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The role of 5-HT,;5 and 5-HT,c receptors
in the signal attenuation rat model
of obsessive—compulsive disorder
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Abstract

Serotonin 5-HT,5 and 5-HT,c receptors have been implicated in the pathophysiology of obsessive—
compulsive disorder (OCD) and in the mechanism mediating the anti-compulsive effects of serotonin
reuptake inhibitors. Yet it is currently unclear whether activation or blockade of these receptors would
have an anti-compulsive effect. The present study tested the effects of 5-HT,, and 5-HT,c activation and
blockade in the signal attenuation rat model of OCD. In this model, ‘compulsive” behaviour is induced by
attenuating a signal indicating that a lever-press response was effective in producing food. Experiments
1-4 revealed that systemic administration of the 5-HT,c antagonist RS 102221 (2 mg/kg) selectively de-
creases compulsive lever-pressing, whereas systemic administration of the 5-HT,, antagonist MDL 11,939
(0.2-5mg/kg) or of the 5-HT,4/5c agonist DOI (0.05-5 mg/kg) did not have a selective effect on this
behaviour. Experiments 5 and 6 found that systemic co-administration of DOI (0.5 mg/kg) with
MDL 11,939 (1 mg/kg) or with RS102221 (2 mg/kg) had a non-selective effect on lever-press responding,
with the former manipulation increasing and the latter manipulation decreasing lever-pressing. Finally,
experiment 7 demonstrated that administration of RS102221 directly into the orbitofrontal cortex
also exerts an anti-compulsive effect. The results of these experiments suggest that blockade of 5-HTxc
receptors may have an anti-compulsive effect in OCD patients, and that this effect may be mediated by
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5-HT,c receptors within the orbitofrontal cortex.
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Introduction

Obsessive-compulsive disorder (OCD) is a psychiatric
affliction with a lifetime prevalence of 2-3% (Sasson
and Zohar, 1996). According to DSM-IV criteria (APA,
1994), the essential features of OCD are recurrent,
intrusive and unwanted thoughts (obsessions) and/
or repetitive ritualistic behaviours (compulsions). To
date, the recommended pharmacotherapy for OCD is
treatment with serotonin re-uptake inhibitors (SRIs;
Dougherty et al.,, 2004). However, about 40-50% of
patients exhibit no or only partial response to SRI
therapy (Albert et al., 2002). Although some of these
patients benefit from pharmacological augmentation
treatment (for review see Albert et al., 2002) and
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cognitive-behavioural therapy (Miguel et al., 2003),
there is clearly a need for improved psychotherapeutic
drugs for OCD (Moreno et al., 2006). Because admin-
istration of SRIs leads to changes in serotonergic
neurotransmission, one strategy for the development
of new anti-compulsive drugs is to target directly
specific 5-HT receptors.

Two of the receptors which have been implicated
in the pathophysiology of OCD and in the mechanism
mediating the therapeutic effect of SRIs in this dis-
order are the 5-HT,5 and 5-HT,c receptors. However,
whether activation or blockade of these receptors
would have an anti-compulsive effect is currently
unclear. For example, while intoxication with psy-
chedelic drugs possessing potent 5-HT,a/2c agonist
activity has been reported to alleviate symptoms in
OCD patients (see Moreno et al., 2006 and references
within), there is evidence that activation of 5-HT,c
receptors (typically by administration of m-chloro-
phenylpiperazine; mCPP) can exacerbate obsessive
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compulsive symptoms (see Gross-Isseroff et al., 2004
and references within; although other studies have
failed to obtain this effect, see Khanna et al., 2001 and
references within).

A similar inconsistency regarding the role of 5-HT,5
and 5-HT,¢ receptors in compulsive behaviours exists
in the animal literature. For example, activation of
5-HT,c receptors has been shown to induce com-
pulsive behaviour in some animal models of OCD
(e.g. grooming and persistent alternation; Graf, 2006;
Tsaltas et al., 2005), but to decrease it in other models
(e.g. marble-burying and schedule-induced poly-
dipsia; Bos et al., 1997 ; Martin et al., 2002).

Studies aiming to elucidate the mechanism of
action of selective serotonin reuptake inhibitors
(SSRIs) have also yielded inconsistent conclusions
with regard to the role of 5-HT;s and 5-HT;c recep-
tors. Blier and colleagues assessed in rodents the
effects of chronic administration of SSRIs on 5-HT
release and on 5-HT receptors. On the basis of their
findings these authors have suggested that the thera-
peutic action of SSRIs in OCD is mediated by en-
hanced 5-HT release in the orbitofrontal cortex that
activates normosensitive post-synaptic 5-HT, re-
ceptors (for review see El Mansari and Blier, 2006).
Hence, these and other authors have suggested that
compounds possessing strong 5-HT,, (for review see
Carlsson, 2001) or 5-HT,c (Bos et al., 1997; Martin
et al., 2002; Moreno et al, 2006) agonism would
have a therapeutic effect in OCD. On the other hand,
several lines of evidence suggest that chronic treat-
ment with SSRIs leads to desensitization or down-
regulation of 5-HT,5 and 5-HT,c receptors in OCD
patients and in animals (for review see Van Oekelen
et al., 2003). These findings have led to the hypothesis
that 5-HT,4 and/or 5-HT,c receptor antagonists may
offer a potential therapeutic advance in OCD (Graeff
et al., 1996).

The present study tested the role of 5-HT;5 and
5-HT,c receptors in compulsive behaviour using
the signal attenuation rat model of OCD (for a recent
review of the model see Joel, 2006). In this model,
attenuation of a signal indicating that a lever-press
response was effective in producing food, leads, in a
subsequent extinction test, to excessive lever-pressing
that is not accompanied by an attempt to collect a
reward. This behaviour, which we have named ‘com-
pulsive’ lever-pressing because it may be analogous
to the excessive and unreasonable behaviour seen in
OCD, is abolished by the SSRIs fluoxetine, paroxetine
and fluvoxamine, but not by the anxiolytic drug, di-
azepam, or the tricyclic antidepressant, desipramine
(Joel and Avisar, 2001; Joel et al., 2004), in accordance

with the differential efficacy of these drugs in allevi-
ating obsessions and compulsions in OCD patients
(Zohar et al., 1992). Compulsive lever-pressing is also
sensitive to manipulations of the orbitofrontal cortex
(Joel et al., 2005a,b; Joel and Klavir, 2006), in line with
different lines of evidence implicating this cortical
region in the pathophysiology of OCD (for a recent
review see Friedlander and Desrocher, 2006).

Experiments 1-3 tested the effects of systemic ad-
ministration of the 5-HT,c antagonist RS 102221 and of
the 5-HT,o antagonist MDL11,939 on compulsive
lever-pressing. RS102221 is a selective 5-HT,¢ antag-
onist, i.e. it is 100-200 times more selective for the
5-HT,c receptor compared to other 5-HT, receptors
and binding sites, in both rats and primates (Acuna-
Castillo et al., 2002; Barnes and Sharp, 1999; Bonhaus
et al., 1997, 1998; Knight et al., 2004). MDL 11,939 is
a selective 5-HT,, antagonist, showing greater selec-
tivity for the 5-HT,a vs. the 5-HT,c and 5-HT;4 re-
ceptor subtypes and low or no affinity for non-5-HT,
receptors (Pehek et al., 2006; Sramek et al.,, 1995).
Because there are currently no well characterized
highly selective agonists for 5-HT,s and 5-HT,c
receptors (Baxter et al., 1995; Higgins and Fletcher,
2003; Knight et al., 2004), expts 4-6 tested the effects
of systemic administration of the 5-HT;a, 5c agonist
DOI as well as of combined administration of DOI
with either R$102221 or MDL 11,939 on compulsive
lever-pressing. Because the results of expts 1-6 have
shown that only the 5-HT,c antagonist RS 102221 had
a selective effect on rats’ compulsive lever-pressing,
and in view of data implicating the orbitofrontal cortex
in the pathophysiology of OCD (for a recent review
see Friedlander and Desrocher, 2006) and in the
mediation of the therapeutic effects of SSRIs (El
Mansari and Blier, 2006), expt 7 tested the effects of
intra-orbitofrontal injection of R$102221 on compul-
sive lever-pressing.

Methods
Subjects

Sprague-Dawley rats (Harlan; Jerusalem, Israel) ap-
proximately 3-5 months old, were housed 24 to a
cage under a reversed 12-h light-dark cycle (lights on
19:00 hours). Rats were maintained on a 22-h food
restriction schedule (see below), with water freely
available. They were weighed twice a week to ensure
that their body weight was not reduced to below 90 %.
All experimental protocols were carried out according
to the guidelines of the Institutional Animal Care and
Use Committee of Tel Aviv University.



Apparatus and behavioural procedure

Behavioural testing was conducted in four operant
chambers (Campden Instruments, Loughborough,
UK), housed in sound-attenuated boxes and equipped
with a 3W house light, a Sonalert module (Model
SC 628) that could produce a 80dB 2.8 kHz tone,
and two retractable levers on either side of a food
magazine (fitted with a 3 W magazine light), into
which 45mg Noyes precision food pellets (Noyes,
Sandown Chemical Limited, Hampton, UK) could be
delivered. Access to the food magazine was through
a hinged panel, the opening of which activated a
micro-switch. Equipment programming and data
recording were computer controlled.

Prior to the beginning of the experiment, rats were
handled for about 2 min daily for 5d. A 22-h food
restriction schedule began simultaneously with hand-
ling and continued throughout behavioural testing.
Food was provided in the home cage at least half an
hour after the end of the session. On the last 3 d, after
handling, 20-30 food pellets used as reinforcement
for operant training were introduced into the home
cages on a tray. The tray was removed from the cage
after each rat was observed to consume at least two
pellets.

Post-training signal attenuation (PTSA)

The PTSA procedure included four stages (in expt 7,
surgery for cannulae implantation was conducted
within the second stage).

Stage 1: Magazine training

On days 1-3, rats were trained to collect food pellets
from the food magazine in the operant chamber, with
the levers retracted. On each trial, a single food pellet
was dropped into the food magazine, simultaneous
with the onset of a compound stimulus consisting
of the magazine light and the tone. The compound
stimulus was turned off after the rat’s head entered the
food magazine or after 15s had elapsed, and a 30s
inter-trial interval began. On each day, each rat was
trained until it completed 30 trials in which it inserted
its head into the food magazine during stimulus
presentation (collected trials), or until a total of 40
trials was reached. The number of collected trials and
the total number of trials were recorded.

Stage 2: Lever-press training

On day 4, rats received a session of pre-training using
a free-operant schedule. The house light was on and
one lever was present in the operant box throughout
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the entire session. Responding on this lever (re-
inforced lever, RL) resulted in the delivery of a single
food pellet into the magazine, accompanied by
the presentation of the compound stimulus (magazine
light and tone). The stimulus was turned off after the
rat’s head entered the food magazine or after 15s
from the rat’s first lever-press had elapsed. The lever
designated as RL was counterbalanced over subjects
and remained the same for each rat over the entire
experimental procedure. Each rat was trained until it
completed 30 trials, i.e. pressed the lever and inserted
its head into the food magazine during stimulus
presentation. Rats that failed to attain 30 completed
trials within 30 min, were returned to the test chamber
at the end of the day for an additional session. On days
5-7 (days 5-6 in expt 7), rats were trained to lever-
press in a discrete-trial procedure. On each trial, both
levers were inserted into the chamber. Responding
on the RL resulted in the delivery of a single food
pellet into the magazine, accompanied by the pres-
entation of the compound stimulus. The levers were
retracted and the compound stimulus was turned off,
after the rat’s head entered the food magazine or
after 10 s from the rat’s first lever-press had elapsed.
Further lever-presses on the RL as well as responding
on the other lever (non-reinforced lever, NRL) had
no programmed consequences. Each trial was fol-
lowed by a 30s inter-trial interval. Each rat was
trained until it completed 40 trials, i.e. pressed the
lever and inserted its head into the food magazine
during stimulus presentation, or for a total of 60 trials.
Rats were randomly assigned to the different exper-
imental groups at the end of this stage.

In order to assess acquisition of the lever-press
response, the number of trials on which the rat did
not press the RL (unpressed trials) and the number
of trials on which the rat pressed the RL without in-
serting its head into the food magazine (uncompleted
trials) were recorded in addition to the number of
completed trials. In order to assess the rats’ tendency
for excessive lever-pressing, the number of lever-
presses on the NRL and the number of lever-presses
on the RL after the first response (extra lever-presses,
ELP) were recorded. The latter measure was further
subdivided into ELP in uncompleted trials (that is,
ELP not followed by insertion of the head into the
food magazine; ELP-U), and ELP in completed trials
(ELP-C).

In expt 7, following the two sessions of lever-press
training (on days 5 and 6), rats underwent surgery for
cannulae implantation (see below). Following at least
7 recovery days with food and water available ad
libitum, rats were returned to the 22-h food restriction
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schedule, and 3 d later were given two additional
sessions of lever-press training (one session per day),
identical to the sessions given pre-surgery.

Stage 3: Signal attenuation

On the following 3 d, with the levers retracted, rats
were exposed to the presentation of the compound
stimulus as on days 1-3, but no food was delivered to
the food magazine. Rats received 30 such trials on each
day, and the number of collected trials was recorded.
Rats that had more than 13 collected trials on the last
day of signal attenuation were returned to the test
chamber at the end of the day for an additional
session.

Stage 4 : Test

On the following day, rats were trained as in the lever-
press training stage, except that no food was delivered
to the food magazine, i.e. pressing the lever resulted
in the presentation of the compound stimulus only.
The session lasted for 50 trials. The behavioural
measures recorded were the same as in the lever-
press training stage. Compulsive lever-pressing is
operationally defined as the number of ELP-U in the
test stage of the PTSA procedure.

Regular extinction

Rats were run exactly as in the PTSA procedure,
with the exception that they did not undergo the
signal attenuation stage. Instead, on these days, rats
were brought to the laboratory and left in their home
cages for a period equivalent to the average duration
of the signal attenuation stage.

Systemic drug administration

In order to systematically assess the effects of
RS102221 hydrochloride (8-[5-(2,4-dimethoxy-5-(4-
trifluoromethylphenylsulphonamido) =~ phenyl-5-oxo-
pentyl]-1,3,8-triazaspiro[4,5]decane-2,4-dione hydro-
chloride); MDL 11,939 [a-phenyl-1-(2-phenylethyl)-
4-piperidinemethanol] and DOI hydrochloride [(+)-
1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane hy-
drochloride] on compulsive lever-pressing, the effects
of each drug in the PTSA procedure were assessed
using several doses, ranging from low doses that
had no effect on behaviour, to high doses that almost
abolished lever-press responding. Doses were sel-
ected on the basis of previous studies that tested the
behavioural effects of these drugs (e.g. RS102221:
Conductier et al., 2005; Popova and Amstislavskaya,
2002; MDL11,939: Goudreau et al.,, 1993; Mechan

et al., 2002; Schmidt et al., 1991; DOI: Hawkins et al.,
2002, Koskinen et al., 2000). Because in the PTSA pro-
cedure the effects of signal attenuation are assessed
under extinction conditions, when a drug was found
to exert an anti-compulsive effect in the PTSA pro-
cedure, a subsequent experiment tested the effects of
this drug also in a control procedure (‘regular extinc-
tion”) that is identical to the PTSA procedure but does
not include a signal attenuation stage (this exper-
imental design enables a differentiation between the
drug’s effects on the behavioural response to signal
attenuation and on extinction per se, for a detailed
discussion of the use of such a design see Joel, 2006).

Drugs were systemically administered i.p. in a
volume of Iml/kg (DOI) or 2ml/kg (RS102221,
MDL11,939), 15min (DOI) or 30min (RS102221,
MDL 11,939) before the beginning of the test stage.
DOI (Sigma, Rehovot, Israel) was dissolved in saline
with a few drops of Tween-80 to a dose of 0.05, 0.1, 0.2,
0.5, 1.5 and 5.0 mg/kg. RS102221 (Tocris, St Louis,
MO, USA) was suspended in 90 % distilled water with
10% Tween-80 to a dose of 0.5, 2.0 and 4.0 mg/kg.
MDL 11,939 (Tocris) was dissolved in 5% acetic acid
(1 m) and adjusted to pH 6.4-6.7 using NaOH and
saline to a dose of 0.2, 1.0 and 5.0 mg/kg. No-drug
controls received an equivalent volume of the corre-
sponding vehicle.

Surgery (expt 7)

Rats received 3 mg diazepam, and 20 min later were
anaesthetized with i.p. injection of avertin (10 ml/kg).
Cannulae implantation: bilateral 26-gauge, stainless-
steel, guide cannulae (Bilaney, Diisseldorf, Germany),
were implanted at the following coordinates (Paxinos
and Watson, 1998): 3.7 mm anterior to bregma,
2.4 mm lateral to the midline, and 3.3 mm ventral to
dura. Removable stylets were placed in the guide
cannulae and held in place with a screw-on dust cap.

Microinjection (expt 7)

Thirty minutes before the test, intracerebral micro-
injections were made bilaterally using a dual-syringe
infusion pump (CMA/100 microinjection pump;
Medecin AB, Solna Sweden). Rats were lightly sedated
with halothane, the stylets were removed, and the in-
jection needles (30-gauge) were inserted into the guide
cannulae to protrude 1 mm below their tips. RS102221
(0.5 ul) (dissolved in HCl, pH adjusted to 6-7 using
NaOH and saline, to a concentration of 0.3 ug/ul) were
slowly delivered at a constant rate over 60s. One
minute following the injection, the needles were
slowly removed and replaced by the stylet. Control



rats received an equivalent volume of vehicle at
pH 6-7. The volume and concentration of RS102221
were selected on the basis of reports in the literature
(Ramos et al., 2005).

Histology (expt 7)

One to three weeks after the completion of behavioural
testing, all rats were overdosed with avertin (30 ml/
kg, i.p.) and perfused intracardially with phosphate-
buffered saline followed by 10% buffered formalin.
The brains were removed and placed in 10% buffered
formalin for at least 24 h, followed by 20% sucrose
solution. The brains were sectioned in the coronal
plane at 50 um thickness and stained with Thionin
Blue.

Statistical analysis

The number of ELP-C and ELP-U of rats under-
going the test stage was analysed using analyses
of variance (ANOVAs) with the following factors:
in experiments testing the effects of several drug
doses in the PTSA procedure (expts 1, 3 and 4)-a
main factor of dose. In experiments testing the effects
of a single drug dose in the PTSA and regular ex-
tinction procedures (expts 2 and 7)-main factors
of procedure (PTSA/regular extinction) and drug
(RS102221/vehicle). In experiments testing the effects
of two different drugs in the PTSA procedure
(expts 5 and 6) — main factors of drug A (e.g. DOI/
vehicle) and drug B (e.g. R5102221/vehicle). Sig-
nificant main effects and/or interactions were fol-
lowed by post-hoc least significant difference (LSD)
comparisons.

Although drugs were administered only prior to the
test stage, the rats’ performance on the lever-press
training and signal attenuation stages was also ana-
lysed, to ensure that differences in performance at the
test stage were not a result of an earlier difference. For
the former, the number of ELP-C on the last day of
lever-press training was analysed (the variability of
the other variables was too low to enable statistical
analysis, as all rats achieved 40 completed trials
with almost no uncompleted and unpressed trials).
Performance on the signal attenuation stage was
analysed using a mixed ANOVA performed on the
number of completed trials on the three sessions of
the signal attenuation stage.

Results

Table 1 presents the number of rats allocated to
each experiment, the number of rats that were
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excluded from each experiment, the doses used
(where relevant), and the final number of rats in
each group.

Expt 1: The effects of systemic administration
of 0.5, 2.0 and 4.0 mgl/kg of the 5-HT,c antagonist
RS 102221 in the PTSA procedure

There were no differences between the groups at
the lever-press training and signal attenuation stages
(data not shown). Figure 1(a, b) presents the mean
number of extra lever-presses that were followed by
magazine entry (ELP-C) and that were not followed
by magazine entry (ELP-U), respectively, in RS 102221
and vehicle-treated rats undergoing the test stage of
the PTSA procedure. As can be seen, RS102221 did
not affect the number of ELP-C, although the highest
dose tested (4 mg/kg) tended to decrease this measure
[Figure 1la, ANOVA: dose, F(3,55)=1.26, p=0.296],
whereas both 2 and 4 mg/kg RS102221 decreased
the number of ELP-U [Figure 1b, ANOVA: dose,
F(3,55)=4.76, p<0.01; see the Figure for the results of
post-hoc LSD comparisons].

Expt 2: The effects of systemic administration of
2.0 mglkg of the 5-HTyc antagonist RS 102221 in the
PTSA and regular extinction procedures

Of the three doses of RS 102221 that were tested in expt
1, only the intermediate dose (2 mg/kg) exerted a
selective anti-compulsive effect (i.e. a reduction in the
number of ELP-U, but not in the number of ELP-C),
whereas the lowest dose (0.5 mg/kg) had no effect,
and the highest dose (4.0 mg/kg) decreased compul-
sive lever-pressing and in addition tended to decrease
the number of ELP-C. Expt 2 therefore assessed the
effects of 2 mg/kg RS102221 in the PTSA and regular
extinction procedures.

There were no differences between the groups at
the lever-press training and signal attenuation stages
(data not shown). Figure (lc, d) presents the mean
number of ELP-C and ELP-U, respectively, in
RS102221 and vehicle-treated rats undergoing the
test stage of the PTSA or regular extinction pro-
cedures. As has previously been reported (Joel, 2006)
rats undergoing regular extinction exhibited a higher
number of ELP-C compared with rats undergoing
PTSA. In both procedures, however, RS102221 had
no effect on the number of ELP-C [Figure 1c, ANOVA:
procedure, F(1,34)=13.28, p<0.001; drug, F(1,34)=
0.29, p=0.592; procedure x drug interaction, F(1,34) =
2.49, p=0.124]. In contrast, R5102221 significantly
decreased the number of ELP-U in the PTSA pro-
cedure, without affecting the number of ELP-U in



Table 1. Summary of experiments

No. of rats Final no.
Expt Drug Injection Procedure in expt No. of rats excluded Dose (mg/kg) per group
1 RS 102221 Systemic SA 74 4, statistical Vehicle 24
5, acquisition failure 0.5 9
4, computer failure 2.0 17
2, illness 4.0 9
2 RS 102221 Systemic SA xRE 48 2, statistical SA, Vehicle 10
3, acquisition failure SA, RS102221 9
4, computer failure RE, Vehicle 10
1, illness RE, RS 102221 9
3 MDL 11,939 Systemic SA 54 3, statistical Vehicle 12
3, acquisition failure 0.2 10
1, computer failure 1.0 12
5.0 13
4 DOI Systemic SA 99 7, statistical Vehicle 21
1, acquisition failure 0.05 13
6, computer failure 0.1 15
1, injection failure 0.2 9
1, illness 0.5 12
1.5 7
5.0 6
5 DOI and RS 102221 Systemic SA 92 4, statistical DOI, RS 102221 21
1, acquisition failure DOI, RS 102221 vehicle, 22
3, computer failure DOI vehicle, RS 102221 19
1, injection failure DOI vehicle, RS 102221 vehicle 19
2, illness
6 DOI and MDL 11,939 Systemic SA 89 6, statistical DOI, 0.2 mg/kg MDL 11,939 11
5, acquisition failure DO, 1.0 mg/kg MDL 11,939 8
5, computer failure DOI, MDL 11,939 vehicle 12
2, injection failurex DOI vehicle, 0.2 mg/kg MDL 11,939 13
3, illness DOI vehicle, 1.0 mg/kg MDL 11,939 13
DOI vehicle, MDL 11,939 vehicle 11
7 RS 102221 Intra-orbital SA xRE 71 4, statistical SA, Vehicle 13
6, computer failure SA, RS102221 11
RE, Vehicle 11
RE, RS102221 11

SA, Post-training signal attenuation; RE, regular extinction.

Acquisition failure: rats were excluded if they did not acquire lever-press responding.
Statistical: rats were excluded if their score on at least one variable was more than 4 s.0. above their group mean.
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Figure 1. Effects of systemic administration of RS 102221 in
the post-training signal attenuation (PTSA) and regular
extinction (RE) procedures. Mean and standard error of

the mean number of extra lever-presses (a, c) that were
followed by magazine entry (ELP-C) and (b, d) that were
not followed by magazine entry (ELP-U) of (a, b) rats treated
with vehicle, 0.5, 2 or 4 mg/kg RS 102221 on the test day

of the PTSA procedure (expt 1), and (c, d) of rats treated
with 2 mg/kg RS 102221 on the test day of the PTSA and the
RE procedures (expt 2). * Significantly different from the
vehicle group.

regular extinction [Figure 1d, ANOVA: procedure,
F(1,34)=1.81, p=0.187; drug, F(1,34)=9.46, p <0.005;
procedure x drug interaction, F(1,34)=5.24, p<0.05;
see the Figure for the results of post-hoc LSD com-
parisons].

Expt 3: The effects of 0.2, 1.0 and 5.0 mglkg
of the 5-HT,, antagonist MDL 11,939 in the PTSA
procedure

There were no differences between the groups at the
lever-press training and signal attenuation stages (data
not shown). Figure 2(a, b) presents the mean number of
ELP-C and ELP-U, respectively, in MDL 11,939 and
vehicle treated rats undergoing the test stage of the
PTSA procedure. As can be seen, at the highest doses
tested, MDL 11,939 tended to reduce the number of
ELP-C [Figure 2a; dose, F(3,43) =3.35, p <0.05, none of
the post-hoc LSD comparisons revealed a significant
difference from the vehicle group]. MDL 11,939 had no
effect on the number of ELP-U [Figure 2b; dose,
F(3,43)=1.81, p=1.60].

The finding that MDL 11,939 tended to decrease
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MDL 11,939 in the PTSA procedure
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Figure 2. Effects of systemic administration of MDL 11,939
and DOI in the post-training signal attenuation (PTSA)
procedure. Mean and standard error of the mean number of
extra lever-presses (a, c) that were followed by magazine
entry (ELP-C) and (b, d) that were not followed by magazine
entry (ELP-U) of (a, b) rats treated with vehicle, 0.2, 1.0 or
5.0 mg/kg MDL 11,939 on the test day of the PTSA
procedures (expt 3), and (c, d) of rats treated with vehicle,
0.05, 0.1, 0.2, 0.5, 1.5 or 5.0 mg/kg DOI on the test day of the
PTSA procedure (expt 4). * Significantly different from the
vehicle group.

the number of ELP-C at doses that did not affect the
number of ELP-U, suggests that this drug does not
exert an anti-compulsive effect in the signal attenu-
ation model. The effects of MDL 11,939 in regular
extinction were therefore not assessed.

Expt 4: The effects of 0.05, 0.1, 0.2, 0.5, 1.5 and
5.0 mglkg of the 5-HT4/5c agonist DOI in the PTSA
procedure

There were no differences between the groups at the
lever-press training and signal attenuation stages (data
not shown). Figure 2(c, d) presents the mean number
of ELP-C and ELP-U, respectively, in DOI and vehicle
treated rats undergoing the test stage of the PTSA
procedure. As can be seen, only the highest DOI doses
tested decreased the number of ELP-C [Figure 2c;
dose, F(6,76)=4.19, p<0.01, see the figure for the re-
sults of post-hoc LSD comparisons] and of ELP-U
[Figure 2d; dose, F(6,76)=3.86, p <0.01, see the figure
for the results of post-hoc LSD comparisons].

Because of the DOI doses that did not completely
abolish lever-press responding, none exerted a selec-
tive decrease in the number of ELP-U, no further
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evaluation of DOI in the regular extinction procedure
was performed.

Expt 5: The effects of co-administration of the
5-HT4/5c agonist DOI and the 5-HT ., antagonist
MDL 11,939 in the PTSA procedure

In order to test the effects of activation of 5-HT,c
receptors in the absence of 5-HT,4 receptor activation,
expt 5 tested the effects of co-administration of the
5-HT,a/2c agonist DOI and the 5-HT,s antagonist
MDL 11,939 in the PTSA procedure. The DOI dose
used in this experiment was chosen based on the
following considerations — DOI has been shown to
possess high affinity at both 5-HT,4 and 5-HT,c re-
ceptors in rodents and humans (Aloyo et al., 2001;
Baxter et al., 1995; Glennon et al., 1992; Porter et al.,
1999; Rojas-Corrales et al., 2007), and was found to
induce both 5-HT,4- and 5-HT,c-mediated behaviours
(Dave et al., 2002; Ouagazzal et al., 2001; Rojas-
Corrales et al., 2007 and references within). However,
several studies suggest that DOI holds higher selec-
tivity at 5-HT,a receptors (see Ripoll et al., 2006 and
references within, but see Acuna-Castillo et al., 2002,
for the opposite finding), and therefore that higher
doses of DOI are needed to induce 5-HT,c-mediated
behaviours compared to 5-HT,5-mediated behaviours
(Dave et al., 2002; Nic Dhonnchadha et al., 2003a;
Ripoll et al.,, 2006). We therefore chose to use the
highest DOI dose tested that did not exert a general
decrease in lever-press responding (i.e. 0.5 mg/kg).
The MDL 11,939 doses used in this experiment were
0.2 and 1.0mg/kg. Thus, expt 5 used a complete
factorial design with main factors of DOI (vehicle,
0.5 mg/kg DOI) and MDL 11,939 (vehicle, 0.2, 1.0 mg/
kg MDL 11,939).

There were no differences between the groups
at the lever-press training and signal attenuation
stages (data not shown). Figure 3(a, b) presents the
mean number of ELP-C and ELP-U, respectively,
in the six groups on the test stage of the PTSA pro-
cedure. As found in expts 3 and 4, administration
of MDL11,939 and of DOI did not significantly
affect either ELP-C or ELP-U. Co-administration of
0.5 mg/kg DOI and 0.2 mg/kg MDL 11,939 was also
without an effect on these measures. However, co-
administration of 0.5mg/kg DOI and 1.0 mg/kg
MDL 11,939 increased the number of both ELP-C and
ELP-U [ELP-C: Figure 3a, ANOVA: DOI, F(1,62)=
471, p<0.05; MDL11,939, F(2,62)=1.84, p=0.16;
DOI x MDL 11,939 interaction, F(2,62)=5.09, p <0.01.
ELP-U: Figure 3b, ANOVA: DOI, F(1,62)=0.69,
p=0.40; MDL 11,939, F(2,62)=0.83, p=0.44; DOI x
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Figure 3. Effects of systemic co-administration of DOI with
either MDL 11,939 or RS 102221 in the post-training signal
attenuation (PTSA) procedure. Mean and standard error of
the mean number of extra lever-presses (a, c) that were
followed by magazine entry (ELP-C) and (b, d) that were not
followed by magazine entry (ELP-U) of (a, b) rats treated
with DOI+ VEHwypr, VEHpor +0.2 mg/kg MDL 11,939,
VEHpe;+ 1.0 mg/kg MDL 11,939, DOI+0.2 mg/kg

MDL 11,939, DOI + 1.0 mg/kg MDL 11,939 and

VEHpoi+ VEHMpr, on the test day of the PTSA procedure
(expt 5), and (c, d) of rats treated with DOI+ VEHgs,
VEHpor+ RS 102221, DOI+ RS 102221 or VEHpop + VEHRs on
the test day of the PTSA procedure (expt 6). * Significantly
different from the vehicle group.

MDL 11,939 interaction, F(2,62)=4.12, p<0.05; see
the figure for results of post-hoc LSD comparisons].

Expt 6: The effects of co-administration of the
5-HT55c agonist DOI and the 5-HT;, antagonist
RS 102221 in the PTSA procedure

In order to test the effects of 5-HT,4 receptor activation
in the absence of 5-HT,c receptor activation, expt 6
tested the effects of co-administration of the 5-HT;4 /2c
agonist DOI and the 5-HT,c antagonist RS102221 in
the PTSA procedure. The same DOI dose (0.5 mg/kg)
used in expt 5 was chosen for the present experiment.
On the basis of the results of expts 1 and 2, the
RS102221 dose chosen was the dose (2.0 mg/kg) that
was found to exert an anti-compulsive effect. Thus,
expt 6 used a complete factorial design with main



factors of DOI (vehicle, 0.5 mg/kg DOI) and RS 102221
(vehicle, 2.0 mg/kg RS102221).

There were no differences between the groups at
the lever-press training and signal attenuation stages
(data not shown). Figure 3(c, d) presents the mean
number of ELP-C and ELP-U, respectively, in the
four groups on the test stage of the PTSA procedure.
Similarly to the results obtained in expts 1 and 4, DOI
did not affect the rats’ behaviour whereas RS 102221
decreased the number of ELP-U (although this effect
failed to reach statistical significance) but not of
ELP-C. Interestingly, co-administration of DOI and
RS102221 significantly decreased the number of
both measures [ELP-C: Figure 3c, DOI, F(1,77)=9.62,
p<0.01; RS102221, F(1,77)=4.73, p<0.05; DOI x
RS102221 interaction, F(1,77)=0.69, p=0.41. ELP-U:
Figure 3d, DOI, F(1,77)=3.69, p=0.06; RS102221,
F(1,77)=14.5, p<0.001; DOI x RS102221 interaction,
F(1,77)=1.64, p=0.20; see figure for the results of
post-hoc LSD comparisons].

Expt 7: The effects of intra-orbitofrontal infusion
of the 5-HT,c antagonist RS 102221 in the PTSA
and regular extinction procedures

On the basis of the results of expts 1-6, showing that
only the 5-HT,c antagonist R5102221 had a selective
effect on the rats’ compulsive lever-pressing, and in
view of data implicating the orbitofrontal cortex in the
pathophysiology of OCD (for a recent review see
Friedlander and Desrocher, 2006) and in the mediation
of the therapeutic effects of SSRIs (El Mansari and
Blier, 2006), expt 7 tested the effects of intra-orbito-
frontal injection of R5102221 to rats undergoing the
PTSA or regular extinction procedures.

Anatomical

Figure 4a presents a photomicrograph of a coronal
section taken from a representative rat. The only
visible damage seen in this rat was the cannulae
tracks towards the target areas. Figure 4b presents a
schematic reconstruction of cannulae placement in
the orbitofrontal cortex of all rats. In all animals,
cannulae tips were located within the lateral and
dorsolateral orbitofrontal cortex.

Behavioural

There were no differences between the groups at
the lever-press training and signal attenuation stages
(data not shown). Figure 4(c, d) presents the mean
number of ELP-C and ELP-U, respectively, in vehicle-
and RS102221-infused rats undergoing the test stage
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of the PTSA or regular extinction procedures. As
found in expt 2, rats undergoing regular extinction
exhibited a higher number of ELP-C compared with
rats undergoing PTSA, and RS102221 failed to affect
this type of excessive lever-pressing [Figure 4c,
ANOVA: procedure, F(1,42)=5.78, p<0.05; drug,
F(1,42)=1.31, p=0.259; procedure x drug interaction,
F(1,42)=0.14, p=0.711]. In contrast, R5102221 sig-
nificantly decreased the number of ELP-U in the PTSA
procedure, and tended to increase the number of
ELP-U in regular extinction [Figure 4d, ANOVA:
procedure, F(1,42)=0.16, p=0.688; drug, F(1,42)=
0.54, p=0.465; procedure x drug interaction, F(1,42)=
6.69, p <0.05, see figure for LSD post-hoc comparison].

Discussion

The present study tested the role of 5-HT,n and
5-HT,c receptors in compulsive behaviour, as assessed
in the signal attenuation rat model of OCD. Systemic
administration of the 5-HT,c antagonist RS102221
(0.5,2 and 4 mg/kg) prior to the test stage of the PTSA
procedure, resulted in dose-dependent effects on rats’
lever-press responding. Specifically, the lowest dose
tested (0.5 mg/kg) had no effect on lever-press re-
sponding, the intermediate dose (2 mg/kg) decreased
the number of excessive lever-presses that were not
followed by magazine entry (i.e. ELP-U) while having
no effect on the number of excessive lever-presses
that were followed by magazine entry (ie. ELP-C),
and the highest dose (4 mg/kg) decreased both types
of excessive lever-presses (expt 1). The finding that
in the PTSA procedure, 2 mg/kg RS5102221 decreased
ELP-U without affecting ELP-C was replicated in expt
2. Expt 2 further revealed that when given prior to
an extinction test that was not preceded by signal
attenuation (i.e. in regular extinction), 2mg/kg
RS 102221 did not affect either ELP-C or ELP-U.
Taken together, these results show that at 2 mg/kg,
RS102221 selectively decreases compulsive lever-
pressing (ie. signal attenuation-induced ELP-U).
Although 5-HT,c receptors have been implicated in
the control of locomotion (e.g. Grottick et al., 2000;
Takahashi et al., 2001) and feeding (for review see
Bickerdike, 2003 ; Giorgetti and Tecott, 2004), the anti-
compulsive effect of RS102221 seen here cannot be
attributed to non-specific effects on lever-press re-
sponding because at 2 mg/kg the drug did not affect
either ELP-U in regular extinction or ELP-C in both
procedures. Moreover, the anti-compulsive effect of
RS 102221 cannot be attributed to a non-selective effect
on the rats’ tendency to enter the magazine, because
the drug did not affect the number of nose-pokes in
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Figure 4. Effects of intra-orbital administration of RS 102221 in the post-training signal attenuation (PTSA) and regular extinction
(RE) procedures. (a) A photomicrograph of a coronal section taken from a representative rat that sustained intra-orbitofrontal
injection of RS102221. (b) A schematic reconstruction of cannulae placement in the orbitofrontal cortex of rats treated with

RS 102221. (¢, d) Mean and standard error of the mean number

of extra lever-presses (c) that were followed by magazine entry

(ELP-C) and (d) that were not followed by magazine entry (ELP-U) of rats that received an intra-orbitofrontal injection of
RS 102221 (@) or vehicle ([J) on the test day of the PTSA and the RE procedures (expt 7). * Significantly different from the vehicle

group.

either the PTSA or regular extinction procedures (data
not shown, p values >0.45). Finally, because RS 102221
did not affect the rats’ responding on the regular
extinction procedure it is unlikely that the drug
disrupted the conditioned reinforcing properties of
the compound stimulus, because one of the hallmarks
of a conditioned reinforcer is its ability to support
responding in extinction (Mackintosh, 1974).

RS 102221 exerted a selective anti-compulsive effect
also when administered into the orbitofrontal cortex
(expt 7). Specifically, intra-orbitofrontal RS102221
decreased ELP-U in rats undergoing PTSA, while
having no effect on the number of ELP-C in these
rats or on the number of ELP-C and ELP-U in rats
undergoing regular extinction. The selectivity of the

effect suggests that also in the case of intra-orbitofrontal
administration, the anti-compulsive effect of RS 102221
cannot be attributed to non-specific effects on lever-
press responding or on nose-poking, or to a disruption
of the conditioned reinforcing properties of the com-
pound stimulus.

There are relatively few studies which examined
the behavioural effects of serotonergic manipulations
of the orbitofrontal cortex. Of these, the ones which
seem most relevant in the present context are the
studies of Roberts and colleagues in marmosets on
the effects of orbitofrontal 5-HT depletion on the
flexible control of behaviour (Clarke et al., 2004, 2005,
2007; Walker et al., 2006). These studies found that
orbitofrontal 5-HT depletion resulted in perseverative



responding in both a detour-reaching and a discrimi-
nation reversal task (Clarke et al., 2004, 2005, 2007;
Walker et al.,, 2006). This perseverative responding
was suggested to be due to a failure to inhibit a con-
ditioned stimulus (CS)-elicited Pavlovian approach
response (Clarke et al., 2007 ; Walker et al., 2006) and to
be related to compulsive responding (Clarke et al.,
2007; Walker et al., 2006). In contrast, the present
study found that RS102221 decreased compulsive
responding, as defined in the signal attenuation
model. Furthermore, RS102221 had no effect on the
number of nose-pokes (the CS-elicited Pavlovian
approach response) in both the PTSA and regular
extinction procedures (data not shown, p=0.80),
suggesting that a failure to inhibit a CS-elicited
Pavlovian approach response cannot account for de-
creased compulsivity following blockade of orbito-
frontal 5-HT,c receptors. These differences may be
attributed to the fact that the effects of blockade of a
specific 5-HT receptor type within the orbitofrontal
cortex may be different from the effects of 5-HT de-
pletion from this cortical area.

In contrast to the anti-compulsive effect of
RS 102221, systemic administration of the 5-HT,s an-
tagonist MDL 11,939 and of the 5-HT,a,sc agonist
DOI prior to the test stage of the PTSA procedure did
not affect compulsive lever-pressing. More specifi-
cally, MDL 11,939 tended to decrease the number of
ELP-C at doses that did not affect the number of
ELP-U (expt 3), and DOI either did not effect (at low
doses) or almost completely suppressed (at high
doses) the two types of excessive lever-presses (expt
4). The present findings are in line with previous re-
ports that MDL 11,939 and other 5-HT,, antagonists
suppress rats’ motor activity in several behavioural
procedures (Kehne et al., 1991; Nic Dhonnchadha
et al, 2003a,b; but see Herin et al., 2005; Higgins
et al., 2003, who did not find this effect), and that
DOI decreases motor activity (Dave et al., 2002; Nic
Dhonnchadha et al., 2003a; Ripoll et al., 2006), in-
cluding lever-press responding (Engleman et al., 1992;
Liao and Chang, 2001).

Co-administration of DOI and MDL 11,939 prior to
the test stage of the PTSA procedure resulted in an
increase in both ELP-C and ELP-U (expt 5), suggesting
that activation of 5-HT,c receptors concomitant with
blockade of 5-HT,4 receptors non-selectively increases
lever-press responding. The opposite effect was ob-
tained by co-administration of DOI and RS102221
(expt 6). The finding that primary 5-HT,, and 5-HT;c
activation induced opposite effects in the PTSA
procedure are in agreement with previous findings
showing that activation of these two receptors exerts
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opposite effects on locomotion (Higgins et al., 2001;
Nic Dhonnchadha et al., 2003b ; Ouagazzal et al., 2001),
drug-related consummatory behaviours and stimulant
effects of several drugs of abuse (for review see
Higgins and Fletcher, 2003 ; Muller and Huston, 2006).

In summary, of the different pharmacological
manipulations tested in the present study, only
blockade of 5-HT,c receptors had a selective effect
on compulsive lever-pressing. To the best of our
knowledge, there is only one study that assessed the
effects of systemic administration of a 5-HT,c antag-
onist in an animal model of OCD and found increased
compulsive drinking in the schedule-induced poly-
dipsia model (Martin et al.,, 2002), in contrast to
the present finding that systemic administration of
RS102221 decreased compulsive lever-pressing. This
contradiction is paralleled by reports of increased
and decreased compulsive responding following
activation of 5-HT,c receptors in different animal
models of OCD (see Introduction). In agreement with
the present results are Boulougouris and colleagues’
findings that in a reversal of a two-lever spatial dis-
crimination, blockade of 5-HT,c, but not 5-HT,a,
receptors decreased perseverative responding, which
has been suggested to be related to compulsive re-
sponding (Boulougouris et al., in press).

It is of special interest to note that 5-HT,c blockade
has been found to have a pro-addictive effect (for
review see Higgins and Fletcher, 2003). Because
compulsivity and addiction are closely related con-
ceptually (e.g. addiction is defined as compulsive drug
use in DSM-1IV), and they seem to share underlying
neural substrates (e.g. the orbitofrontal cortex and the
dopaminergic system, for review see Adinoff, 2004;
Jentsch and Taylor, 1999; Kalivas and Volkow, 2005;
Stein, 2002), it could have been expected that 5-HT,c
blockade would also have a pro-compulsive effect.
The present finding that 5-HT,c blockade has an anti-
compulsive effect may be taken to suggest that distinct
subpopulations of 5-HT,c receptors are involved in
compulsivity and in drug addiction. This suggestion
receives support from the present demonstration that
RS102221 decreased compulsive lever-pressing when
administered directly into the orbitofrontal cortex,
because the pro-addictive effects of 5-HT,c antagonists
have been attributed to their indirect facilitatory effect
on dopamine neurons in the ventral tegmental area
(for review see Higgins and Fletcher, 2003).

The present findings that systemic and intra-
orbitofrontal administration of RS102221 selectively
decreased compulsive lever-pressing suggest that
blockade of 5-HT,c receptors may have an anti-
compulsive effect in OCD patients, and that this effect
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may be mediated by 5-HT,c receptors within the
orbitofrontal cortex. The suggestion that 5-HT,c
antagonists may alleviate symptoms in patients is
consistent with the finding that in OCD patients acti-
vation of 5-HT,c receptors exacerbates symptoms (see
Introduction). This suggestion is also in line with the
hypotheses, derived from challenge studies in OCD
patients, that 5-HT,c receptors are hyper-sensitive
in OCD patients (Graf et al., 2003; Yamauchi et al,,
2004) and that SSRI-induced de-sensitization of these
receptors may contribute to the therapeutic effects of
SSRIs (Greenberg et al., 1998; Kennett et al., 1994;
Rojas-Corrales et al., 2007; Stahl, 2000; Yamauchi et al.,
2004). However, this latter hypothesis is inconsistent
with data derived by Blier and colleagues from a
rodent model of SSRIs’ action. Specifically, studies
assessing the effects of chronic SSRI administration
in rodents have suggested that the anti-compulsive
effect of SSRIs is mediated by enhanced 5-HT release
in the orbitofrontal cortex that activates normosensi-
tive post-synaptic 5-HT, receptors (El Mansari and
Blier, 2006).

Acknowledgements

This research was supported by the Israel Science
Foundation (grant no. 942/01-1).

Statement of Interest

None.

References

Acuna-Castillo C, Villalobos C, Moya PR, Saez P, Cassels
BK, Huidobro-Toro JP (2002). Differences in potency
and efficacy of a series of phenylisopropylamine/
phenylethylamine pairs at 5-HT(2A) and 5-HT(2C)
receptors. British Journal of Pharmacology 136, 510-519.

Adinoff B (2004). Neurobiologic processes in drug reward
and addiction. Harvard Review of Psychiatry 12, 305-320.

Albert U, Bergesio C, Pessina E, Maina G, Bogetto F (2002).
Management of treatment resistant obsessive-compulsive
disorder. Algorithms for pharmacotherapy. Panminerva
Medica 44, 83-91.

APA (1994). Diagnostic and Statistical Manual of Mental
Disorders (4th edn). Washington, DC: American Psychiatric
Press.

Aloyo V], Dave KD, Rahman T, Harvey JA (2001).
Selective and divergent regulation of cortical 5-HT(2A)
receptors in rabbit. Journal of Pharmacology and
Experimental Therapeutics 299, 1066-1072.

Barnes NM, Sharp T (1999). A review of central 5-HT
receptors and their function. Neuropharmacology 38,
1083-1152.

Baxter G, Kennett G, Blaney F, Blackburn T (1995). 5-HT2
receptor subtypes: a family re-united? Trends in
Pharmacological Sciences 16, 105-110.

Bickerdike MJ (2003). 5-HT2C receptor agonists as
potential drugs for the treatment of obesity. Current
Topics in Medicinal Chemistry 3, 885-897.

Bonhaus DW, Rocha CL, Dawson MW, Eglen RM (1998).
Absorption and brain penetration of a high affinity, highly
selective 5-HT2C receptor antagonist, RS-102221. Annals
of the New York Academy of Science 861, 269.

Bonhaus DW, Weinhardt KK, Taylor M, DeSouza A,
McNeeley PM, Szczepanski K, Fontana DJ, Trinh J,
Rocha CL, Dawson MW, Flippin LA, Eglen RM
(1997). RS-102221: a novel high affinity and selective,
5-HT2C receptor antagonist. Neuropharmacology 36,
621-629.

Bos M, Jenck F, Martin JR, Moreau JL, Sleight AJ,
Wichmann J, Widmer U (1997). Novel agonists of 5SHT2C
receptors. Synthesis and biological evaluation of
substituted 2-(indol-1-yl)-1-methylethylamines and
2-(indenol[1,2-b]pyrrol-1-yl)-1-methylethylamines.
Improved therapeutics for obsessive compulsive disorder.
Journal of Medicinal Chemistry 40, 2762-2769.

Boulougouris V, Glennon JC, Robbins TW (in press).
Dissociable effects of selective 5-HT,5 and 5-HT2C
receptor antagonists on serial spatial reversal learning
in rats. Neuropsychopharmacology.

Carlsson ML (2001). On the role of prefrontal cortex
glutamate for the antithetical phenomenology of obsessive
compulsive disorder and attention deficit hyperactivity
disorder. Progress in Neuropsychopharmacology and
Biological Psychiatry 25, 5-26.

Clarke H, Walker S, Dalley J, Robbins T, Roberts A (2007).
Cognitive inflexibility after prefrontal serotonin depletion
is behaviorally and neurochemically specific. Cerebral
Cortex 17, 18-27.

Clarke HF, Dalley JW, Crofts HS, Robbins TW, Roberts AC
(2004). Cognitive inflexibility after prefrontal serotonin
depletion. Science 304, 878-880.

Clarke HF, Walker SC, Crofts HS, Dalley JW, Robbins TW,
Roberts AC (2005). Prefrontal serotonin depletion
affects reversal learning but not attentional set shifting.
Journal of Neuroscience 25, 532-538.

Conductier G, Crosson C, Hen R, Bockaert J, Compan V
(2005). 3,4-N-methlenedioxymethamphetamine-induced
hypophagia is maintained in 5-HT1B receptor knockout
mice, but suppressed by the 5-HT2C receptor antagonist
RS 102221. Neuropsychopharmacology 30, 1056-1063.

Dave KD, Harvey JA, Aloyo V] (2002). A novel behavioral
model that discriminates between 5-HT2A and 5-HT2C
receptor activation. Pharmacology Biochemistry and Behavior
72,371-378.

Dougherty DD, Rauch SL, Jenike MA (2004).
Pharmacotherapy for obsessive-compulsive disorder.
Journal of Clinical Psychology 60, 1195-1202.

El Mansari M, Blier P (2006). Mechanisms of action
of current and potential pharmacotherapies of
obsessive-compulsive disorder. Progress in



Neuropsychopharmacology and Biological Psychiatry 30,
362-373.

Engleman EA, Murphy JM, Zhou FC, Hingtgen JN (1992).
Response suppression induced with selective 5-HT
agonists can be differentially blocked with LY53857 in
an animal model of depression. Neurochemical Research
17, 483-488.

Friedlander L, Desrocher M (2006). Neuroimaging studies
of obsessive-compulsive disorder in adults and children.
Clinical Psychology Reviews 26, 32—49.

Giorgetti M, Tecott LH (2004). Contributions of 5-HT(2C)
receptors to multiple actions of central serotonin systems.
European Journal of Pharmacology 488, 1-9.

Glennon RA, Raghupathi R, Bartyzel P, Teitler M,
Leonhardt S (1992). Binding of phenylalkylamine
derivatives at 5-HT1C and 5-HT2 serotonin receptors:
evidence for a lack of selectivity. Journal of Medicinal
Chemistry 35, 734-740.

Goudreau JL, Manzanares J, Lookingland KJ, Moore KE
(1993). 5HT?2 receptors mediate the effects of stress on the
activity of periventricular hypophysial dopaminergic
neurons and the secretion of alpha-melanocyte-stimulating
hormone. Journal of Pharmacology and Experimental
Therapeutics 265, 303-307.

Graeff FG, Guimaraes FS, De Andrade TG, Deakin JF
(1996). Role of 5-HT in stress, anxiety, and depression.
Pharmacology Biochemistry and Behavior 54, 129-141.

Graf M (2006). 5-HT2c receptor activation induces
grooming behaviour in rats: possible correlations with
obsessive-compulsive disorder. Neuropsychopharmacologia
Hungarica 8, 23-28.

Graf M, Kantor S, Anheuer ZE, Modos EA, Bagdy G
(2003). m-CPP-induced self-grooming is mediated
by 5-HT2C receptors. Behavioural Brain Research 142,
175-179.

Greenberg BD, Benjamin J, Martin JD, Keuler D, Huang SJ,
Altemus M, Murphy DL (1998). Delayed
obsessive-compulsive disorder symptom exacerbation
after a single dose of a serotonin antagonist
in fluoxetine-treated but not untreated patients.
Psychopharmacology (Berlin) 140, 434-444.

Gross-Isseroff R, Cohen R, Sasson Y, Voet H, Zohar J
(2004). Serotonergic dissection of obsessive
compulsive symptoms: a challenge study with
m-chlorophenylpiperazine and sumatriptan.
Neuropsychobiology 50, 200-205.

Grottick AJ, Fletcher PJ, Higgins GA (2000). Studies to
investigate the role of 5-HT(2C) receptors on cocaine- and
food-maintained behavior. Journal of Pharmacology and
Experimental Therapeutics 295, 1183-1191.

Hawkins MF, Uzelac SM, Baumeister AA, Hearn JK,
Broussard JI, Guillot TS (2002). Behavioral responses
to stress following central and peripheral injection of
the 5-HT(2) agonist DOI. Pharmacology Biochemistry and
Behavior 73, 537-544.

Herin DV, Liu S, Ullrich T, Rice KC, Cunningham KA
(2005). Role of the serotonin 5-HT2A receptor in
the hyperlocomotive and hyperthermic effects of

5-HT s and 5-HT s receptors in a rat model of OCD 823

(+)-3,4-methylenedioxymethamphetamine.
Psychopharmacology (Berlin) 178, 505-513.

Higgins GA, Enderlin M, Haman M, Fletcher PJ (2003).
The 5-HT2A receptor antagonist M100,907 attenuates
motor and ‘impulsive-type’ behaviours produced by
NMDA receptor antagonism. Psychopharmacology (Berlin)
170, 309-319.

Higgins GA, Fletcher PJ (2003). Serotonin and drug reward:
focus on 5-HT2C receptors. European Journal of
Pharmacology 480, 151-162.

Higgins GA, Ouagazzal AM, Grottick AJ (2001).

Influence of the 5-HT(2C) receptor antagonist
SB242,084 on behaviour produced by the 5-HT(2)
agonist Ro60-0175 and the indirect 5-HT agonist
dexfenfluramine. British Journal of Pharmacology 133,
459-466.

Jentsch JD, Taylor JR (1999). Impulsivity resulting from
frontostriatal dysfunction in drug abuse: implications for
the control of behavior by reward-related stimuli.
Psychopharmacology (Berlin) 146, 373-390.

Joel D (2006). The signal attenuation rat model of
obsessive-compulsive disorder: a review.
Psychopharmacology (Berlin) 186, 487-503.

Joel D, Avisar A (2001). Excessive lever pressing following
post-training signal attenuation in rats: a possible animal
model of obsessive compulsive disorder? Behavioural
Brain Research 123, 77-87.

Joel D, Ben-Amir E, Doljansky J, Flaisher S (2004).
‘Compulsive’ lever-pressing in rats is attenuated by the
serotonin re-uptake inhibitors paroxetine and fluvoxamine
but not by the tricyclic antidepressant desipramine
or the anxiolytic diazepam. Behavioral Pharmacology 15,
241-252.

Joel D, Doljansky J, Roz N, Rehavi M (2005a). Role of the
orbital cortex and of the serotonergic system in a rat
model of obsessive compulsive disorder. Neuroscience
130, 25-36.

Joel D, Doljansky J, Schiller D (2005b). ‘Compulsive’
lever pressing in rats is enhanced following
lesions to the orbital cortex, but not to the basolateral
nucleus of the amygdala or to the dorsal medial
prefrontal cortex. European Journal of Neuroscience 21,
2252-2262.

Joel D, Klavir O (2006). The effects of temporary
inactivation of the orbital cortex in the signal attenuation
rat model of obsessive compulsive disorder. Behavioral
Neuroscience 120, 976-983.

Kalivas PW, Volkow ND (2005). The neural basis of
addiction: a pathology of motivation and choice. American
Journal of Psychiatry 162, 1403-1413.

Kehne JH, McCloskey TC, Baron BM, Chi EM, Harrison BL,
Whitten JP, Palfreyman MG (1991). NMDA receptor
complex antagonists have potential anxiolytic effects as
measured with separation-induced ultrasonic
vocalizations. European Journal of Pharmacology 193,
283-292.

Kennett GA, Lightowler S, de Biasi V, Stevens NC, Wood
MD, Tulloch IF, Blackburn TP (1994). Effect of chronic



824  S. Flaisher-Grinberg et al.

administration of selective 5-hydroxytryptamine and
noradrenaline uptake inhibitors on a putative index of
5-HT2C/2B receptor function. Neuropharmacology 33,
1581-1588.

Khanna S, John JP, Reddy LP (2001). Neuroendocrine and
behavioral responses to mCPP in Obsessive-Compulsive
Disorder. Psychoneuroendocrinology 26, 209-223.

Knight AR, Misra A, Quirk K, Benwell K, Revell D,
Kennett G, Bickerdike M (2004). Pharmacological
characterisation of the agonist radioligand binding
site of 5-HT(2A), 5-HT(2B) and 5-HT(2C) receptors.
Naunyn Schmiedeberg’s Archives of Pharmacology 370,
114-123.

Koskinen T, Ruotsalainen S, Puumala T, Lappalainen R,
Koivisto E, Mannisto PT, Sirvio J (2000). Activation of
5-HT2A receptors impairs response control of rats in
a five-choice serial reaction time task. Neuropharmacology
39, 471-481.

Liao RM, Chang YH (2001). Different effects of 5-HT receptor
agonists on operant response in rats under DRL 10-s and
DRL 30-s schedules. Proceedings of the National Science
Council, Republic of China B 25, 223-232.

Martin JR, Ballard TM, Higgins GA (2002). Influence of
the 5-HT2C receptor antagonist, SB-242084, in tests
of anxiety. Pharmacology Biochemistry and Behaviour 71,
615-625.

Mackintosh NJ (1974). The Psychology of Animal Learning.
London: Academic Press.

Mechan AO, Esteban B, O’Shea E, Elliott JM, Colado MI,
Green AR (2002). The pharmacology of the acute
hyperthermic response that follows administration of
3,4-methylenedioxymethamphetamine (MDMA, ‘ecstasy’)
to rats. British Journal of Pharmacology 135, 170-180.

Miguel EC, Shavitt RG, Ferrao YA, Brotto SA, Diniz JB
(2003). How to treat OCD in patients with Tourette
syndrome. Journal of Psychosomatic Research 55, 49-57.

Moreno FA, Wiegand CB, Taitano EK, Delgado PL (2006).
Safety, tolerability, and efficacy of psilocybin in 9 patients
with obsessive-compulsive disorder. Journal of Clinical
Psychiatry 67, 1735-1740.

Muller CP, Huston JP (2006). Determining the region-specific
contributions of 5-HT receptors to the psychostimulant
effects of cocaine. Trends in Pharmacological Sciences 27,
105-112.

Nic Dhonnchadha BA, Hascoet M, Jolliet P, Bourin M
(2003a). Evidence for a 5-HT2A receptor mode of action in
the anxiolytic-like properties of DOI in mice. Behavioural
Brain Research 147, 175-184.

Nic Dhonnchadha BA, Bourin M, Hascoet M (2003b).
Anxiolytic-like effects of 5-HT?2 ligands on three mouse
models of anxiety. Behavioural Brain Research 140, 203-214.

Ouagazzal A, Grottick AJ, Moreau J, Higgins GA (2001).
Effect of LSD on prepulse inhibition and spontaneous
behavior in the rat. A pharmacological analysis and
comparison between two rat strains.
Neuropsychopharmacology 25, 565-575.

Paxinos G, Watson C (1998). The Rat Brain in Stereotaxic
Coordinates (4th edn). San Diego: Academic Press.

Pehek EA, Nocjar C, Roth BL, Byrd TA, Mabrouk OS
(2006). Evidence for the preferential involvement of
5-HT2A serotonin receptors in stress- and drug-induced
dopamine release in the rat medial prefrontal cortex.
Neuropsychopharmacology 31, 265-277.

Popova NK, Amstislavskaya TG (2002). 5-HT2A and
5-HT2C serotonin receptors differentially modulate
mouse sexual arousal and the hypothalamo-pituitary-
testicular response to the presence of a female.
Neuroendocrinology 76, 28-34.

Porter RH, Benwell KR, Lamb H, Malcolm CS, Allen NH,
Revell DF, Adams DR, Sheardown MJ (1999). Functional
characterization of agonists at recombinant human
5-HT2A, 5-HT2B and 5-HT2C receptors in CHO-K1 cells.
British Journal of Pharmacology 128, 13-20.

Ramos M, Goni-Allo B, Aguirre N (2005). Administration
of SCH 23390 into the medial prefrontal cortex blocks the
expression of MDMA-induced behavioral sensitization
in rats: an effect mediated by 5-HT2C receptor stimulation
and not by D1 receptor blockade. Neuropsychopharmacology
30, 2180-2191.

Ripoll N, Hascoet M, Bourin M (2006). Implication of
5-HT2A subtype receptors in DOI activity in the
four-plates test-retest paradigm in mice. Behavioural Brain
Research 166, 131-139.

Rojas-Corrales MO, Gibert-Rahola J, Mico JA (2007).

Role of atypical opiates in OCD. Experimental approach
through the study of 5-HT(2A /C) receptor-mediated
behavior. Psychopharmacology (Berlin) 190, 221-231.

Sasson Y, Zohar J (1996). New developments in
obsessive-compulsive disorder research: implications
for clinical management. International Clinical
Psychopharmacology 11 (Suppl. 5), 3-12.

Schmidt CJ, Taylor VL, Abbate GM, Nieduzak TR (1991).
5-HT2 antagonists stereoselectively prevent the
neurotoxicity of 3,4-methylenedioxymethamphetamine
by blocking the acute stimulation of dopamine synthesis:
reversal by L-dopa. Journal of Pharmacology and
Experimental Therapeutics 256, 230-235.

Sramek JJ, Robinson RE, Suri A, Cutler NR (1995).
Efficacy trial of the 5-HT2 antagonist MDL 11,939
in patients with generalized anxiety disorder. Journal
of Clinical Psychopharmacology 15, 20-22.

Stahl SM (2000). Essential Psychopharmacology. Neuroscientific
Basis and Practical Application (2nd edn). Cambridge:
Cambridge University Press.

Stein DJ (2002). Obsessive-compulsive disorder. Lancet 360,
397-405.

Takahashi H, Takada Y, Urano T, Takada A (2001).
Dissociation of systemic and hippocampal modulation of
rat locomotor activity by 5-HT(2C) receptors. Neuroscience
Research 40, 97-103.

Tsaltas E, Kontis D, Chrysikakou S, Giannou H, Biba A,
Pallidi S, Christodoulou A, Maillis A, Rabavilas A (2005).
Reinforced spatial alternation as an animal model of
obsessive-compulsive disorder (OCD): investigation of
5-HT2C and 5-HT1D receptor involvement in OCD
pathophysiology. Biological Psychiatry 57, 1176-1185.



Van Oekelen D, Luyten WH, Leysen JE (2003). 5-HT2A
and 5-HT2C receptors and their atypical regulation
properties. Life Sciences 72, 2429-2449.

Walker SC, Mikheenko YP, Argyle LD, Robbins TW,
Roberts AC (2006). Selective prefrontal
serotonin depletion impairs acquisition of
a detour-reaching task. European Journal of Neuroscience
23, 3119-3123.

5-HT s and 5-HT s receptors in a rat model of OCD 825

Yamauchi M, Tatebayashi T, Nagase K, Kojima M,
Imanishi T (2004). Chronic treatment with fluvoxamine
desensitizes 5-HT2C receptor-mediated
hypolocomotion in rats. Pharmacology Biochemistry and
Behavior 78, 683-689.

Zohar J, Zohar-Kadouch RC, Kindler S (1992). Current
concepts in the pharmacological treatment of
obsessive-compulsive disorder. Drugs 43, 210-218.



