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Abstract

SB-243213 (5-methyl-1-[[-2-[(2-methyl-3-pyridyl)oxy]-5-pyridyl]carbamoyl]-6-trifluoromethylindoline hydrochloride) is a new,
selective 5-hydroxytryptamine (5-HT)2C receptor inverse agonist. SB-243213 has high affinity for the human 5-HT2C receptor (pKi

9.37) and greater than a 100-fold selectivity over a wide range of neurotransmitter receptors, enzymes and ion channels. In in vitro
functional studies, SB-243213 acted as an inverse agonist at the human 5-HT2C receptor with a pKb of 9.8. In in vivo studies, SB-
243213 was a potent inhibitor of central 5-HT2C receptor-mediated function in rats, blocking meta-chlorophenylpiperazine-induced
hypolocomotion with an ID50 of 1.1 mg/kg p.o. and a long duration of action (�8 h). In rats, SB-243213 exhibited anxiolytic-like
activity in both the social interaction and Geller–Seifter conflict tests. Importantly, unlike diazepam, chronic administration of SB-
243213 did not result in the development of either tolerance to the anxiolytic-like effects or withdrawal anxiogenesis. Furthermore,
in rodents, SB-243213 did not affect seizure threshold, did not increase body weight or induce catalepsy, but attenuated the haloperi-
dol-induced catalepsy. SB-243213 did not affect amphetamine-, MK-801- or phencyclidine-induced hyperactivity. In conclusion,
SB-243213 may possess an improved anxiolytic profile compared to benzodiazepines. SB-243213 also modulates dopaminergic
transmission, lacks pro-psychotic properties and may have utility in the treatment of schizophrenia and motor disorders. 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

5-Hydroxytryptamine (5-HT) mediates its actions
through a wide family of receptors of which 5-HT2

receptors form a distinct and closely related sub-group
(Hoyer et al., 1994). The 5-HT2 receptor family consists
of three subtypes termed 5-HT2A, 5-HT2B and 5-HT2C
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which display close structural homology, pharmacology
and signal transduction pathways (see Hoyer et al.,
1994). These receptors are present in the rat and human
brain where they are widespread but possess differential
distributions (Wright et al., 1995; Abramowski et al.,
1995; Pasqualetti et al., 1999).

The role of 5-HT2 receptors in the brain has been the
subject of considerable interest based on the actions of m-
chlorophenylpiperazine (mCPP) and hallucinogens with 5-
HT2C and 5-HT2A receptors, respectively (Kennett, 1993;
Glennon et al., 1984). Indeed, such studies have implicated
central 5-HT2C receptors in the control of anxiety,
depression and schizophrenia (Kahn and Wetzler, 1991;
Kennett, 1993; Moreau et al., 1966; Canton et al., 1994).
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One of the roles in which 5-HT2 receptors have been
implicated is in the mechanism of action of atypical anti-
psychotics. The atypical neuroleptic clozapine, which
displays high affinity for 5-HT2C and 5-HT2A receptors,
is less likely to cause extrapyramidal side effects than
typical neuroleptics and is thought to have greater effi-
cacy against negative symptoms than other neuroleptics
(Meltzer, 1996). Clozapine differs from typical neuro-
leptics in that it has higher antagonist activity for 5-HT2

receptors than dopamine D2 receptors, and this property
may be responsible for its atypical profile (Meltzer et al.,
1989). We have previously shown that 5-HT2C receptor
antagonists, but not 5-HT2A or 5-HT2B receptor antagon-
ists, reverse catalepsy produced by haloperidol therefore
implicating antagonist activity at the 5-HT2C receptor as
a factor contributing to the low frequency of side effects
of clozapine (Reavill et al., 1999). However, other stud-
ies have shown that the 5-HT2B/2C receptor antagonist,
SB-221284, increases dopamine efflux in the nucleus
accumbens (Di Matteo et al., 1999) and potentiates
phencyclidine-induced hyperactivity in rats (Barton et
al., 1999), suggesting that 5-HT2B/2C receptor antagonism
might facilitate dopaminergic function.

We have previously described the development of
selective 5-HT2C receptor antagonists including SB-
206553 (Kennett et al., 1996) and SB-242084 (Kennett
et al., 1997). Using these tools, we have demonstrated
an involvement of the 5-HT2C receptor in animal models
of anxiety and depression and shown that such com-
pounds do not possess either pro-convulsant or hyper-
phagic properties, which have been reported in mutant
mice lacking the 5-HT2C receptor (Tecott et al., 1995).
Unfortunately these compounds were not suitable for
progression into man for a number of reasons, including
an interaction with cytochrome P450 enzymes. We have
therefore developed SB-243213 (5-methyl-1-[[-2-[(2-
methyl-3-pyridyl)oxy]-5-pyridyl]carbamoyl]-6-
trifluoromethylindoline hydrochloride) as a selective 5-
HT2C receptor antagonist (Bromidge et al., 2000) which
does not interact with cytochrome P450 enzymes at con-
centrations up to 10 µM. We now report the in vitro and
in vivo pharmacological profile of SB-243213 including
its profile in animal models of anxiety following acute
and chronic administration. SB-243213 is currently in
clinical development with potential for the treatment of
a range of psychiatric diseases including anxiety,
depression and schizophrenia.

2. Materials and methods

2.1. Animals

Male Sprague–Dawley experimentally naive rats,
220–300 g, housed in groups of four–six under a 12 h
light/dark cycle (lights on 07.00 h) with free access to

food (Combined Rat and Mouse Diet, Special Diet Ser-
vices, Witham, Essex, UK) and water, were used in all
studies except the maximal electroshock seizure test
where the animals were 70–102 g). All work was con-
ducted in compliance with the Home Office Guidance
on the operation of the Animals (Scientific Procedures)
Act 1986 and was reviewed and approved by the
SmithKline Beecham Procedures Review Panel.

2.2. Stable expression of human 5-HT2A, 5-HT2B and
5-HT2C receptors

The human 5-HT2C and 5-HT2A receptors (Wood et
al., 1995) and the human 5-HT2B receptor (Thomas et
al., 1996) were expressed in HEK 293 cells.

2.3. Cell culture

HEK 293 cells were maintained in minimum essential
medium (MEM) supplemented with (final
concentration): l-glutamine (2 mM), foetal calf serum
(10%), non-essential amino acids (1%) and geneticin
(0.4 mg/ml). Cells were grown in an incubator at 37°C
with oxygen containing 5% CO2 and were harvested
by trypsinisation.

2.4. Radioligand binding assays

In all assays (for details see Table 1), SB-243213 was
dissolved in polyethylene glycol:dimethyl sulphoxide
(1:1) at 1 mM and diluted to 0.1 mM using 5 mM HCl.
Serial dilutions of SB-243213 in the same solution were
carried out using a Biomek 2000 Workstation
(Beckman). Diluted SB-243213 (0.05 ml) was mixed
with 0.05 ml of radioligand, prepared in the incubation
buffer and 0.4 ml of the homogenate of washed mem-
branes, also in the working buffer. In dopamine binding
assays, 0.1% (w/v) bovine serum albumen was included
in the incubation buffer. After incubation at 37°C,
samples were filtered using a Packard Filtermate
(Packard, Pangbourne, Berks, UK) in Packard TopCount
format. Filters were washed with 4×1 ml aliquots of ice-
cold incubation buffer. Filters were dried and 0.04 ml
of Microscint 20 (Packard) added and counted for radio-
activity.

2.5. Phosphoinositide (PI) hydrolysis

Phosphoinositide (PI) studies were performed accord-
ing to Wood et al. (1997a). Cells were plated into 24
well plates and incubated with [3H]-myo-inositol. The
cells were incubated at 37°C, 5% CO2 for 48 h and trans-
ferred into serum-free inositol-deficient Dulbecco’ s
modified Eagles’ s medium (DMEM) overnight. On the
day of the assay, the cells were gently washed in DMEM
medium and incubated for 30 min in the presence or
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Table 1
Summary of receptor binding conditionsa

Receptor Host cell/ tissue Assay buffer Protein Radio-ligand (nM) Specific Non-specific Kd (nM)
µg/assay activity definition

(Ci/mmol)

5-HT1A HEK293 2 50 [3H]-8-OH-DPAT 1.0 120 Buspirone 1.0
5-HT1B CHO 2 70 [3H]-5-HT 4.0 86 5-HT 4.0
5-HT1D CHO 2 150 [3H]-5-HT 4.0 86 5-HT 4.0
5-HT1E CHO 2 120 [3H]-5-HT 4.0 86 5-HT 24.0
5-HT1F CHO 2 140 [3H]-5-HT 4.0 86 5-HT 24.0
5-HT2A HEK293 1 170 [3H]-ketans 0.5 80 Mianserin 0.7
5-HT2B HEK293 2 160 [3H]-5-HT 8.0 86 5-HT 11.0
5-HT2C HEK293 1 130 [3H]-mesulergine 0.6 81 Mianserin 0.58
5-HT4 Guinea Pig 2 10 [125I]-SB-207710 0.02 2000 SB-204070 1.0

hippocampus
5-HT6 HeLa 4 40 [3H]-LSD 2.0 83 methiothepin 3.1
5-HT7 HEK293 2 250 [3H]-5-CT 0.5 79 5-HT 0.5
D2 CHO 3 220 [125I]-iodosulpride 0.1 2000 YM-09151 1.3
D3 CHO 3 60 [125I]-iodosulpride 0.1 2000 YM-09151 2.4
D4.4 CHO 3 [3H]-YM09151 YM-09151
ad-α1B CHO 1 120 [3H]-prazosin 0.2 76 phentolamine 0.58
ad-β2 CHO [125I]-iodocyano-

pindolol

a Incubation buffers were: (1) 50 mM Trizma (Sigma, UK) pH 7.7 at 25°C. (2) 50 mM Trizma (Sigma) pH 7.7 at 25°C, 5 mM MgCl2, 500
nM pargyline and 10 mM ascorbate. (3) 50 mM Trizma (Sigma) pH 7.7 at 25°C, 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2. (4) 20
mM HEPES, 10 mM MgSO4. For Method references see Kennett et al. (1997).

absence of antagonist prior to a 20 min agonist exposure
in the presence of 10 mM lithium chloride. The reaction
was halted by aspiration of incubation media, and lab-
elled inositol phosphates were isolated by solvent extrac-
tion from the aqueous phase followed by Dowex anion-
exchange chromatography. The total [3H]-labelled inosi-
tol phosphates were then determined by scintillation
counting.

2.6. Microphysiometry

Functional studies at the human dopamine D2 receptor
were performed according to Coldwell et al. (1999).
Briefly, Chinese hamster ovary cells stably expressing
the human dopamine D2 receptor were seeded at a den-
sity of 300,000 cells per well and changes in metabolic
activity followed using the Cytosensor microphysi-
ometer (Molecular Devices, Sunnyvale, California,
USA), which detects changes in extracellular acidifi-
cation. The effect of SB-243213 on extracellular acidifi-
cation rate, i.e. agonist-like effect, and the effect on the
response to the agonist quinpirole, were determined.

2.7. mCPP-induced hypolocomotion

Rats were dosed orally 1–8 h before the locomotion
test with SB-243213 or vehicle, and injected i.p. 20 min
before the test with mCPP or saline, in groups of four.
At 0 h, they were each placed in automated locomotor
activity cages (57×16.6×25.3 cm), made of black Per-

spex with a clear Perspex lid and sawdust covered floor,
under red light for 10 min. During this time, locomotion
was recorded by means of consecutively breaking two
photocell beams traversing opposite ends of the box 3.9
cm above floor level (Kennett et al., 1994).

2.8. Social interaction

Anxiolytic and anxiogenic activity was evaluated in
the rat social interaction model (File, 1980). Studies
were performed according to Kennett et al. (1994).
Active social interaction (sniffing, following grooming,
biting, boxing and crawling over or under) was scored
by an observer, blind with respect to treatments, by
remote video monitoring and a computerised score pad.

2.9. Tolerance studies using the social interaction test

The testing arena was identical to the acute dosing
social interaction study above. For the chronic pre-treat-
ments, two groups of 30 rats were given SB-243213 (4.5
or 9 mg/kg p.o.) or vehicle twice daily at 8 a.m. and 8
p.m. for 14 days. These doses represent 15 and 30× the
minimum effective dose in the rat social interaction test.
Social interaction testing took place on day 15 after the
initiation of dosing. Rats were housed singly in a room
adjacent to the testing room on the eleventh day of dos-
ing. On day 15, they were dosed p.o., 1 h before the test,
with SB-243213 (0.3 mg/kg p.o.) or vehicle in treatment
and weight matched (±5 g) pairs unfamiliar to each other
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and returned to their home cages. Rats were then placed
in the test arena and the time spent in active social inter-
action and the number of squares crossed were scored
for 15 min via remote video monitoring. In all pro-
cedures, the observer was blinded with respect to treat-
ments by the use of a vehicle containing 10 mg/ml bar-
ium sulphate to mask the presence of drug and by the
independent coding of drug treatments prior to the
experiment.

2.10. Withdrawal studies in the social interaction test

The social interaction test apparatus was identical to
that described above, with the exception that the testing
box was lit by red light (60 watts), corresponding to low
light conditions being sensitive to anxiogenic effects
(File, 1980). Two groups of 30 rats were given SB-
243213 (4.5 or 9 mg/kg p.o.), diazepam (40 mg/kg p.o.)
or vehicle twice daily at 8 a.m. and 8 p.m. for 14 days.
Social interaction testing took place on day 16 or 17
after the initiation of dosing (48 or 72 h after the last
pre-treatment dose. After the last drug treatment, rats
were given substitute vehicle injections until 8 p.m. on
the day preceding testing in the social interaction test.
The vehicle control group of 10 rats was formed of rats
chronically administered an equivalent number of
vehicle doses as those forming groups withdrawn for 48
or 72 h (5 rats from each treatment regimen) from drug
treatments. Rats were housed singly in a room adjacent
to the testing room on the eleventh day of dosing. On
days 14 and 15 they were individually exposed to the
social interaction test box under red light for 10 min to
allow habituation. On day 16 or 17, they were dosed
p.o., 1 h before the test, with vehicle in pre-treatment
and weight matched (±5 g) pairs unfamiliar to each other
and returned to their home cages. Rats were then placed
in the test arena and the time spent in active social inter-
action and the number of squares crossed were scored
for 15 min by a remote observer blinded with respect to
treatments as above.

2.11. Geller–Seifter test

The effects of SB-243213 on rats trained to associate
pressing of a lever with a food pellet reward was perfor-
med as described in Kennett et al. (1997). Briefly, rats
were introduced to a multiple schedule of reinforcement,
a variable interval with the food reinforcement every 10–
50 s, and a fixed ratio (FR) with one reinforcement every
five lever presses. The FR component was signalled by
a light and was contingent with a mild footshock. The
unpunished variable interval component was used to
detect non-specific effects such as sedation or stimu-
lant properties.

2.12. Locomotor activity

Rat locomotor activity was monitored in an automated
system as described in Reavill et al. (1998). Four separ-
ate experiments were carried out, either with SB-243213
alone, or with pre-treatment with SB-243213 prior to
amphetamine, phencyclidine or MK-801. In the experi-
ment where SB-243213 was tested alone, rats were
injected with SB-243213 (1.0, 3.2 or 10 mg/kg p.o. at 2
ml/kg) or with vehicle and placed in locomotor activity
boxes. Locomotor activity was monitored for 180 min
in 10 min blocks.

In stimulant-induced hyperactivity experiments, rats
were injected with SB-243213 (1.0, 3.2 or 10 mg/kg
p.o.) or vehicle and returned to their home cages. Thirty
min later, rats were placed in locomotor activity boxes
for a 30 min period of habituation. Rats were then
injected s.c. with either saline, dexamphetamine sulphate
(0.4 mg/kg base), phencyclidine hydrochloride (0.94
mg/kg base) or MK-801 maleate (0.1 mg/kg base).
Activity was monitored for a further hour in 5 min
blocks. Data for the first 5 min was discarded to mini-
mise handling artefacts.

2.13. Catalepsy

To test for catalepsy, rats were positioned so that their
hindquarters were on the bench and their forelimbs
rested on a 1 cm diameter horizontal steel bar, 10 cm
above the bench. The length of time the rats maintained
this position was recorded by stopwatch to a maximum
of 120 s. This procedure occurred 30, 60 and 90 min
after drug administration. Rats were judged to be cata-
leptic, and assigned a score of “1” if they maintained
this position for 30 s or more; otherwise, they were
assigned a score of “0” .

2.14. Food intake and body weight studies

In acute studies, rats were individually housed 2 days
prior to the experiment with free access to their normal
food and water. On day 3, at 13.00 h their food was
removed and they were orally dosed with either vehicle
or SB-243213 (1, 3 or 10 mg/kg). 1 h later, a weighed
quantity of their normal food was added to their food
hoppers and the amount remaining weighed 1, 2, 4 or
24 h later. Cumulative food intake was then calculated.
In chronic studies, rats were group housed from days 1-
10 and on the twelfth day were singly housed as part
of the study on the effect of withdrawal from chronic
administration of the drug. They were orally dosed with
vehicle or SB-243213 (4.5 or 9 mg/kg p.o.) twice daily
at 9.00 a.m. and 9.00 p.m. for 14 days. Body weight was
recorded each morning and the total weight change over
the 14 day period calculated.
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2.15. Rat maximal electroshock test

The threshold for maximal (tonic hindlimb extension)
electroshock seizures, in male Sprague–Dawley rats, was
measured as described in Kennett et al. (1997).

2.16. Materials

Tris, polyethyleneimine, pargyline hydrochloride, 5-
HT hydrochloride, dexamphetamine sulphate, haloperi-
dol and other chemicals were purchased from Sigma
(Poole, Dorset, UK). Mianserin HCl, buspirone HCl,
phencyclidine hydrochloride and phentolamine mesylate
were purchased from R.B.I. (Natick, MA, USA), while
YM-09151 was a generous gift from Yamanouchi Phar-
maceuticals (Tokyo, Japan). MK-801 maleate was
obtained from Tocris. SB-243213 (5-methyl-1-[[-2-[(2-
methyl-3-pyridyl)oxy]-5-pyridyl]carbamoyl]-6-
trifluoromethylindoline hydrochloride) was synthesised
in the Department of Discovery Chemistry at SmithKline
Beecham. Dexamphetamine sulphate, phencyclidine
hydrochloride and MK-801 maleate were dissolved in
physiological saline and administered subcutaneously
(s.c.) at 1 ml/kg. Haloperidol was sonicated with an
equal weight of (+)-tartaric acid in water and adminis-
tered intraperitoneally (i.p.) at 1 ml/kg. SB-243213 was
ground with 1 drop BRIJ-35 and suspended in 1%
methylcellulose in saline, and dosed periorally (p.o.) at
a dose volume of 2 ml/kg. In stimulant experiments, SB-
243213 was administered 60 min prior to dexamphetam-
ine sulphate, phencyclidine hydrochloride or MK-801
maleate. All doses are quoted as the base equivalents.
Diazepam and chlordiazepoxide, synthesised at SmithK-
line Beecham, was given in a similar manner and injec-
tion volumes of 2 ml/kg were used in all treatments.
mCPP was dissolved in 0.9% NaCl and given in a 1
ml/kg volume i.p. 20 min before testing. Radiolabelled
compounds were obtained as detailed in Kennett et al.
(1997).

2.17. Data analysis and statistics

Data from receptor binding studies were analysed
according to Wood et al. (1995) to give the inhibitory
affinity constant (Ki) and expressed as the pKi (negative
log10 (Ki)). Data from in vitro functional studies were
analysed using non-linear curve fitting to give EC50 and
antagonist affinity, as the apparent dissociation constant
KB and Schild analysis to give pA2 were derived accord-
ing to Wood et al. (1997a).

The effect of treatments on mCPP-induced hypoloco-
motion was determined by one-way ANOVA and New-
man–Keuls test as described in Kennett et al. (1997).
All data are cited as the mean±s.e.m., unless otherwise
indicated. For locomotor activity, data were analysed in
STATISTICA , version 6.0; StatSoft. Levene’ s test was

used to test for homogeneity of variance and the data
were transformed if necessary to obtain normally distrib-
uted data. Data were then analysed by one factor analysis
of variance (ANOVA) and post hoc analysis carried out
by Dunnett’ s t-test. In catalepsy studies, as the raw data
were derived from a non-linear quantal scoring scheme,
a logistic regression analysis in SAS-RA (SAS Institute
Inc.) or Statistica was used to analyse the data at the 90
min time point. Social interaction data were subjected
to one-way ANOVA and Dunnett’ s t-test, while Geller–
Seifter data were analysed by two-way ANOVA.

3. Results

3.1. Radioligand binding studies

SB-243213 shows high affinity for the human 5-HT2C

receptor with greater than 100-fold selectivity over 5-
HT2A and 5-HT2B receptors (Table 2). In radioligand
binding studies, SB-243213 showed little affinity
(pKi�6) for cloned human 5-HT1A, 5-HT1B, 5-HT1E, 5-
HT1F and 5-HT7 receptors. It showed weak affinity
(pKi�6.5) for the cloned human 5-HT1D and D3 recep-
tors and moderate affinity (pKi 6.7) for the cloned human
D2 receptor (Table 2). SB-243213 also showed little
affinity (�30% inhibition at 1 µM) for a wide range of
neurotransmitter receptors, ion channels and enzymes
(Table 2; CEREP report: (1) 2932 S 830 E).

3.2. Phosphoinositide (PI) hydrolysis

At the human 5-HT2C receptor expressed in HEK 293
cells, 5-HT was a potent agonist with a pEC50 of
8.55±0.13 (n=6) and caused a maximal 250% increase
in radiolabelled inositol phosphate release. SB-243213
did not induce any increase in radiolabelled inositol
phosphate release on its own, but antagonised the effects
of 5-HT (Fig. 1) with a pKb of 9.80±0.21 (6). SB-243213
significantly attenuated the basal levels of PI hydrolysis
from 16200±1940 (n=3) to 2340±407 at 100 nM SB-
243213 (Fig. 1). In Schild analysis, SB-243213 appeared
to be a competitive antagonist (pA2 10.2) in that the
slope was not different from unity (0.96).

At the human 5-HT2B receptor expressed in HEK 293
cells, 5-HT was a potent agonist with a pEC50 of
7.91±0.15 (n=6) and caused a maximal 140% increase in
radiolabelled inositol phosphate release over basal. SB-
243213 did not induce any increase in radiolabelled
inositol phosphate release on its own, but antagonised
the effects of 5-HT with a pKb of 7.0±0.1 (4).

At the human 5-HT2A receptor expressed in SH-SY5Y
cells, 5-HT was a potent agonist with a pEC50 of
6.87±0.04 (n=6) and caused a maximal 400% increase
in radiolabelled inositol phosphate release. SB-243213
did not induce any increase in radiolabelled inositol
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Table 2
Affinities (pKi) of SB-243213 at 5-HT2C and other receptors. Data are mean±s.e.m. from (n) separate determinationsa

Receptor Mean pKi±s.e.m. (n) Receptor Mean pKi±s.e.m. (n)

Human 5-HT1A �5.3 (5) Guinea pig 5-HT4 6.17±0.02 (3)
Human 5-HT1B 5.50±0.22 (6) Human 5-HT6 6.50±0.03 (3)
Human 5-HT1D 6.32±0.03 (7) Human 5-HT7 5.64±0.19 (8)
Human 5-HT1E �5.4 (5) Human adrenergic α1B �5 (3)
Human 5-HT1F 5.35±0.22 (5) Human adrenergic β2 �5 (5)
Human 5-HT2A 7.01±0.10 (11) Human dopamine D2 6.68±0.08 (14)
Human 5-HT2B 7.20±0.11 (13) Human dopamine D3 6.50±0.06 (14)
Human 5-HT2C 9.37±0.09 (14) Human dopamine D4.4 �6.4 (5)

a Inhibition of radioligand binding by a 1 µM (n=2) solution of SB-243213 was less than 30% for all of the following receptors: adenosine A1

and A2; adrenergic α1A, α2A, α2B, α2C, β1, β3; angiotensin 2; central benzodiazepine; calcitonin gene related peptide; central cannabinoid; dopamine
D1; endothelin A and B; GABAA, AMPA, Kainate, NMDA; central histamine H1, H2; central imidazoline I2; leukotriene LTB4; muscarinic M1,
M2; neurokinin NK3; nicotinic; opiate δ, �, µ; 5-HT3, estrogen, progesterone, testosterone; calcium channel L type DHP site; sodium channel site
1 and site 2. Similarly 1 µM (n=2) SB-243213 inhibited the following enzymes by less than 30%: Sodium-potassium ATPase; elastase; phosphodies-
terase I, II, III, IV, V; protein kinase C; EGF tyrosine kinase.

Fig. 1. Inhibition of 5-HT induced phosphoinositide hydrolysis at the
human 5-HT2C receptor by SB-243213 at 10 and 100 nM. Shown are
the mean responses±s.e.m. for triplicate determinations from one
experiment repeated three times.

phosphate release on its own, but antagonised the effects
of 5-HT with a pKb between 6.5–7.0. This effect could
not be accurately quantified due to the limits of solubility
for SB-243213.

3.3. Microphysiometry

The weak interaction with the cloned human dopam-
ine receptors was studied in more detail in functional
studies using the microphysiometer. At the human D2

receptor, SB-243213 lacked agonist activity but acted as
an antagonist with an apparent pKb of 6.48±0.21 (n=3,
data not shown).

3.4. Effect of SB-243213 on mCPP-induced
hypolocomotion

The administration of mCPP (7 mg/kg, i.p., 20 min
pre-test) to vehicle pre-treated rats resulted in a marked
reduction in locomotor activity from 15.6±0.9 to 1.2±1.2

transits. Pre-treatment with SB 243213 p.o., 1 h pre-
treatment, significantly (F(5,70)=11.8, p�0.01) and
completely attenuated the effect of mCPP (Fig. 2). The
dose producing 50% inhibition of the action of mCPP
was calculated as 1.1±0.1 mg/kg, p.o. When SB 243213
was given alone to rats by the p.o. route in a separate
experiment, it had no effect on locomotor activity per se
under identical conditions (mean transits/10 min±SEM,
n=6–8; vehicle 13.8±1.1; SB 243213 at 0.5 mg/kg, p.o.,
19.5±0.8; 1.0 mg/kg, p.o., 19.3±2.7; 2.0 mg/kg, p.o.,
17.0±2.6; 5.0 mg/kg, p.o., 18.5±1.8, no significant differ-
ences by one-way ANOVA). SB-243213 demonstrated
a long duration of action, with complete inhibition of
mCPP-induced hypolocomotion up to 8 h post-dose at
3.0 mg/kg. (data not shown).

3.5. Effect of acute administration of SB-243213 in
rat social interaction test

SB-243213 (0.1-10 mg/kg, p.o. 1 h pre-test) dose-
dependently and significantly increased the amount of time
rats spent in social interaction over 15 min under brightly
lit conditions and in an unfamiliar test box (high light
unfamiliar), as did the positive control, chlordiazepoxide
at 5 mg/kg, p.o., 1 h pre-test (F(6,77)=12.1, p�0.01, Fig.
3). The magnitude of the response to SB-243213 (3
mg/kg) was similar to that seen after chlordiazepoxide (5
mg/kg). Neither SB-243213 nor chlordiazepoxide had any
effect on locomotor activity in the test at any dose tested
(mean line crossings/15 min±s.e.m., n=12; vehicle
544±24; SB-243213 0.1, 1.0, 3.0 and 10 mg/kg, p.o.,
respectively, 485±22, 528±23, 572±24, 564±25, 578±23;
chlordiazepoxide 5.0 mg/kg, p.o., 497±20.)

3.6. Effect of SB-243213 on responding in a rat
Geller–Seifter procedure

SB-243213 significantly increased punished
responding but not unpunished responding, compared
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Fig. 2. Effect of SB 243213 on mCPP-induced hypolocomotion in rats. All data cited as means with SEM, n=6 per group. mCPP given at 7
mg/kg, i.p. Significantly different from vehicle+saline treated group, ** p�0.01, from vehicle+mCPP group, + p�0.05, ++ p�0.01 by Dunnett’ s
t-test and one-way ANOVA.

Fig. 3. Effect of SB-243213 on social interaction test in rats under “high light unfamiliar conditions” . All data are means±SEM, n=10. Significantly
different from vehicle treated group, * p�0.05, ** p�0.01, Dunnett’ s t-test and one-way ANOVA.

with the effects of vehicle treatment on two days preced-
ing the test day when given at doses of 0.5–20 mg/kg
p.o. 1 h pre-test (Table 3). Diazepam (5 mg/kg, p.o., 1
h pre-test) had a greater effect to that observed following
administration of 2 mg/kg of SB-243213 (Table 3).

3.7. Tolerance study

Administration of SB-243213 (0.3 mg/kg) to chronic
vehicle pre-treated rats significantly increased time spent
in social interaction (F(1,52)=99.1, p�0.01, Fig. 4).
Chronic pre-treatment with SB-243213 had no effect on
social interaction one day later and did not alter the
response to acute SB-243213 (F(2,52)=0.2, n.s.). No
treatment combination was observed to alter locomotor
activity in the test (data not shown).

Diazepam (2 mg/kg p.o. 1 h pre-test) also increased
the time spent in social interaction of chronic vehicle
pretreated rats (F(5,103)=6.3, p�0.01) and rats treated
chronically with diazepam. However, this response to 2
mg/kg diazepam was reduced in rats chronically pre-
treated with diazepam at 10, 20 and 40 mg/kg p.o., with
this reduction being significant at 10 and 40 mg/kg
(Table 4). None of these treatments affected loco-
motion scores.

3.8. Withdrawal study

In rats chronically treated for 14 days with either 4.5
or 9 mg/kg p.o., b.i.d. SB-243213, there was no effect
following 48 h or 72 h withdrawal on the amount of
time rats spent in active social interaction compared with
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Table 3
Effect of SB 243213 on rat responses in a modified Geller–Seifter testa

Treatment (p.o., 1 h) Dose (mg/kg) Percentage change in number of lever presses
Unpunished (VI) Punished (FR)

SB-243213 0.2 +5±1 +12±3
0.5 +4±2 +24±3**
1.0 +5±1 +43±3***
2.0 +9±1 +35±3***
5.0 -2±1 +41±8***

10.0 +4±2 +31±7***
20.0 +6±2 +30±4***

Diazepam 5.0 -19±14 +119±45***

a All data cited as means±SEM, n=6–8 per group. Significantly different from vehicle treated group, ** p�0.01, *** p�0.001 by two-way
ANOVA (treatments×subjects).

Fig. 4. Effect of 243213 (0.3 mg/kg, p.o., 1 h pre-test) on behaviour of rats chronically pre-treated with SB-243213 (4.5 or 9 mg/kg, p.o. b.i.d.×14
days, last dose 48 h pre-test). All data cited as means with SEM, n=8–10 per group. Significantly different from relevant vehicle treated group **
p�0.01 by Newman–Keuls test and two-way ANOVA.

Table 4
Effect of diazepam (2 mg/kg, p.o., 1 h pre-test) on the social interaction of rats chronically pre-treated with diazepam (5, 10, 20 or 40 mg/kg p.o.,
b.i.d.×14 days)a

Chronic pretreatment (mg/kg p.o. Treatment (mg/kg p.o. 1 h pre- Mean±s.e.m. time spent in social Locomotion (mean±s.e.m.
b.i.d.×14) test) interaction (s) number of squares crossed)

Vehicle Vehicle 48.5±4.0 495.3±16.7
Vehicle Diazepam 2 100.3±8.6** 492.0±30.0
Diazepam 5 Diazepam 2 85.3±10.2** 499.0±15.5
Diazepam 10 Diazepam 2 69.9±6.7b 480.5±16.0
Diazepam 20 Diazepam 2 79.4±7.0* 480.6±21.0
Diazepam 40 Diazepam 2 67.5±4.6b 484.2±11.9

a All groups comprised of 18–20 rats. Significantly different from vehicle+vehicle treated group, * p�0.05, ** p�0.01, from vehicle+diazepam
treated group.

b p�0.05 by Newman–Keuls test and 1-way ANOVA.
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chronic vehicle treated controls under the “ low-light
familiar” conditions used (Fig. 5). The effect of 24 h
withdrawal was not studied as, at these high doses, SB-
243213 still displayed biological activity after 24 h
(30.9% inhibition of the mCPP hypolocomotion
response with 9 mg/kg SB-243213). In contrast, 24 h
withdrawal from chronic diazepam (40 mg/kg p.o.
b.i.d.×14 days) significantly reduced time spent in social
interaction (F(5,54)=8.3, p�0.01, Fig. 5). However, rats
72 h withdrawn from chronic treatment with SB-243213
4.5 mg/kg had reduced locomotion (F(5,54)=3.0,
p�0.05). This was not seen in rats 72 h withdrawn from
the chronic 9 mg/kg regimen or 48 h withdrawn from
the 4.5 or 9 mg/kg regimen and so was not a consistent
effect. Further, this reduction in locomotor activity was
not associated with a reduction in time spent in social
interaction.

3.9. Effect of SB-243213 on total activity and transits
in male rats

Activity was analysed for the periods 60–120 min
after oral administration of SB-243213 (1–10 mg/kg,
p.o.). Analysis of the log10 transformed data showed
there was no treatment effect (F(3,28)=0.689; p=0.566,
Table 5). There was a large variance in the 1 mg/kg SB-
243213 treated group but this probably represents bio-
logical variation. For transits, analysis of the untransfor-
med data by ANOVA showed there was no effect of SB-
243213 (F(3,28)=0.516; p=0.675).

Fig. 5. Lack of withdrawal anxiogenesis of SB-243213. Shown is the effect on behaviour in a rat 15 min social interaction test conducted under
low-light familiar conditions following chronic treatment with either SB-243213 or diazepam. All data cited as means with SEM, n=10. Significantly
different from vehicle treated group *p�0.05, **p�0.01.

Table 5
Effect of SB-243213 on spontaneous and stimulant-induced activitya

Treatment (mg/kg) Total beam breaks Transits

Vehicle 222±73 3±1
SB 1 542±240 7±5
SB 3 136±35 3±1
SB 10 256±83 5±2

Vehicle/Saline 198±119 5±2
Vehicle/Amp 0.4 1663±354** 34±10**
SB 1 /Amp 0.4 2000±345** 51±18**
SB 3 /Amp 0.4 1443±186** 22±4**
SB 10 /Amp 0.4 1864±199** 34±11**

Vehicle/Saline 115±37 2±1
Vehicle/PCP 0.94 522±123** 5±2
SB 1 /PCP 0.94 561±99** 2±1
SB 3 /PCP 0.94 517±68** 4±1
SB 10 /PCP 0.94 696±78** 10±3**

Vehicle/Saline 210±64 2±1
Vehicle/MK-801 0.1 2343±463** 28±14*
SB 1 /MK-801 0.1 2832±666** 120±46**
SB 3 /MK-801 0.1 4142±1068** 256±114**
SB 10 /MK-801 0.1 3834±941** 201±81**

a All data are means±s.e.m., n 6–8 per group.

3.10. Effect of SB-243213 on amphetamine-induced
increase in total activity and transits

For total activity, ANOVA revealed a significant treat-
ment effect on total activity over the final 55 min
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(F(4,35)=7.82; p=0.00013). Dunnett’ s t-test showed that
amphetamine significantly increased activity compared
to the control group (p�0.01). SB-243213 (1–10 mg/kg,
p.o.) did not potentiate or reduce amphetamine-induced
hyperactivity (Table 5). For transits, after log10 trans-
formation, ANOVA revealed a significant treatment
effect on total activity over the final 55 min
(F(4,35)=6.040; p=0.000835). Dunnett’ s t-test showed
that amphetamine significantly increased activity com-
pared to the control group (p�0.01) and that this effect
of amphetamine was neither attenuated nor potentiated
by SB-243213.

3.11. Effect of SB-243213 on phencyclidine-induced
increase in total activity and transits

For total activity, analysis of the log10 transformed
data showed a significant overall treatment effect for the
final 55 min test period (F(4,35)=11.687; p=0.000004).
Post hoc comparisons showed that phencyclidine
increased activity compared with vehicle-treated rats
(p�0.05) whereas no dose of SB-243213 (1-10 mg/kg,
p.o.) antagonised or potentiated phencyclidine-induced
hyperactivity (Table 5). For transits, after log10 trans-
formation, there was a significant overall treatment effect
for the final 55 min test period (F(4,35)=4.331;
p=0.0060). Post hoc comparisons showed that phencycli-
dine did not increase activity compared with the vehicle-
treated rats and no dose of SB-243213 affected activity
seen after phencyclidine (Table 5).

3.12. Effect of SB-243213 on MK-801-induced
increase in total activity and transits

For total activity, analysis of the log10 transformed
data revealed an overall treatment effect for the final 55
min treatment period (F(4,35)=19.33; p=0.000001). Post
hoc comparisons showed that MK-801 significantly
increased locomotor activity when compared to vehicle
(p�0.01). SB-243213 (1–10 mg/kg, p.o.) did not reverse
or potentiate the MK-801 effect (Table 5). For transits,
analysis of the log10 transformed data revealed an overall
treatment effect for the final 55 min treatment period
(F(4,35)=7.99; p=0.0001). Post hoc comparisons showed
that MK-801 significantly increased locomotor activity
when compared to vehicle (p�0.05). SB-243213 (3.2
mg/kg), but not other doses, potentiated the MK-801
effect (p�0.05, Table 5).

3.13. Effect of SB-243213 in catalepsy test and on
haloperidol-induced catalepsy

Doses of 10 and 32 mg/kg of SB-243213 resulted in
one rat out of six in each group showing a cataleptic
response. This was not statistically different from the
vehicle treated control group. In contrast, in the positive

control group, all six haloperidol treated rats showed a
cataleptic response (Fig. 6). Haloperidol alone caused
catalepsy in all 6 rats at the 90 min time point. SB-
243213 (0.1–10 mg/kg, p.o.) reduced this catalepsy with
a maximum effect seen at 1 and 3.2 mg/kg p.o. (Fig. 6).

3.14. Effects of SB-243213 on the food intake of
freely-feeding rats

Acute administration of SB-243213 (1, 3 or 10 mg/kg
p.o.) had no effect on food intake over 1, 2, or 4 h while
there was a small and non-significant (9%) increase in
24 h food intake only in the 3 mg/kg p.o. treated group,
an effect not seen at the higher dose of 10 mg/kg (data
not shown). Chronic administration of the SB-243213
(4.5 and 9 mg/kg p.o. b.i.d.×14 days) did not have any
effect on body weight gain over the period studied,
except that chronic administration of the higher dose (9
mg/kg p.o.) slightly, but significantly, reduced weight
gain from 108.7±2.1 to 97.9±2.1 (p�0.05, Dunnett’ s t-
test).

3.15. Effect of SB-243213 on convulsant activity in
the rat maximal electroshock seizure threshold test

The administration of the known pro-convulsant agent
picrotoxin, 2 mg/kg i.p. 30 min pre-test, significantly
lowered the current producing tonic hindlimb extensor
seizures in 50% of rats in the test (CC50 mA±s.e.m.,
n=12–13; vehicle 48.5±2.1; picrotoxin 25.8±1.0). SB-
243213 (10–100 mg/kg, p.o., 1 h pre-test) had no effect
compared to 1% methyl cellulose vehicle control (SB-
243213 dose, CC50 mA±s.e.m., n=12–13; vehicle
43.3±0.7, 10 mg/kg p.o., 44.2±1.0; 30 mg/kg p.o.,

Fig. 6. Effect of SB-243213 on haloperidol-induced catalepsy in rats.
Each bar shows the number of cataleptic rats 90 min after adminis-
tration of haloperidol and pre-treatment with SB-243213. * p�0.05; **
p�0.01 compared to vehicle/haloperidol group by logistic regression
analysis, n=6 per group.
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49.2±1.9; 100 mg/kg p.o., 48.3±3.6). There was a small
but significant increase in seizure threshold at 30 mg/kg,
p.o.(13% change from control, p�0.01, Litchfield and
Wilcoxon).

4. Discussion

Receptor binding and functional studies show that SB-
243213 is a high affinity and selective inverse agonist
at the human 5-HT2C receptor. SB-243213 displays at
least 100 fold selectivity over a wide variety of neuro-
transmitter receptors, including the 5-HT2A and 5-HT2B

receptors. In functional studies, SB-243213 appeared as
a competitive antagonist in Schild analysis, but it also
acted as an inverse agonist in that it lowered basal phos-
phoinositide hydrolysis (Wood et al., 1997b).

In in vivo studies, consistent with previous studies on
other 5-HT2C receptor antagonists (Kennett et al., 1997),
SB-243213 was a potent, orally active 5-HT2C receptor
antagonist with a long duration of action in inhibiting
the mCPP-induced hypolocomotor response in rats. SB-
243213 also displayed anxiolytic-like activity in the rat
social interaction and Geller–Seifter tests. The anxiolytic
activity of SB-243213 was similar to that of chlordia-
zepoxide in the social interaction test but was lower than
that seen to diazepam in the Geller–Seifter test, probably
reflecting the sensitivity of this test to the sedative
effects of benzodiazepines. This further confirms the
suggestion that reduction in 5-HT2C receptor function
may be anxiolytic (Kennett et al., 1998), consistent with
studies in mutant mice lacking the 5-HT2C receptor
(Tecott, 1996). However, other characteristics of mutant
mice lacking the 5-HT2C receptor include a susceptibility
to seizures and an increased food intake (Tecott et al.,
1995). Despite this and consistent with previous findings
(Kennett et al., 1997), we have found no evidence in the
rat, using SB-243213, that 5-HT2C receptor antagonism
is associated with either hypophagic or pro-convulsant
effects. A lack of hypophagic effects associated with 5-
HT2C receptor blockade has also been suggested from
studies with a non-selective 5-HT2C antagonist, S16924
(Cussac et al., 2000). In the present study, we saw no
increase in body weight following chronic treatment
with SB-243213, indeed there was a small but inconsist-
ent reduction in body weight. It is therefore possible that
some of the characteristics of the 5-HT2C knock-out mice
may arise from developmental or neuroadaptive changes
or that there are species and strain differences in the
response to the absence of 5-HT2C receptor stimulation.

Major problems are associated with chronic use of
benzodiazepine-type anxiolytics in the clinic, including
the development of tolerance to their anxiolytic effects
and a withdrawal anxiogenesis appears following cess-
ation of chronic drug administration. These effects have
been modelled in animals, showing that both tolerance to

the anxiolytic effects of benzodiazepines and withdrawal
anxiety can be demonstrated using the social interaction
test (Andrews et al., 1997; Fernandes et al., 1999). In
the present study, using the social interaction test, we
have demonstrated the development of tolerance to the
anxiolytic effects of diazepam and the presence of with-
drawal anxiety following cessation of chronic diazepam
treatment. In contrast, however, there was no evidence
of tolerance development to the anxiolytic-like response
to SB-243213 in this model, nor did 48 h withdrawal
from chronic SB-243213 have any effect on social inter-
action under the conditions used. The lack of tolerance
development to SB-243213 at doses up to 30 times its
minimum effective dose compares very favourably with
the marked tolerance to the anxiolytic effect of 2 mg/kg
diazepam — a dose only 8 times the minimum effective
dose (unpublished data). There was a small reduction in
locomotor activity seen following withdrawal from SB-
243213. However, this was not related to dose or time
after discontinuation and, further, was not associated
with a reduction in time spent in social interaction which
may be expected with sedative effects. These results sug-
gest that in the clinic, selective 5-HT2C receptor blockade
may have an improved anxiolytic profile, compared to
benzodiazepines, as 5-HT2C receptor blockade may not
be associated with the development of tolerance and
withdrawal anxiogenesis.

5-HT neurones innervate both the dopamine cell bod-
ies in the substantia nigra pars compacta and the ventral
tegmental area, and their projection terminal fields in the
striatum, nucleus accumbens and frontal cortex (Azmitia
and Segal, 1978). Therefore, 5-HT mechanisms are well
placed to modulate dopaminergic processes. Recently
the advent of new antagonists with improved selectivity
for the subtypes of the 5-HT2 receptor have facilitated
research into the specific effects of 5-HT2C receptor
antagonism on ascending dopaminergic systems. Thus
Di Matteo et al. (1999) have shown that SB-242084 (100
fold selective for 5-HT2C over 5-HT2A and 5-HT2B

receptors) increases both phasic and tonic dopaminergic
neuronal firing and dopamine release in the mesolimbic
system. As a result of these studies, they suggested that
5-HT2C receptor antagonists may be useful antidepress-
ant drugs, as previous hypotheses have suggested that
increased dopamine transmission in the mesolimbic sys-
tem is responsible for the clinical effects of antidepress-
ants (Cervo and Samanin, 1988). Conversely, according
to the classical dopamine hypothesis of schizophrenia,
enhanced dopamine mechanisms in the mesolimbic axis
may produce or exacerbate psychosis as antagonism of
increased dopamine activity with typical neuroleptics is
thought to underlie their antipsychotic action
(Carlsson, 1978).

It has also been suggested that 5-HT2C receptor block-
ade may be pro-psychotic. Thus, Barton et al. (1999)
demonstrated a potentiation of phencyclidine-induced
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hyperactivity and dopamine efflux in the nucleus accum-
bens by the 5-HT2C/2B receptor antagonist SB-221284.
Conversely, in another study, the selective 5-HT2C recep-
tor antagonist SB-242084 did not potentiate MK-801
hyperactivity (O’Neill et al., 1999). However, as phency-
clidine is known to interact with cytochrome P450
enzymes (Owens et al., 1993) and as SB-221284 is a
potent inhibitor of cytochrome P450 (unpublished data),
a drug interaction at the level of this enzyme may
explain the results of Barton et al. (1999). Data from the
present studies indicate that 5-HT2C receptor antagonism
by SB-243213 does not potentiate stimulant-induced
hyperactivity since the only significant effect was seen
in one measure of MK-801-induced hyperactivity. This
is consistent with previous reports using the selective 5-
HT2C receptor antagonist SB-242084 which did not
potentiate MK-801 hyperactivity (O’Neill et al., 1999).
These studies therefore indicate that SB-243213 is
unlikely to exacerbate psychotic symptoms in man.

Serotonergic mechanisms are known to influence neu-
roleptic-induced catalepsy (Balsara et al., 1979) and 5-
HT2 receptor antagonism has been suggested to confer
a favourable side-effect profile to neuroleptics (Meltzer
et al., 1989). There is clinical evidence to support this
as the mixed 5-HT2A/2C receptor antagonist, mianserin,
has been shown to reduce neuroleptic-induced akathisia
(Poyurovsky and Weizman, 1997; Poyurovsky et al.,
1999) and possibly reduce psychosis and neuroleptic-
induced dysphoria (Poyurovsky et al., 1999). Other
workers have attempted to discover if 5-HT2 receptor
antagonists modulate catalepsy. Kalkman et al. (1998),
in a study with SB-200646, failed to show attenuation
of loxepine-induced catalepsy. However, SB-200646 has
only moderate affinity (pKi=6.9) and selectivity for the
5-HT2C receptor (Kennett et al., 1994). Bligh-Glover et
al. (1995) showed that ritanserin attenuated the catalepsy
induced by low doses (0.25-0.375 mg/kg) but not high
doses (0.75 mg/kg) of haloperidol. However, while ritan-
serin has a high affinity for 5-HT2C receptors (Reavill et
al., 1999), it is a non-selective compound, particularly
with respect to 5-HT2A receptors. The recent discovery
of high affinity and more selective 5-HT2 receptor antag-
onists has enabled further investigation of the role of
these receptors in catalepsy. The 5-HT2A receptor antag-
onist, MDL-100907 has 100 fold selectivity for the 5-
HT2A over the 5-HT2C receptor (5-HT2A Ki=0.85 nM; 5-
HT2C Ki=87 nM, Kehne et al., 1996), although other data
have shown little selectivity (Reavill et al., 1999). MDL-
100907 has been in clinical development for schizo-
phrenia, and has an “atypical” profile in preclinical tests
(Kehne et al., 1996). It has been shown, however, that
MDL-100907 failed to attenuate haloperidol-induced
catalepsy at doses that were active in blocking the 5-
HT2A receptor in the rat (Reavill et al., 1999) and, Kalk-
man et al. (1998), have shown that MDL-100151 (R-(±)-
α-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-

piperidinemethanol), the racemate of MDL-100907, is
cataleptogenic at a dose of 0.3 mg kg-1. This may suggest
that there is a critical window of 5-HT2C over 5-HT2A

selectivity which is necessary to cause reversal of halop-
eridol-induced catalepsy (Reavill et al., 1999). It is
notable that another selective 5-HT2C receptor antagon-
ist, SB-228357, had a pronounced anti-cataleptic profile
(Reavill et al., 1999). This compound has a high affinity
for the 5-HT2C receptor and is 100 and 10 fold selective
over the 5-HT2A and 5-HT2B receptor, respectively
(Reavill et al., 1999). Evidence has recently been pro-
vided that 5-HT2C receptor antagonism may produce a
favourable outcome in states of motor disturbance. Thus,
oro–facial dyskinesias elicited by stimulation of subthal-
amic 5-HT2C receptors is blocked by the 5-HT2C receptor
antagonist, SDZ SER 082 (Eberle-Wang et al., 1996),
and injection of the 5-HT2C receptor antagonist SB-
206553 (5-methyl-1-(3-pyridylcarbamoyl)-2,3-dihydrop-
yrrolo[2,3-f]indole), into the substantia nigra zona reticu-
lata produces an anti-parkinsonian effect in the rat (Fox
et al., 1998). Taken together, these data suggest that 5-
HT2C receptor antagonism may have positive effects in
treating neuroleptic-induced extrapyramidal side-effects
and other conditions.

In conclusion, SB-243213 is a selective 5-HT2C receptor
antagonist which has inverse agonist properties in recom-
binant systems. In vivo, it has a long duration of action
and is active in two pre-clinical models of anxiety with
different motivational basis, namely the social interaction
and Geller–Seifter models. SB-243213 has an improved
anxiolytic profile compared to benzodiazepines, suggest-
ing that 5-HT2C receptor blockade may be free from toler-
ance and dependence liabilities. There is no evidence for
an increase in weight gain or for pro-convulsant activity
associated with SB-243213 treatment, two properties asso-
ciated with 5-HT2C-receptor knock-out mice. There was
no evidence that SB-243213 had pro-psychotic effects, but
there is clear evidence that 5-HT2C receptor blockade may
modulate striatal dopaminergic neurones, which suggests
that a 5-HT2C receptor antagonist may be useful in the
treatment of motor disorders caused by altered dopami-
nergic function, including those induced by chronic neuro-
leptic treatment. Given that disinhibition of the mesolimbic
dopaminergic system may underlie the mechanism of
action of antidepressants (Cervo and Samanin, 1988) and
given the close association between depression and anxiety
disorders, selective 5-HT2C receptor antagonists may also
have therapeutic utility in depression (Kennett, 1993; Di
Matteo et al., 2000).

References

Abramowski, D., Rigo, M., Duc, D., Hoyer, D., Staufenbiel, M., 1995.
Localisation of the 5-hydroxytryptamine2C receptor protein in
human and rat brain using specific antisera. Neuropharmacology
34, 1635–1645.



198 M.D. Wood et al. / Neuropharmacology 41 (2001) 186–199

Andrews, N., File, S.E., Fernandes, C., Gonzalez, L.E., Barnes, N.M.,
1997. Evidence that the median raphe nucleus–dorsal hippocampal
pathway mediates diazepam withdrawal induced anxiety. Psycho-
pharmacology 130, 228–234.

Azmitia, E.C., Segal, M., 1978. An autoradiographic analysis of the
differential ascending projections of the dorsal and median raphe
nuclei in the rat. Journal of Comparative Neurology 179, 641–668.

Balsara, J.J., Jadhav, J.H., Chandokar, A.G., 1979. Effect of drugs
influencing central serotonergic mechanisms on haloperidol-
induced catalepsy. Psychopharmacology 62, 67–69.

Barton, C.L., Jay, M., Bristow, L.J., Hutson, P.H., 1999. Phencyclid-
ine-induced increase of nucleus accumbens dopamine efflux and
locomotor activity is enhanced by the 5-HT2C/2B receptor antagonist
SB 221284. British Journal of Pharmacology 128, 6P.

Bligh-Glover, W., Jaskiw, G.E., Vrtunski, B., Ubogy, D., Meltzer,
H.Y., 1995. 5-HT2 receptor antagonists can attenuate sub-maximal
haloperidol-induced catalepsy in rats. Schizophrenia Research 15,
153–154.

Bromidge, S.M., Dabbs, S., Davies, D.T., Davies, S., Duckworth, M.,
Forbes, I.T., Gaster, L.M., Ham, P., Jones, G.E., King, F.D., Mul-
holland, K.R., Saunders, D.V., Wyman, P.A., Blaney, F.E., Clarke,
S.E., Blackburn, T.P., Holland, V., Kennett, V., Lightowler, S.,
Middlemiss, D.N., Trail, B., Riley, G.J., Wood, M.D., 2000. Biaryl-
carbamoylindolines are novel and selective 5-HT2C receptor inverse
agonists: identification of 5-methyl-1-[[2-[(2-methyl-3-
pyridyl)oxy]- 5-pyridyl]carbamoyl]-6-trifluoromethylindoline (SB-
243213) as a potential antidepressant/anxiolytic agent. Journal of
Medicinal Chemistry 43, 1123–1134.

Canton, H., Verriele, L., Milan, M.J., 1994. Competitive antagonism of
serotonin (5-HT)2C and 5-HT2A receptor-mediated phosphoinositide
(PI) turnover by clozapine in the rat: a comparison to other antipsy-
chotics. Neuroscience Letters 181, 65–68.

Carlsson, A., 1978. Antipsychotic drugs, neurotransmitters and schizo-
phrenia. American Journal of Psychiatry 135, 164–173.

Cervo, L., Samanin, R., 1988. Repeated treatment with imipramine
and amitryptiline reduced the immobility of rats in the forced
swimming test by enhancing dopamine mechanisms in the nucleus
accumbens. Journal of Pharmacy and Pharmacology 40, 155–156.

Coldwell, M.C., Boyfield, I., Brown, A.M., Stemp, G., Middlemiss,
D.N., 1999. Pharmacological characterization of extracellular acidi-
fication rate responses in human D2(long), D3 and D4.4 receptors
expresses in Chinese hamster ovary cells. British Journal of Phar-
macology 127, 1135–1144.

Cussac, D., Newman-Trancredi, A., Nicolas, J.-P., Boutin, J.A., Mil-
lan, M.J., 2000. Antagonist properties of the novel antipsychotic,
S16924, at cloned, human serotonin 5-HT2C receptors: a parallel
phosphatidylinositol and calcium accumulation comparison with
clozapine and haloperidol. Naunyn-Schmeideberg’ s Archives of
Pharmacology 361, 549–554.

Di Matteo, V., Di Giovanni, G., Di Mascio, M., Esposito, E., 1999.
SB-242084, a selective serotonin2C receptor antagonist, increases
dopaminergic transmission in the mesolimbic system. Neuropharm-
acology 38, 1195–1205.

Di Matteo, V., Di Giovanni, G., Esposito, E., 2000. SB 242084: a
selective 5-HT2C receptor antagonist. CNS Drug Reviews 6,
192–205.

Eberle-Wang, K., Lucki, I., Chesselet, M.-F., 1996. A role for the sub-
thalamic nucleus in 5-HT2C-induced oral dyskinesia. Neuroscience
72, 117–128.

Fernandes, C., Arnot, M.I., Irvine, E.E., Bateson, A.N., Martin, I.L.,
File, S.E., 1999. The effect of treatment regimen on the develop-
ment of tolerance to the sedative and anxiolytic effects of
diazepam. Psychopharmacology 145, 251–259.

File, S.E., 1980. The use of social interaction as a method for detecting
anxiolytic activity of chlordiazepoxide-like drugs. Journal of Neu-
roscience Methods 2, 219–238.

Fox, S.H., Moser, B., Brotchie, J.M., 1998. Behavioural effects of 5-

HT2C receptor antagonism in the substantia nigra zona reticulata of
the 6-hydroxydopamine-lesioned rat model of Parkinson’s Disease.
Experimental Neurology 151, 35–49.

Glennon, R.A., Titeler, M., McKenney, J.D., 1984. Evidence for 5-
HT2 involvement in the mechanism of action of hallucinogenic
agents. Life Science 35, 2505–2511.

Hoyer, D., Clarke, D.E., Fozard, J.R., Hartig, P.R., Martin, G.R., Myle-
charane, E.J., Saxena, P.R., Humphrey, P.P.A., 1994. VII. Inter-
national Union of Pharmacology classification of receptors for 5-
hydroxytryptamine (serotonin). Pharmacological Reviews 46,
157–203.

Kahn, R.S., Wetzler, S., 1991. m-Chlorophenylpiperazine as a probe
of serotonin function. Biology and Psychiatry 30, 1139–1166.

Kalkman, H.O., Neumann, V., Nozulak, J., Tricklebank, M.D., 1998.
Cataleptogenic effect of subtype selective 5-HT receptor antagon-
ists in the rat. European Journal of Pharmacology 343, 201–207.

Kehne, J.H., Baron, B.M., Carr, A.A., Chaney, S.F., Elands, J., Feldman,
D.J., Frank, R.A., Van Giersbergen, P.L.M., McCloskey, T.C., John-
son, M.P., McCarty, D.R., Poirot, M., Senyah, Y., Siegel, B.W., Wid-
maier, C., 1996. Preclinical characterization of the potential of the
putative atypical antipsychotic MDL 100,907 as a potent 5-HT2A

antagonist with a favourable CNS safety profile. Journal of Pharma-
cology and Experimental Therapeutics 277, 968–981.

Kennett, G.A., 1993. 5-HT1C receptors and their therapeutic relevance.
Current Opinion Investigating Drugs 2, 317–362.

Kennett, G.A., Wood, M.D., Bright, F., Cilia, J., Piper, D.C., Gager,
T., Thomas, D.T., Baxter, G.S., Forbes, I.T., Ham, P., Blackburn,
T.P., 1996. In vitro and in vivo profile of SB-206553, a potent 5-
HT2C/2B receptor antagonist. British Journal of Pharmacology 117,
427–434.

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., Blackburn, T.P., 1997. SB
242084, a selective and brain penetrant 5-HT2C receptor antagonist.
Neuropharmacology 36, 609–620.

Kennett, G.A., Wood, M.D., Glen, A., Grewal, S., Forbes, I., Gadre,
A., Blackburn, T.P., 1994. In vivo properties of SB-200646A, a 5-
HT2C/2B receptor antagonist. British Journal of Pharmacology 111,
797–802.

Meltzer, H.Y., 1996. Preclinical pharmacology of atypical antipsy-
chotic drugs. British Journal of Psychiatry 168 (Suppl 29), 23–31.

Meltzer, H.Y., Matsubara, S., Lee, J.-C., 1989. Classification of typical
and atypical antipsychotic drugs on the basis of dopamine D-1, D-
2 and serotonin2 pKi values. Journal of Pharmacology and Experi-
mental Therapeutics 251, 238–246.

Moreau, J.-L., Bos, M., Jenck, F., Martin, J.R., Mortas, P., Wichmann,
J., 1966. 5-HT2C receptor agonists exhibit antidepressant-like
properties in the anhedonia model of depression. European Neurop-
sychopharmacology 6, 169–175.

O’Neill, M.F., Heron-Maxwell, C.L., Shaw, G., 1999. 5-HT2 receptor
antagonism reduces hyperactivity induced by amphetamine,
cocaine, and MK-801 but not D1 agonist C-APB. Pharmacology
Biochemistry and Behaviour 63, 237–243.

Owens, S.M., Gunnell, M., Laurenzana, E.M., Valentine, J.L., 1993.
Dose-dependent and time-dependent changes in phencyclidine
metabolite covalent binding in rats and the possible role of cyp2D1.
Journal of Pharmacology and Experimental Therapeutics 265,
1261–1266.

Pasqualetti, M., Ori, M., Castagna, M., Marazziti, D., Cassano, G.B.,
Nardi, I., 1999. Distribution and cellular localisation of the sero-
tonin type 2C receptor messenger RNA in human brain. Neurosci-
ence 92, 601–611.

Poyurovsky, M., Shardorodsky, M., Fuchs, C., Schneidman, M., Weiz-
man, A., 1999. Treatment of neuroleptic-induced akathisia with the
5-HT2 antagonist mianserin. British Journal of Psychiatry 174,
238–242.

Poyurovsky, M., Weizman, A., 1997. Serotonergic agents in the treat-



199M.D. Wood et al. / Neuropharmacology 41 (2001) 186–199

ment of acute neuroleptic-induced akathisia: open-label study of
buspirone and mianserin. International Clinical Psychopharmacol-
ogy 12, 263–268.

Reavill, C., Hatcher, J.P., Lewis, A.V., Sanger, G.J., Hagan, J., 1998.
5-HT4 receptor antagonism does not affect motor and reward mech-
anisms in the rat. European Journal of Pharmacology 357, 115–120.

Reavill, C., Kettle, A., Holland, V., Riley, G., Blackburn, T.P., 1999.
Attenuation of haloperidol-induced catalepsy by a 5-HT2C receptor
antagonist. British Journal of Pharmacology 126, 572–574.

Tecott, L., 1996. Behavioural correlates of 5-HT2C receptor gene inac-
tivation. Journal of Psychopharmacology 10 (suppl 3), 223.

Tecott, L.H., Sun, L.M., Akana, S.F., Strack, A.M., Dallman, M.F.,
Julius, D., 1995. Eating disorder and epilepsy in mice lacking 5-
HT2C serotonin receptors. Nature 374, 542–546.

Thomas, D.R., Gager, T.L., Holland, V., Brown, A.M., Wood, M.D.,
1996. m-Chlorophenylpiperazine is an antagonist at the cloned
human 5-HT2B receptor. Neuroreport 7, 1457–1460.

Wood, M.D., Thomas, D.R., Gager, T.L., Browne, M.J., Carey, J.E.,
Chambers, J.K., Gale, D.G., Hastwell, C., Muir, A.I., Pritchard,

T.R., Robinson, J.H., Wilson, S., Brown, A.M., 1997a. Pharmaco-
logical characterisation of the human 5-HT2B and 5-HT2C receptors
in functional studies. Pharmacology Reviews and Communications
9, 259–268.

Wood, M.D., Gager, T.L., Thomas, D.R., Holland, V.L., Brown, A.M.,
1997b. Antagonist affinity estimates from radioligand binding and
functional studies vary at the cloned human 5-HT2C receptor. In:
Teelken, A., Korf, J. (Eds.) Neurochemistry, Cellular, Molecular
and Clinical aspects. Plenum Press, New York, pp. 69–72.

Wood, M.D., Glen, A., Gager, T.L., Blackburn, T.P., Lee, J.A., Suti-
phong, J.A., Kumar, C., Carey, J.E., Robinson, J.H., 1995. Com-
parison of 3H-mesulergine binding to the cloned rat, mouse and
human 5 HT2C receptor and of 3H-ketanserin binding to the cloned
human 5-HT2A receptor. Pharmacology Reviews and Communi-
cations 5, 109–116.

Wright, D.E., Seroogy, K.B., Lundgren, K.H., Davis, B.M., Jennes, L.,
1995. Comparative localisation of serotonin1A, 1C and 2 receptor
subtype mRNAs in rat brain. Journal of Comparative Neurology
351, 357–373.


