2C
KO mouse,81 and attenuation of the anorectic effects of
dexfenfluramine both in these mice,82 and by selective 5-HT2C
receptor antagonists in WT animals.41,42 The test compound
Ro 60-0175 was identified as the first apparently selective 5-
HT2C receptor agonist.

83 Ro 60-0175 reduced the consumption
of a palatable diet in rats, providing direct evidence that an
orthosteric 5-HT2C receptor agonist has anorectic property.83

This finding has since been replicated in acute feeding studies
using multiple 5-HT2C receptor agonists of varying selectiv-

ity,33,78,84 including lorcaserin67,85−87 (Figure 2A). Studies with
lorcaserin have also been extended into obesity models such as
the diet-induced obese (DIO) and Levin rat. In both models,
lorcaserin reduced food consumption, body mass, and fat
content following chronic (28 day) treatment.86,88

A role for 5-HT2C receptors in the regulation of forebrain DA
systems is well-established based on evidence from experiments
using electrophysiological and biochemical techniques.89−95

This 5-HT2C receptor-mediated modulation of DA function
suggested to us that 5-HT2C receptor agonists should affect
behaviors motivated by drugs of abuse as well as food. Initially,
we focused on interactions between 5-HT2C receptor agonists
and the psychostimulant cocaine. Thus, Grottick et al.96

reported that Ro 60-0175 reduced the stimulant and reinforcing
effects of cocaine, measured using locomotor and self-
administration assays, respectively. The doses that produced
these effects overlapped with doses of Ro 60-0175 that also
reduced food-maintained behaviors,83,96,97 and these effects
were blocked by the 5-HT2C receptor antagonist SB-242084.60

We also showed that Ro 60-0175 reduced reinstatement of
cocaine-seeking in animals with a previous history of cocaine

Figure 3. Summary of preclinical evidence to support potential for 5-HT2C receptor agonists as treatments for smoking cessation using prototypic 5-
HT2C receptor agonist Ro 60-0175. (A) Ro 60-0175 (0.3−1 mg/kg SC) reduces the hyperactivity produced by acute nicotine (0.4 mg/kg SC)
challenge in nicotine-sensitized rats. *p < 0.05 vs vehicle/nicotine pretreatment. (B) Ro 60-0175 (1 mg/kg SC) blocks the sensitization to the motor
stimulant effects of nicotine. (C) Ro 60-0175 (0.3−1 mg/kg SC) reduces the self-administration of intravenous nicotine (0.03 mg/kg/infusion) in
male, Long Evans rats. (D) Ro 60-0175 (0.6−1 mg/kg SC) reduces the reinstatement of nicotine-seeking behavior produced by presentation of cues.
(E) Ro 60-0175 (1 mg/kg IP) reduces nicotine-induced elevation in mesoaccumbens DA release measured by microdialysis. Male Sprague−Dawley
rats were treated for 10 days with nicotine (1 mg/kg IP) prior to the microdialysis experiment. (F) Ro 60-0175 (0.1 mg/kg IV) reduces the nicotine-
induced elevated firing pattern of VTA DA neurones. Data represent the mean ± SEM difference between the percentage of spikes occurring in
bursts during baseline period compared to that post drug treatment. Data in (A) and (B) were adapted with permission from ref 120. Copyright
2001 Springer International Publishing. Data in (C) and (D) were adapted with permission from ref 131. Copyright 2012 Elsevier. Data in (E) were
adapted with permission from ref 126. Copyright 2004 John Wiley & Sons. Data in (F) were adapted with permission from 125. Copyright 2004
American Society for Pharmacology and Experimental Therapeutics.
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self-administration.96,98 Subsequent research by multiple groups
has confirmed and extended these findings.99−112 Of particular
note, Howell and co-workers110 showed that Ro 60-0175
reduced cocaine self-administration and reinstatement of
cocaine seeking in cynomolgus monkey, thus extending these
findings to a primate species. Recently, Wöhr et al.112 described
an inhibitory effect of the highly selective 5-HT2C receptor
agonist, CP-809101,113 on amphetamine-induced appetitive
ultrasonic vocalisations. This is of interest because it
demonstrates a modulatory effect of a 5-HT2C receptor agonist
on a nonmotor expression of drug reward. Overall, these
findings provide a strong case that 5-HT2C receptor agonists
inhibit both drug-taking and drug-seeking behaviors for
psychomotor stimulants (see Howell and Cunningham114 for
a recent review).
One of the most widespread and prevalent addictions is to

tobacco, with nicotine being generally accepted as the
psychoactive substance responsible for this dependence and
addiction.115 Tobacco use is associated with multiple adverse
effects on health, and there are few effective treatments for this
behavior.116−119 Consequently, we have investigated interac-
tions between 5-HT2C receptor agonists and nicotine. In 2001,
it was reported that Ro 60-0175 reduced nicotine self-
administration and the locomotor stimulant effect of nicotine
in rodents.120 Sensitization to the stimulant effects of
chronically administered nicotine (likely mediated by α4ß2
receptors within the VTA; see refs 121−124) was also
prevented by concomitant Ro 60-0175 treatment.120 Parallel
investigations by Esposito and co-workers demonstrated that
equivalent regimens of Ro 60-0175 treatment reduced the
elevated accumbens DA release and VTA cell firing elicited by
chronic treatment with nicotine.125,126 These effects implicate a
modulatory effect of 5-HT2C receptors on nicotinic α4ß2
receptor signaling within the VTA, which is regarded as a
critical locus for mediating the reinforcing effects of
nicotine127−130 (summarized in Figure 3). Subsequently, we
have shown that Ro 60-0175 also reduced the reinstatement of
nicotine-seeking behavior elicited by a priming injection of
nicotine and by nicotine-associated cues.131 Smokers are

particularly vulnerable to relapse even after a year of
abstinence;132 therefore, the ability of 5-HT2C receptor agonists
to prevent reinstatement of nicotine seeking suggests that these
drugs may be effective in preventing relapse to nicotine seeking.
Quarta et al.133 also demonstrated that Ro 60-0175 attenuated
the cueing effects of nicotine in a drug discrimination assay,
suggesting that 5-HT2C receptor stimulation alters the
subjective effects of nicotine (see also Zaniewska et al.134).
More recently, we87,135 and Levin and co-workers136 have

shown that lorcaserin produces similar effects to those of Ro
60-0175 on measures of nicotine-induced hyperactivity, self-
administration, discrimination, and reinstatement of nicotine-
seeking behavior. Nicotine increases responding for a
conditioned reinforcer,137 an effect consistent with the notion
that nicotine is addictive in part because of its reinforcer-
enhancing effects.138 We have found that lorcaserin blocks the
effect of nicotine to enhance responding for a conditioned
reinforcer.137 Most recently, we reported that lorcaserin
prevents the ability of nicotine to enhance the efficacy of
brain stimulation reward.139 Collectively, these findings show
that lorcaserin (and 5-HT2C agonists in general) diminishes a
range of behaviors that likely contribute to the maintenance of
nicotine-seeking behavior and the state of nicotine dependence
(Table 1). As with Ro 60-0175, the doses of lorcaserin that
produce these effects are very similar to those that alter feeding-
related behaviors. Plasma levels of lorcaserin over the effective
dose range (i.e., 0.3−1 mg/kg) are also similar to those
reported in participants in clinical trials of lorcaserin for weight
loss (44 ng/mL steady state; 57 ng/mL Cmax;

135 Table 1).
Taken together, these data from rats and humans indicate that
investigations of lorcaserin in smoking cessation trials would
require a similar dose regimen and exposure to that used
successfully in obesity trials.140−144

One consequence of chronic nicotine use that contributes to
its abuse liability is physical dependence. This aspect of nicotine
dependence may not be reliably affected by 5-HT2C receptor
agonist treatment. Rats can be made physically dependent
through chronic delivery of nicotine via an osmotic minipump
primed to produce blood levels of nicotine equivalent to those

Table 1. Comparison of Lorcaserin Doses Necessary To Affect Various Behaviours Related to Food Motivation or Nicotine
Dependencea

aNote the relative sensitivity of premature responding and reinstatement of nicotine seeking behavior to lorcaserin pretreatment. Also shown is
lorcaserin plasma exposure at equivalent doses. Data sources are indicated in superscript. For comparison, the clinical lorcaserin exposure at the 10
mg bid regimen is reported as 44 ng/mL steady state, 57 ng/mL Cmax (based on FDA document NDA 22-529). Key: [−] not tested (at specific
dose), [↔] no effect, [(+)] nonsignificant trend, [+] significant effect.
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of heavy smokers (i.e., 20−40 ng/mL; see refs 145 and 146).
Withdrawal can be precipitated by removing the pump or by an
acute mecamylamine injection, with a resultant expression of
somatic signs such as writhing, teeth chatter, ptosis, and
hypolocomotion145,146 (Figure 4A−C). In rats implanted with
minipumps delivering nicotine (6 or 9 mg/kg/day for 8 days),
treatment with Ro 60-0175 or lorcaserin immediately before
mecamylamine injection failed to relieve any of these somatic
signs (Figure 4D,E). This lack of effect may not be too
surprising since a dysregulation of cholinergic systems both
centrally and peripherally likely contributes to the state of
physical dependence to nicotine145,146 and 5-HT2C receptors
are almost exclusively localized to the CNS.147 A single report
has described a positive effect of Ro 60-0175 against an affective
component of nicotine withdrawal measured as immobility in a
forced swim test.148 This suggests that perhaps certain central
signs of nicotine withdrawal can be relieved by 5-HT2C receptor
agonists. Clinically, it is likely that affective aspects of nicotine
abstinence, such as anhedonia, contribute to relapse more than
somatic aspects,149−151 so further work is necessary to build on
this interesting observation.

■ OBESITY AND SUBSTANCE ABUSE POST 1987:
OVERLAPPING RESEARCH QUESTIONS

Since the inaugural Serotonin Club meeting, research into the
biological and behavioral bases of obesity and substance abuse

has converged and the scope of addictions research has
broadened.1 It is now generally accepted that, in a significant
subpopulation of obese individuals, behaviors common to
substance abuse contribute to the clinical phenotype.152−156

The recognition that behavioral and neurobiological common-
alities occur between obesity and drug addiction has resulted in
debate as to whether both overeating in obesity and excessive
drug use in addiction should be considered as a common brain
disorder and whether this should be included as a diagnostic
category in DSM-V157 (Table 2).
Investigations into the neurobiology of impulsive and

compulsive action has become a central theme of addiction
research. Impulsivity is not a unitary construct and may be
subcategorized into impulsive action and impulsive
choice.158−160 Impulsive action (behavioral disinhibition) is
characterized by acting prematurely or failing to inhibit
responding. Specific measures of impulsive action include
premature responding on the 5-choice serial reaction time task
(5-CSRTT), responding on go-no go and stop-signal tasks, as
well as responding maintained on a differential reinforcement
of low (DRL) rate of responding schedule.161 Impulsive choice
can be assessed using a delay-discounting task in which the
preference for a small immediate reward over a larger, but
delayed, reward is measured. Compulsivity reflects inappro-
priate habitual actions, with no relation to outcomes and
typically with undesirable consequences.162

Figure 4. Characterization of Ro 60-0175 and lorcaserin against somatic signs of nicotine-precipitated withdrawal. Male Wistar rats were either
implanted SC with osmotic minipump primed to deliver saline (sham) or nicotine at 6 or 9 mg/kg/day. (A) Body weight measured over 9 days post
pellet implantation. Some change in weight gain was noted, particularly in the 9 mg/kg/day group. On day 9, withdrawal was precipitated by an
acute injection of mecamylamine (1 mg/kg SC) or vehicle control. (B) Somatic withdrawal signs (e.g., chewing, ptosis, wet dog shakes, twitches) and
(C) locomotor activity were measured over the subsequent 30 min period. Both somatic signs and hypolocomotion was evident in rats treated with
the nicotine + mecamylamine combination. * P < 0.05 vs respective vehicle treated group. In separate groups of rats prepared with minipumps
primed to deliver saline or nicotine at 6 or 9 mg/kg/day, the effect of acute pretreatment with either (D) lorcaserin (1 mg/kg SC; 30 min
pretreatment) or (E) Ro 60-0175 (1 mg/kg SC; 30 min pretreatment) was investigated against mecamylamine (1 mg/kg) precipitated withdrawal in
Wistar rats. Testing was conducted 9 days post minipump implantation. Neither treatment significantly affected overall incidence of withdrawal signs
in each nicotine group.
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Soubrie163 recognized that a consequence of lesioning central
5-HT systems using agents such as 5,7-DHT resulted in
impulsive-type behavior, typically seen as increased responding
under conditions of punishment or in situations requiring a
response delay for reinforcement. Central 5,7-DHT lesions
reliably increased premature responses in the 5-CSRTT164−166

and increased responding on a DRL schedule of reinforcement,
resulting in shorter inter-response time intervals (IRTs) and
lowered response efficiency.167−169 These effects of forebrain 5-
HT depletion are reproduced by selective 5-HT2C receptor
antagonists. For example, SB-242084 reliably increases
premature responding in the 5-CSRTT and produces a
leftward shift in the distribution of IRTs on a DRL
schedule55−57,170 (Figure 5A,B). Thus, behaviors characterized
as impulsive action produced by central 5-HT lesions are
mimicked by acute pharmacological blockade of the 5-HT2C
receptor, suggesting that the lesion-induced changes reflect a
reduction in signaling through the 5-HT2C receptor. In contrast,
mixed findings have been reported for the effects of 5,7-DHT
lesions of 5-HT neurones on impulsive choice. Thus, one study
found no effect of 5-HT depletion on delay discounting,166

whereas others found that the behavior of 5-HT-depleted rats
was consistent with a shift toward impulsive choice.171,172

Further studies are needed to determine whether serotonergic
mechanisms differentially affect impulsive action and
choice.166,173,174

The possible relationship between impulsivity and addiction
has become a significant focus at both the preclinical and
clinical levels. Broadly speaking, it seems that impulsivity may
influence multiple aspects of addictive behavior.162,175 First,
impulsiveness may be a predisposing factor that initially
promotes the acquisition of addictive behaviors. For example,
those rats characterized as high impulsive (HI) may be more
prone to acquire self-administration of cocaine,176−178

nicotine,179 and palatable food180 compared to that of low
impulsive individuals (LI). Second, the transition from “casual”
drug/food consumption to a state of compulsive seeking and
dependence181−184 may also be influenced by trait impulsivity.
For example, in one study, a subpopulation of rats initially
characterized as HI were subsequently trained on a schedule of
cocaine availability and concomitant punishment. These HI rats
were more likely to transition from controlled to compulsive
drug-seeking behavior relative to their LI counterparts.185 This
transition may also be exacerbated by central 5-HT lesions as
well as acute 5-HT2C receptor blockade with SB-242084.186

Third, relapse to drug-seeking behavior following a period of
abstinence is more likely in rats characterized as HI prior to
acquiring cocaine self-administration.177,187,188 An emerging
line of research from Cunningham, Moeller, and co-work-
ers189,190 suggests that HI rats with high responsivity to
cocaine-paired cues may express biomarkers consistent with
reduced 5-HT2C receptor tone within the prefrontal cortex
relative to their LI counterparts.
Given these associations between impulsive traits and

addictive behavior, serotonin acting via 5-HT2C receptors
could potentially influence addiction indirectly via its effects on
impulsive behavior. From a treatment perspective, 5-HT2C
receptor agonists may be helpful by inhibiting impulsivity in
at least two ways. First, in relation to the transition from casual
to compulsive drug use, and second, to relapse.
Relatively few studies have examined the effects of 5-HT2C

receptor ligands on compulsive behaviors. Martin et al.83,191

reported that Ro 60-0175 reduced compulsive behaviors,T
ab
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measured in a schedule-induced polydipsia model in the rat and
as 8-OH DPAT-induced scratching in the squirrel monkey.
More recently, the nonselective 5-HT2C receptor agonist mCPP
was shown to reduce the escalation of cocaine-seeking
behavior186 in a model of compulsive drug use. This suggests
a potential for 5-HT2C receptor activation to modify the
transition from recreational to compulsive drug use and could
be a promising avenue for future work.
Relapse to drug seeking is most marked in animals with high

levels of impulsive action, and 5-HT2C receptor agonists are
particularly effective in dampening impulsive action, measured

as premature responses in the 5-CSRTT57,133,192 (Figure 5D).
Several studies have now examined the effects of 5-HT2C
receptor agonists in reinstatement procedures. Relapse to
both drug- and food-seeking behavior may be triggered by a
variety of stimuli, including cues previously paired with drug
taking as well as a priming injection of the drug.193−195 We
previously reported that Ro 60-0175 inhibited reinstatement of
nicotine-seeking behavior elicited by both cues and nicotine.131

Lorcaserin reduced reinstatement elicited by a combination of
conditioned cues and a priming injection of nicotine,87 which
may model the multifactorial nature of relapse triggers

Figure 5. Pharmacological manipulation of 5-HT2 receptor activity affect measures of motor impulsivity. (A−C) Comparison among 5,7-DHT
lesions, the 5-HT2C antagonist SB-242084, and the 5-HT2A antagonist M100907 on two measures of impulsive action. Impulsive action was
measured as mean inter-response time (IRT) in a DRL20 task and premature responding in the serial 5-choice task. Comparison between 5,7-DHT
lesions and SB-242084 increase measures of impulsive action, i.e., reduce IRT in a DRL20 task and elevate premature responding in the 5-CSRTT.
In contrast the 5-HT2A antagonist M100907 produces the opposite profile, i.e., increase IRT in a DRL20 task and decrease premature responding in
5-CSRTT. (D) Effect of the 5-HT2C receptor agonists lorcaserin (0.1−1 mg/kg SC) and CP-809101 (0.1−1 mg/kg SC) on premature responding in
the 5-CSRTT (0.6s SD, 5s ITI, 100 trials) in rats pretreated with either vehicle or nicotine (0.2 mg/kg SC). Consistent with previous reports [see
refs 87, 133, and 245], nicotine promotes premature responding, an effect blocked by both lorcaserin and CP-809101. Both 5-HT2C receptor
agonists also reduced premature responding in vehicle-pretreated rats with minimal effect on other performance measures such as omissions,
response speed, and accuracy at threshold doses (lorcaserin = 0.3 mg/kg SC; CP-809101 = 0.6 mg/kg SC). *P < 0.05 vs relevant control group. Data
in (A−C) were adapted from refs 55, 165, and 169. Copyright 2003 Springer International Publishing, copyright 2000 Springer International
Publishing, and copyright 1995 Elsevier, respectively. See text and the original references for further details.
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experienced by smokers.196 Similar preclinical findings have
been reported for systemically administered 5-HT2C receptor
agonists on cocaine reinstatement.96,98,103,104,107 Microinjec-
tions of the 5-HT2C receptor agonist MK212 into the prefrontal
cortex, a brain region implicated in the regulation of impulsive
behavior,162,197,198 also reduced the reinstatement of cocaine
seeking.106 Collectively, these data suggest that 5-HT2C
receptor agonists improve aspects of inhibitory control, with
potential benefit for preventing relapse following a period of
abstinence.

■ CLINICAL EXPERIENCE WITH 5-HT2C RECEPTOR
AGONISTS: LORCASERIN

Despite significant interest from several pharmaceutical
companies in developing selective 5-HT2C receptor agonists,
there are published reports for only two compounds of this
class in the clinic at Phase II and beyond. Lorcaserin, identified
and developed by Arena Pharmaceuticals, is the most advanced
5-HT2C receptor agonist. It was approved in combination with
lifestyle management for the treatment of obesity by the FDA
in June 2012.199 Approval was largely based on three Phase III
trials, two of which, BLOOM and BLOSSOM, were conducted
in adults categorized as obese with at least one comorbid
condition.142,143 A third Phase III study in overweight/obese
patients with poorly controlled type 2 diabetes (BLOOM-DM)
was also conducted.144 Each study was of 1 to 2 years in
duration. A meta-analysis of the BLOOM and BLOSSOM trials
has been recently published.200 This meta-analysis is the largest
obesity pharmacotherapy data set published to date in the U.S.
and includes data from 6388 patients, approximately half of
whom received lorcaserin at 10 mg bid. By week 52,
approximately twice as many lorcaserin-treated patients relative
to placebo-treated controls achieved a weight loss of ≥5% (47.1
vs 22.6%; lor vs placebo) or ≥10% (22.4 vs 8.7%; lor vs
placebo). This meta-analysis also provides information
concerning the safety and tolerability of the 10 mg bid
lorcaserin regimen. The most common adverse effects were
headache, dizziness, and nausea. The incidence of FDA-defined
valvulopathy, which was a significant adverse effect associated
with use of (dex)fenfluramine, was considered to be
negligible.201 Some psychoactive effects (“detached”, “spaced-
out”, “floating”) were reported in drug-experienced subjects at
supratherapeutic doses,202 and this likely contributed to
lorcaserin being designated a Schedule IV class drug by the
DEA.203

In early 2014, Arena/Eisai initiated a randomized, double-
blind, placebo-controlled Phase II trial to assess the efficacy of
lorcaserin as an aid for smoking cessation.204 Over 600 active
smokers (defined as dependent on nicotine and smoking on
average 18 cigarettes per day) were assigned to one of three
treatment groups, comprising placebo or lorcaserin 10 mg once
or twice daily. Treatments were administered for 12 weeks, with
the primary end point of continuous quit rate during weeks 9−
12. This end point was met by 5.6% subjects in the placebo
group, 8.7% in the lorcaserin once daily group, and 15.3% in the
lorcaserin 10 mg bid group. Thus, treatment with lorcaserin at
the FDA approved dose schedule for obesity resulted in a
significant improvement in continuous quit rate compared to
that with placebo.205 Side effects were similar to those reported
in the obesity trials, and a reduction in bodyweight was
observed, suggesting further benefit to this treatment. Although
at the time of writing no further trials have been publicly

disclosed, it is hoped that future clinical investigations will
continue from these highly promising observations.
The second drug, vabicaserin,206 was identified and

developed by Wyeth Pharmaceuticals (now Pfizer) and trialed
in 289 hospitalized patients with acute schizophrenia. The idea
that vabicaserin might have antipsychotic activity was based on
the modulatory effects of 5-HT2C receptor agonists on
forebrain DA and their profile of behavioral effects in animal
models predictive of antipsychotic efficacy.95,207 Vabicaserin
induced a significant improvement on the primary end point of
PANNS positive symptom scale relative to placebo in the lower
(200 mg/day), but not higher (400 mg/day), dose group.208

Effect size at the 200 mg/day dose was almost equivalent to the
olanzapine positive control, with no weight gain, an acceptable
tolerability, and no safety alerts. Subsequent in silico modeling
predicted PANNS improvements in a virtual trial design,
although the effect size was determined to be of limited clinical
benefit relative to existing neuroleptics.209 At this time, there is
no publicly disclosed information relating to its present status
or possible effect in indications of obesity and addiction.

■ FUTURE DIRECTIONS
There are several exciting opportunities for exploring the
potential of 5-HT2C receptor agonists as treatments for
addictive disorders. Now that lorcaserin has been approved
for the treatment of obesity, this presents a number of different
opportunities for examining its effects and mode of action
related to feeding, addiction, and associated behaviors in
humans. Food consumption is a necessity for energy intake and
growth, and as such, eating behavior is regulated by multiple
biological systems linked to hunger, reward, and hedonic
mechanisms.153,155,210−212 As a result, there are likely many
paths to gaining weight, and lorcaserin only reached a primary
end point of placebo-corrected weight loss of >5% in a
subpopulation of patients (47.1 vs 22.6% in placebo group200).
However, the scale of the BLOOM and BLOSSOM trials
combined may be sufficient to identify differences between
those individuals that responded favorably to lorcaserin
compared to those that did not. This could shed light on the
underlying neurobiological and behavioral mechanisms respon-
sible for the antiobesity effects of lorcaserin.
Given that 5-HT2C receptor agonists, including lorcaserin,

modulate impulsive behaviors central to addiction, an
evaluation of this drug in associated overeating disorders,
such as binge eating disorder,213,214 would be of particular
interest. Preclinical studies demonstrate that 5-HT2C receptor
agonists reduce feeding motivated by hunger and palatabil-
ity,83−88,97,135,215 consistent with these drugs influencing both
homeostatic and hedonic drivers of feeding behavior. Animal
models of binge eating disorder have been described,216−218

some with overlap to limited access palatability tests. As yet, the
effect of 5-HT2C receptor agonists in binge eating models has
not been reported, but such experiments may provide impetus
to the study of lorcaserin against this clinical condition.
Examining the effects of lorcaserin on measures of drug

addiction is an obvious area for development. Preclinical work
indicates that there is a potential for lorcaserin to treat nicotine
dependence and psychostimulant and alcohol abuse.114,219−223

The potential therapeutic benefit for lorcaserin as a treatment
to support smoking cessation is already being explored with
positive initial results.205 Treatments that reduce impulsivity
may offer promising approaches aimed at preventing relapse
and increasing drug abstinence.162,175 Atomoxetine is a
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nonstimulant drug approved for ADHD that reduces measures
of impulsivity in animals.170,224−226 Atomoxetine also reduces
reinstatement of cocaine-seeking and has been proposed as a
potential therapy for preventing relapse and promoting
abstinence.178,227,228 A similar argument can be made for
lorcaserin. Indeed, there are multiple points at which 5-HT2C
receptor agonists may serve to stabilize aberrant processes
contributing to the clinical phenotype of addiction and obesity
(Table 2).
A further opportunity relates to the development of newer 5-

HT2C receptor agonists. While lorcaserin is the first clinically
approved 5-HT2C receptor agonist, there is scope to develop
drugs with greater agonist selectivity for the 5-HT2C receptor
particularly relative to the 5-HT2A and 5-HT2B subtypes.
Indeed, there has been debate about the actual selectivity of
lorcaserin.229 CP-809101 has been reported to have a 5-HT2C
vs 5-HT2A/2B receptor selectivity of 600−1500-fold, compared
to 15−80-fold for lorcaserin, albeit based on in vitro screening
using heterologous cell systems;86,113 see Figure 2A. The
occupancy level of central 5-HT2C receptors by lorcaserin at the
clinically approved 10 mg bid dose is unknown because of the
absence of a suitable biomarker (however, see Granda et al.230

regarding development of a potential 5-HT2C receptor selective
PET ligand). Given concerns about deleterious effects of off-
target 5-HT2B and 5-HT2A receptor agonism, the need for
caution during clinical development is significant. Availability of
a 5-HT2C receptor agonist with greater selectivity and, second,
of imaging biomarkers to define target (and off-target)
occupancy could significantly improve therapeutic response
by enabling a more optimal dosing regimen.
In addition to direct orthosteric agonists at the 5-HT2C

receptor, the identification of positive allosteric modulators
(PAMs) at this receptor may conceivably lead to improved
therapeutics. First, PAMs would amplify endogenous signaling
through the 5-HT2C receptor, likely resulting in a more
physiologically relevant enhancement of function compared to
a direct orthosteric agonist. Second, because of a generally
higher sequence divergence in allosteric sites relative to the
conserved orthosteric domain, PAMs could potentially achieve
higher receptor selectivity than orthosteric agonists.231,232

Indeed, some 5-HT2C receptor PAMs have been re-
ported,233,234 although as yet the pharmacological profiles of
these compounds have not been widely reported. Another area
for 5-HT2C receptor agonist development might emerge from
compounds having functional selectivity (biased agonism) for
specific intracellular signaling pathways.235 5-HT2C receptors
couple to multiple intracellular pathways including PLC and
PLA2,

235,236 and pharmacological evidence using recombinant
cell-based systems suggests that nonselective 5-HT2 agonists
such as mCPP and quipazine may differentially activate these
signaling pathways downstream from the 5-HT2C receptor.237

Currently, it is unknown whether this example of functional
selectivity could be translated into any therapeutic gain,
although this does open up an interesting opportunity for
future drug discovery.235,238−240 A further approach is the
identification of compounds with 5-HT2C receptor agonist
activity combined with antagonist activity at the 5-HT2A
receptor. Experimental evidence supports a potential synergy
between these two activities, raising the theoretical possibility
that a single drug possessing both pharmacological properties
may be a superior therapeutic compared to either
alone.58,241−244

In concluding, lorcaserin is the first serotonin-based therapy
to be approved by the FDA since the mixed 5-HT/NA
reuptake inhibitor sibutramine. It will be interesting to observe
the future investigation plan and outcomes for this drug and
other 5-HT2C receptor agonists in the clinic and to see whether
this drug class can emerge as a new treatment approach for
clinical conditions characterized as addictions, including certain
eating disorders. This would also represent a test of the
translational value to the various preclinical models that
consistently suggest efficacy of 5-HT2C receptor agonists in
these conditions.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: guyh@intervivo.com.

Funding
Previously unpublished studies contained in Figures 1 (part),
Figure 4 (all), and Figure 5 (part) were funded by InterVivo
Solutions Inc.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors would like to acknowledge the skilled technical
contributions of Winnie Lau and Leo B. Silenieks to the
previously unpublished studies contained in Figures 1, 4, and 5.

■ REFERENCES
(1) Holden, C. (2001) “Behavioral” addictions: do they exist? Science
294, 980−982.
(2) Blundell, J. E. (1986) Serotonin manipulations and the structure
of feeding behavior. Appetite 7, 39−56.
(3) Garattini, S., Mennini, T., and Samanin, R. (1989) Reduction of
food intake by manipulation of central serotonin. Current
experimental results. Br. J. Psychiatry 8, 41−51.
(4) Leibowitz, S. F. (1990) The role of serotonin in eating disorders.
Drugs 39, 33−48.
(5) Yu, D. S., Smith, F. L., Smith, D. G., and Lyness, W. H. (1986)
Fluoxetine-induced attenuation of amphetamine self-administration in
rats. Life Sci. 39, 1383−1388.
(6) Smith, F. L., Yu, D. S., Smith, D. G., Leccese, A. P., and Lyness,
W. H. (1986) Dietary tryptophan supplements attenuate amphetamine
self-administration in the rat. Pharmacol., Biochem. Behav. 25, 849−855.
(7) Gill, K., and Amit, Z. (1989) Serotonin uptake blockers and
voluntary alcohol consumption. A review of recent studies. Recent Dev
Alcohol. 7, 225−248.
(8) Carroll, M. E., Lac, S. T., Asencio, M., and Kragh, R. (1990)
Fluoxetine reduces intravenous cocaine self-administration in rats.
Pharmacol., Biochem. Behav. 35, 237−244.
(9) Higgins, G. A., Tomkins, D. M., Fletcher, P. J., and Sellers, E. M.
(1992) Effect of drugs influencing 5-HT function on ethanol drinking
and feeding behaviour in rats: studies using a drinkometer system.
Neurosci. Biobehav. Rev. 16, 535−552.
(10) Sellers, E. M., Higgins, G. A., and Sobell, M. B. (1992) 5-HT
and alcohol abuse. Trends Pharmacol. Sci. 13, 69−75.
(11) Peltier, R., and Schenk, S. (1993) Effects of serotonergic
manipulations on cocaine self-administration in rats. Psychopharmacol-
ogy 110, 390−394.
(12) Higgins, G. A., Wang, Y., Corrigall, W. A., and Sellers, E. M.
(1994) Influence of 5-HT3 receptor antagonists and the indirect 5-HT
agonist, dexfenfluramine, on heroin self-administration in rats.
Psychopharmacology 114, 611−619.
(13) Müller, C. P., and Homberg, J. R. (2015) The role of serotonin
in drug use and addiction. Behav. Brain Res. 277C, 146−192.

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.5b00025
ACS Chem. Neurosci. 2015, 6, 1071−1088

1081

mailto:guyh@intervivo.com
http://dx.doi.org/10.1021/acschemneuro.5b00025


(14) LeMarquand, D., Pihl, R. O., and Benkelfat, C. (1994)
Serotonin and alcohol intake, abuse, and dependence: clinical
evidence. Biol. Psychiatry 36, 326−337.
(15) Kranzler, H. R., Burleson, J. A., Korner, P., Del Boca, F. K.,
Bohn, M. J., and Brown, J. (1995) Placebo-controlled trial of fluoxetine
as an adjunct to relapse prevention in alcoholics. Am. J. Psychiatry 152,
391−397.
(16) Pettinati, H. M., Volpicelli, J. R., Luck, G., Kranzler, H. R.,
Rukstalis, M. R., and Cnaan, A. (2001) Double-blind clinical trial of
sertraline treatment for alcohol dependence. J. Clin. Psychopharmacol.
21, 143−153.
(17) Johnson, B. A. (2008) Update on neuropharmacological
treatments for alcoholism: scientific basis and clinical findings.
Biochem. Pharmacol. 75, 34−56.
(18) Fletcher, P. J., Le,̂ A. D., and Higgins, G. A. (2008) Serotonin
receptors as potential targets for modulation of nicotine use and
dependence. Prog. Brain Res. 172, 361−383.
(19) Moeller, F. G., Schmitz, J. M., Steinberg, J. L., Green, C. M.,
Reist, C., Lai, L. Y., Swann, A. C., and Grabowski, J. (2007) Citalopram
combined with behavioral therapy reduces cocaine use: a double-blind,
placebo-controlled trial. Am. J. Drug Alcohol Abuse 33, 367−378.
(20) Grabowski, J., Rhoades, H., Elk, R., Schmitz, J., Davis, C.,
Creson, D., and Kirby, K. (1995) Fluoxetine is ineffective for
treatment of cocaine dependence or concurrent opiate and cocaine
dependence: two placebo-controlled double-blind trials. J. Clin.
Psychopharmacol. 15, 163−174.
(21) Batki, S. L., Washburn, A. M., Delucchi, K., and Jones, R. T.
(1996) A controlled trial of fluoxetine in crack cocaine dependence.
Drug Alcohol Depend. 41, 137−142.
(22) Ciraulo, D. A., Sarid-Segal, O., Knapp, C. M., Ciraulo, A. M.,
LoCastro, J., Bloch, D. A., Montgomery, M. A., Leiderman, D. B., and
Elkashef, A. (2005) Efficacy screening trials of paroxetine, pentoxifyl-
line, riluzole, pramipexole and venlafaxine in cocaine dependence.
Addiction 100, 12−22.
(23) Weintraub, M., Hasday, J. D., Mushlin, A. I., and Lockwood, D.
H. (1984) A double-blind clinical trial in weight control. Use of
fenfluramine and phentermine alone and in combination. Arch. Int.
Med. 144, 1143−1148.
(24) Guy-Grand, B., Apfelbaum, M., Crepaldi, G., Gries, A., Lefebvre,
P., and Turner, P. (1989) International trial of long-term dexfenflur-
amine in obesity. Lancet 2, 1142−1145.
(25) Turner, P. (1990) Dexfenfluramine. Its place in weight control.
Drugs 39, 53−62.
(26) Guy-Grand, B. (1992) Clinical studies with d-fenfluramine. Am.
J. Clin. Nutr. 55, 173S−176S.
(27) Carvajal, A., García del Pozo, J., Martín de Diego, I., Rueda de
Castro, A. M., and Velasco, A. (2000) Efficacy of fenfluramine and
dexfenfluramine in the treatment of obesity: a meta-analysis. Methods
Find. Exp. Clin. Pharmacol. 22, 285−290.
(28) Haddock, C. K., Poston, W. S., Dill, P. L., Foreyt, J. P., and
Ericsson, M. (2002) Pharmacotherapy for obesity: a quantitative
analysis of four decades of published randomized clinical trials. Int. J.
Obes. Relat. Metab. Disord. 26, 262−273.
(29) Krasner, N., Moore, M. R., Goldberg, A., Booth, J. C., Frame, A.
H., and McLaren, A. D. (1976) A trial of fenfluramine in the treatment
of the chronic alcoholic patient. Br. J. Psychiatry 128, 346−353.
(30) Buydens-Branchey, L., Branchey, M., Hudson, J., Rothman, M.,
Fergeson, P., and McKernin, C. (1998) Effect of fenfluramine
challenge on cocaine craving in addicted male users. Am. J. Addict. 7,
142−155.
(31) Romach, M. K., Sellers, E. M., Kaplan, H. L., Somer, G. R., and
Gomez-Mancilla, B. (2000) Efficacy of dexfenfluramine in the
treatment of alcohol dependence. Alcohol.: Clin. Exp. Res. 24, 1534−
1541.
(32) Li, Z., Maglione, M., Tu, W., Mojica, W., Arterburn, D.,
Shugarman, L. R., Hilton, L., Suttorp, M., Solomon, V., Shekelle, P. G.,
and Morton, S. C. (2005) Meta-analysis: pharmacologic treatment of
obesity. Ann. Int. Med. 142, 532−46.

(33) Halford, J. C., Harrold, J. A., Boyland, E. J., Lawton, C. L., and
Blundell, J. E. (2007) Serotonergic drugs: effects on appetite
expression and use for the treatment of obesity. Drugs 67, 27−55.
(34) Gundlah, C., Martin, K. F., Heal, D. J., and Auerbach, S. B.
(1997) In vivo criteria to differentiate monoamine reuptake inhibitors
from releasing agents: sibutramine is a reuptake inhibitor. J. Pharmacol.
Exp. Ther. 283, 581−591.
(35) Tao, R., Fray, A., Aspley, S., Brammer, R., Heal, D., and
Auerbach, S. (2002) Effects on serotonin in rat hypothalamus of D-
fenfluramine, aminorex, phentermine and fluoxetine. Eur. J. Pharmacol.
445, 69−81.
(36) Rothman, R. B., and Baumann, M. H. (2002) Serotonin
releasing agents. Neurochemical, therapeutic and adverse effects.
Pharmacol., Biochem. Behav. 71, 825−836.
(37) Berendsen, H. H., Jenck, F., and Broekkamp, C. L. (1990)
Involvement of 5-HT1C-receptors in drug-induced penile erections in
rats. Psychopharmacology 101, 57−61.
(38) Millan, M. J., Peglion, J. L., Lavielle, G., and Perrin-Monneyron,
S. (1997) 5-HT2C receptors mediate penile erections in rats: actions of
novel and selective agonists and antagonists. Eur. J. Pharmacol. 325, 9−
12.
(39) Higgins, G. A., Ouagazzal, A. M., and Grottick, A. J. (2001)
Influence of the 5-HT2C receptor antagonist SB242,084 on behaviour
produced by the 5-HT2 agonist Ro60−-0175 and the indirect 5-HT
agonist dexfenfluramine. Br. J. Pharmacol. 133, 459−466.
(40) Grignaschi, G., and Samanin, R. (1992) Role of 5-HT receptors
in the effect of d-fenfluramine on feeding patterns in the rat. Eur. J.
Pharmacol. 212, 287−289.
(41) Hartley, J. E., Brown, G., Fletcher, A., and Dourish, C. T. (1995)
Evidence for the involvement of 5-HT2C receptors in mediating
fenfluramine-induced anorexia in rats. Br. J. Pharmacol. 114, 373.
(42) Vickers, S. P., Dourish, C. T., and Kennett, G. A. (2001)
Evidence that hypophagia induced by d-fenfluramine and d-norfenflur-
amine in the rat is mediated by 5-HT2C receptors. Neuropharmacology
41, 200−209.
(43) Wong, D. T., Reid, L. R., and Threlkeld, P. G. (1988)
Suppression of food intake in rats by fluoxetine: comparison of
enantiomers and effects of serotonin antagonists. Pharmacol., Biochem.
Behav. 31, 475−479.
(44) Grignaschi, G., and Samanin, R. (1992) Role of serotonin and
catecholamines in brain in the feeding suppressant effect of fluoxetine.
Neuropharmacology 31, 445−449.
(45) Grignaschi, G., and Samanin, R. (1993) Role of serotonin
receptors in the effect of sertraline on feeding behaviour.
Psychopharmacology 110, 203−208.
(46) Lightowler, S., Wood, M., Brown, T., Glen, A., Blackburn, T.,
Tulloch, I., and Kennett, G. (1996) An investigation of the mechanism
responsible for fluoxetine-induced hypophagia in rats. Eur. J.
Pharmacol. 296, 137−143.
(47) Grignaschi, G., Invernizzi, R. W., Fanelli, E., Fracasso, C., Caccia,
S., and Samanin, R. (1998) Citalopram-induced hypophagia is
enhanced by blockade of 5-HT1A receptors: role of 5-HT2C receptors.
Br. J. Pharmacol. 124, 1781−1787.
(48) Cremers, T. I., Giorgetti, M., Bosker, F. J., Hogg, S., Arnt, J.,
Mørk, A., Honig, G., Bøgesø, K. P., Westerink, B. H., den Boer, H.,
Wikstrom, H. V., and Tecott, L. H. (2004) Inactivation of 5-HT2C

receptors potentiates consequences of serotonin reuptake blockade.
Neuropsychopharmacology 29, 1782−1789.
(49) Boothman, L. J., Mitchell, S. N., and Sharp, T. (2006)
Investigation of the SSRI augmentation properties of 5-HT2 receptor
antagonists using in vivo microdialysis. Neuropharmacology 50, 726−
732.
(50) Porter, R. H., Benwell, K. R., Lamb, H., Malcolm, C. S., Allen, N.
H., Revell, D. F., Adams, D. R., and Sheardown, M. J. (1999)
Functional characterization of agonists at recombinant human 5-HT2A,
5-HT2B and 5-HT2C receptors in CHO-K1 cells. Br. J. Pharmacol. 128,
13−20.

ACS Chemical Neuroscience Review

DOI: 10.1021/acschemneuro.5b00025
ACS Chem. Neurosci. 2015, 6, 1071−1088

1082

http://dx.doi.org/10.1021/acschemneuro.5b00025


(51) Berendsen, H. H., and Broekkamp, C. (1990) Behavioural
evidence for functional interactions between 5-HT-receptor subtypes
in rats and mice. Br. J. Pharmacol. 101, 667−673.
(52) Gleason, S. D., Lucaites, V. L., Shannon, H. E., Nelson, D. L.,
and Leander, J. D. (2001) m-CPP hypolocomotion is selectively
antagonized by compounds with high affinity for 5-HT2C receptors but
not 5-HT2A or 5-HT2B receptors. Behav. Pharmacol. 12, 613−620.
(53) Halberstadt, A. L., van der Heijden, I., Ruderman, M. A.,
Risbrough, V. B., Gingrich, J. A., Geyer, M. A., and Powell, S. B. (2009)
5-HT2A and 5-HT2C receptors exert opposing effects on locomotor
activity in mice. Neuropsychopharmacology 34, 1958−1967.
(54) Fantegrossi, W. E., Simoneau, J., Cohen, M. S., Zimmerman, S.
M., Henson, C. M., Rice, K. C., and Woods, J. H. (2010) Interaction of
5-HT2A and 5-HT2C receptors in R(−)-2,5-dimethoxy-4-iodoamphet-
amine-elicited head twitch behavior in mice. J. Pharmacol. Exp. Ther.
335, 728−734.
(55) Higgins, G. A., Enderlin, M., Haman, M., and Fletcher, P. J.
(2003) The 5-HT2A receptor antagonist M100,907 attenuates motor
and ’impulsive-type’ behaviours produced by NMDA receptor
antagonism. Psychopharmacology. 170, 309−319.
(56) Winstanley, C. A., Theobald, D. E., Dalley, J. W., Glennon, J. C.,
and Robbins, T. W. (2004) 5-HT2A and 5-HT2C receptor antagonists
have opposing effects on a measure of impulsivity: interactions with
global 5-HT depletion. Psychopharmacology 176, 376−385.
(57) Fletcher, P. J., Tampakeras, M., Sinyard, J., and Higgins, G. A.
(2007) Opposing effects of 5-HT2A and 5-HT2C receptor antagonists
in the rat and mouse on premature responding in the five-choice serial
reaction time test. Psychopharmacology 195, 223−234.
(58) Cunningham, K. A., Anastasio, N. C., Fox, R. G., Stutz, S. J.,
Bubar, M. J., Swinford, S. E., Watson, C. S., Gilbertson, S. R., Rice, K.
C., Rosenzweig-Lipson, S., and Moeller, F. G. (2013) Synergism
between a serotonin 5-HT2A receptor (5-HT2AR) antagonist and 5-
HT2CR agonist suggests new pharmacotherapeutics for cocaine
addiction. ACS Chem. Neurosci. 4, 110−121.
(59) Vickers, S. P., Easton, N., Malcolm, C. S., Allen, N. H., Porter, R.
H., Bickerdike, M. J., and Kennett, G. A. (2001) Modulation of 5-HT2A

receptor-mediated head-twitch behaviour in the rat by 5-HT2C

receptor agonists. Pharmacol., Biochem. Behav. 69, 643−652.
(60) Kennett, G. A., Wood, M. D., Bright, F., Trail, B., Riley, G.,
Holland, V., Avenell, K. Y., Stean, T., Upton, N., Bromidge, S., Forbes,
I. T., Brown, A. M., Middlemiss, D. N., and Blackburn, T. P. (1997) SB
242084, a selective and brain penetrant 5-HT2C receptor antagonist.
Neuropharmacology 36, 609−620.
(61) Pranzatelli, M. R. (1990) Evidence for involvement of 5-HT2

and 5-HT1C receptors in the behavioral effects of the 5-HT agonist 1-
(2,5-dimethoxy-4-iodophenyl aminopropane)-2 (DOI). Neurosci. Lett.
115, 74−80.
(62) Fone, K. C., Robinson, A. J., and Marsden, C. A. (1991)
Characterization of the 5-HT receptor subtypes involved in the motor
behaviours produced by intrathecal administration of 5-HT agonists in
rats. Br. J. Pharmacol. 103, 1547−1555.
(63) Fletcher, P. J., Sinyard, J., and Higgins, G. A. (2002) The effects
of the 5-HT2C receptor antagonist SB242084 on locomotor activity
induced by selective, or mixed, indirect serotonergic and dopaminergic
agonists. Psychopharmacology 187, 515−525.
(64) Millan, M. J., Veiga, S., Girardon, S., and Brocco, M. (2003)
Blockade of serotonin 5-HT1B and 5-HT2A receptors suppresses the
induction of locomotor activity by 5-HT reuptake inhibitors,
citalopram and fluvoxamine, in NMRI mice exposed to a novel
environment: a comparison to other 5-HT receptor subtypes.
Psychopharmacology 168, 397−409.
(65) Heisler, L. K., and Tecott, L. H. (2000) A paradoxical locomotor
response in serotonin 5-HT2C receptor mutant mice. J. Neurosci. 20,
RC71.
(66) Dalton, G. L., Lee, M. D., Kennett, G. A., Dourish, C. T., and
Clifton, P. G. (2004) mCPP-induced hyperactivity in 5-HT2C receptor
mutant mice is mediated by activation of multiple 5-HT receptor
subtypes. Neuropharmacology 46, 663−671.

(67) Fletcher, P. J., Tampakeras, M., Sinyard, J., Slassi, A., Isaac, M.,
and Higgins, G. A. (2009) Characterizing the effects of 5-HT2C
receptor ligands on motor activity and feeding behaviour in 5-HT2C

receptor knockout mice. Neuropharmacology 57, 259−267.
(68) Rothman, R. B., Blough, B. E., and Baumann, M. H. (2008)
Dopamine/serotonin releasers as medications for stimulant addictions.
Prog. Brain Res. 172, 385−406.
(69) Connolly, H. M., Crary, J. L., McGoon, M. D., Hensrud, D. D.,
Edwards, B. S., Edwards, W. D., and Schaff, H. V. (1997) Valvular
heart disease associated with fenfluramine-phentermine. N. Engl. J.
Med. 337, 581−588.
(70) Khan, M. A., Herzog, C. A., St. Peter, J. V., Hartley, G. G.,
Madlon-Kay, R., Dick, C. D., Asinger, R. W., and Vessey, J. T. (1998)
The prevalence of cardiac valvular insufficiency assessed by trans-
thoracic echocardiography in obese patients treated with appetite-
suppressant drugs. N. Engl. J. Med. 339, 713−718.
(71) Gardin, J. M., Schumacher, D., Constantine, G., Davis, K. D.,
Leung, C., and Reid, C. L. (2000) Valvular abnormalities and
cardiovascular status following exposure to dexfenfluramine or
phentermine/fenfluramine. JAMA 283, 1703−1709.
(72) (1997) FDA Announces Withdrawal Fenfluramine and Dexfenflur-
amine, P97-32, U.S. Food and Drug Administration Center for Drug
Evaluation and Research (CDER), Silver Spring, MD, http://www.fda.
g o v / D r u g s / D r u g S a f e t y /
PostmarketDrugSafetyInformationforPatientsandProviders/
ucm179871.htm.
(73) Mast, S. T., Gersing, K. R., Anstrom, K. J., Krishnan, K. R.,
Califf, R. M., and Jollis, J. G. (2001) Association between selective
serotonin-reuptake inhibitor therapy and heart valve regurgitation. Am.
J. Cardiol. 87, 989−993.
(74) Elangbam, C. S. (2010) Drug-induced valvulopathy: an update.
Toxicol. Pathol. 38, 837−848.
(75) Rothman, R. B., Baumann, M. H., Savage, J. E., Rauser, L.,
McBride, A., Hufeisen, S. J., and Roth, B. L. (2000) Evidence for
possible involvement of 5-HT2B receptors in the cardiac valvulopathy
associated with fenfluramine and other serotonergic medications.
Circulation 102, 2836−2841.
(76) Fitzgerald, L. W., Burn, T. C., Brown, B. S., Patterson, J. P.,
Corjay, M. H., Valentine, P. A., Sun, J. H., Link, J. R., Abbaszade, I.,
Hollis, J. M., Largent, B. L., Hartig, P. R., Hollis, G. F., Meunier, P. C.,
Robichaud, A. J., and Robertson, D. W. (2000) Possible role of valvular
serotonin 5-HT2B receptors in the cardiopathy associated with
fenfluramine. Mol. Pharmacol. 57, 75−81.
(77) Hutcheson, J. D., Setola, V., Roth, B. L., and Merryman, W. D.
(2011) Serotonin receptors and heart valve diseaseit was meant 2B.
Pharmacol. Ther. 132, 146−157.
(78) Nilsson, B. M. (2006) 5-Hydroxytryptamine2C (5-HT2C)
receptor agonists as potential anti-obesity agents. J. Med. Chem. 49,
4023−4034.
(79) Wacker, D. A., and Miller, K. J. (2008) Agonists of the serotonin
5-HT2C receptor: preclinical and clinical progression in multiple
diseases. Curr. Opin. Drug Discovery Dev. 11, 438−445.
(80) Lee, J., Jung, M. E., and Lee, J. (2010) 5-HT2C receptor
modulators: a patent survey. Expert Opin. Ther. Pat. 20, 1429−1455.
(81) Tecott, L. H., Sun, L. M., Akana, S. F., Strack, A. M.,
Lowenstein, D. H., Dallman, M. F., and Julius, D. (1995) Eating
disorder and epilepsy in mice lacking 5-HT2C serotonin receptors.
Nature 374, 542−546.
(82) Vickers, S. P., Clifton, P. G., Dourish, C. T., and Tecott, L. H.
(1999) Reduced satiating effect of d-fenfluramine in serotonin 5-HT2C

receptor mutant mice. Psychopharmacology 143, 309−314.
(83) Martin, J. R., Bös, M., Jenck, F., Moreau, J., Mutel, V., Sleight, A.
J., Wichmann, J., Andrews, J. S., Berendsen, H. H., Broekkamp, C. L.,
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