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Abstract

Chronic exposure to mild unpredictable stress has previously been found to depress the consumption of palatable sweet solutions and
to block the formation of conditioned place preferences; these effects are reversed by chronic treatment with tricyclic or atypical

Ž .antidepressant drugs. The present study was designed to evaluate the antidepressant-like activity in this model of flibaserin BIMT-17 , a
novel serotonergic agent with 5-HT receptor agonist and 5-HT receptor antagonist properties. Two experiments were conducted, using1A 2

Ž . Ž .rats experiment 1 and mice experiment 2 . In experiment 1, decreases in sucrose intake were seen in rats exposed to chronic mild
stress, but the effect was unreliable in this study, and sucrose testing was terminated after 7 weeks of stress. Beginning after 5 weeks of

Ž . Ž .stress, groups of control and stressed animals were treated daily with vehicle, fluoxetine 5 mgrkg or flibanserin 5, 10 or 20 mgrkg .
After 6 weeks of treatment, all animals were tested for acquisition of food-reinforced place preference conditioning. Conditioning was
seen in all groups other than the vehicle-treated stressed animals. We also tested the locomotor stimulant effect of a single injection of the

Ž .dopamine D rD receptor agonist quinpirole 0.2 mgrkg . The effect of quinpirole was potentiated by fluoxetine in control animals, and2 3
Ž .by both fluoxetine and flibanserin all doses in stressed animals. In experiment 2, long-lasting decreases in sucrose intake were seen in

Ž . Ž .mice exposed to chronic mild stress. The effects were reversed by chronic 4 weeks treatment with fluoxetine 5 mgrkg or flibanserin
Ž . Ž2.5 or 5 mgrkg ; the full effect of flibanserin was seen after the first injection. All animals received a single injection of raclopride 0.1

.mgrkg immediately prior to a sucrose intake test on day 27 of drug treatment. Raclopride decreased sucrose intake only in the three
drug-treated stressed groups. The results support a rapid antidepressant-like action of flibanserin, and suggest that this effect involves
sensitization of dopamine D rD receptor-mediated transmission. q 1997 Published by Elsevier Science B.V.2 3
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1. Introduction

Chronic sequential exposure to mild unpredictable stress
suppresses rewarded behaviours in rats and mice. Con-
sumption and preference for palatable sweet solutions are

Žreduced Willner et al., 1987, 1992; Muscat et al., 1990,
.1992; Monleon et al., 1994 , animals appear unable to

Ž .associate rewarding but not aversive stimuli with a dis-
tinctive environment, as assessed by the place conditioning

Ž .paradigm Papp et al., 1991, 1992, 1993a,b and there is an
increase in the threshold for intracranial self-stimulation

) Corresponding author. Tel.: q44-1792-295844; fax: q44-1792-
295679; e-mail: p.willner@swansea.ac.uk.

reward via electrodes implanted in the ventral tegmental
Ž .area Moreau et al., 1992, 1993 . As stress is implicated in

Žthe aetiology of depression Lloyd, 1980; Kanner et al.,
1981; Anisman and Zacharko, 1982; Brown and Harris,

.1988 , the chronic mild stress paradigm may provide a
relatively realistic animal model of the decreased response

Ž .to rewards anhedonia that characterizes melancholia
ŽKlein, 1974; Nelson and Charney, 1981; Fawcett et al.,

.1983; American Psychiatric Association, 1987 .
Chronic treatment with antidepressant drugs reverses

Žthe hedonic deficits caused by chronic mild stress Willner
.et al., 1992; Willner and Papp, 1997 . Drugs shown to be

Žeffective include tricyclics Willner et al., 1987; Muscat et
.al., 1990; Monleon et al., 1994 , the specific monoamine

0014-2999r97r$17.00 q 1997 Published by Elsevier Science B.V. All rights reserved.
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Župtake inhibitors fluoxetine and maprotiline Muscat et al.,
. Ž1992 , the atypical antidepressant mianserin Cheeta et al.,

.1994; Moreau et al., 1994 , and the monoamine oxidase
Ž .inhibitors moclobemide Moreau et al., 1993 and bro-

Ž .faromine Papp et al., 1996 . Ineffective agents include
Ž .chlordiazepoxide Muscat et al., 1992 , D-amphetamine

Ž .and haloperidol Papp et al., 1996 . In the present study we
evaluated the therapeutic efficacy in the chronic mild

Ž .stress model of flibanserin BIMT-17 , a novel serotoner-
gic agent with 5-HT receptor agonist and 5-HT receptor1A 2

Ž .antagonist properties Borsini et al., 1995a,b , which has
antidepressant-like activity in the forced swim and learned

Žhelplessness tests Cesana et al., 1995; Borsini et al.,
.1997 . For comparison purposes, the specific 5-HT uptake

Ž .inhibitor fluoxetine Bremner, 1986; Asberg et al., 1986
was included as a positive control.

Antidepressant drugs have traditionally been assumed to
exert their clinical effects through an interaction with
noradrenergic or serotonergic systems. However, antide-
pressants also potentiate the locomotor stimulant effects of
dopamine D rD receptor agonists, after chronic adminis-2 3

tration. These effects are apparent following systemic ad-
Žministration Willner and Montgomery, 1981; Martin-Iver-

son et al., 1983; Arnt et al., 1984; Maj, 1988; Maj et al.,
.1984a,b or direct injection of dopamine D rD receptor2 3

Žagonists into the nucleus accumbens Maj, 1988; Maj and
.Wedzony, 1985, 1988; Maj et al., 1987 . We have previ-

ously demonstrated that acute administration of dopamine
receptor antagonists reduces the consumption of a sweet
solution in chronically stressed rats successfully treated
with tricyclic or atypical antidepressants, at doses that did
not reduce consumption in non-stressed animals or in
untreated stressed animals. These data argue strongly that
an increase in dopamine receptor responsiveness is respon-
sible for the therapeutic action of antidepressant drugs in

Žthis model Muscat et al., 1990, 1992; Sampson et al.,
.1991; Cheeta et al., 1994 . We therefore also investigated

whether flibanserin shares with conventional antidepres-
sants the property of increasing the behavioural response
to an acute challenge with the selective dopamine D rD2 3

Žreceptor agonist quinpirole Fuller and Hemrick-Luecke,
.1985; Sokoloff et al., 1990 .

2. Method

2.1. Experiment 1

2.1.1. Subjects
Male Lister hooded rats, from the breeding stock main-

tained at University of Wales, Swansea were used. At the
start of the experiment, the animals were 11 weeks old and
weighed 250–300 g. All animals were singly housed,
beginning one week before the start of the experiment,

Žexcept where grouped as part of the stress procedure see
.below . They were maintained on a 12:12 h light–dark

Žcycle and tested in the light phase cf. Willner et al.,

.1987 . Body weight was measured weekly throughout the
experiment.

2.1.2. Sucrose intake tests
All animals were first trained to consume a palatable

Ž .weak 1% sucrose solution. Training consisted of an
initial 48 h exposure to sucrose in place of water, followed

Ž .by four 1 h tests 2rweek over 2 weeks in which sucrose
was presented, in the home cage, following 19 h food and
water deprivation; intake was measured by weighing pre-
weighed bottles at the end of the test. Subsequently,

Žsucrose consumption was measured, in 1 h tests 12.00–
.13.00 h , at weekly intervals for the next 9 weeks.

2.1.3. Stress procedure
On the basis of their sucrose intakes in the final base-

line test, the animals were divided into two matched
Ž .groups. One group ns55 was subjected for a total of 12

weeks to chronic mild stress; a variety of mild stressors
were applied, each for a period of between 0.5 and 20 h.
Stressors could occur at any time of day, except during the
final two weeks of the study, when stressors were adminis-
tered at night only, in order not to impinge directly on the
behavioural testing procedures conducted during the day.

Ž .The second group ns55 was deprived of food and
water for 19 h preceding each sucrose intake test, and as

Ž .required by the place conditioning procedure see below ,
but otherwise food and water were freely available in the
home cage.

The stress regime applied to the rats was almost identi-
cal to that used in other recent studies in this laboratory
Ž .D’Aquila et al., 1994 , and consisted of: one 19 h period
of food and water deprivation immediately prior to the
sucrose intake test; one additional 23 h period of food

Ž .deprivation; two additional 20 h and 7 h periods of water
deprivation; two periods of continuous overnight illumina-
tion; three 7 h periods of 45 degree cage tilt; two 24 h

Ž .periods of paired housing; two periods 17 and 24 h in a
Ž .soiled cage 100 ml water in sawdust bedding ; two peri-

Ž . Žods 17 and 21 h of restricted movement confinement in
.a mouse cage . All of the individual stressors used were

classified as being, at worst, mildly stressful, under the
Ž . Žterms of the relevant U.K. legislation, the Animals Sci-

.entific Procedures Act of 1986.

2.1.4. Drug treatment
On the basis of their sucrose intake scores following 5

weeks of stress, each group of rats was divided into five
Ž .matched subgroups ns11 , using a computerised match-

ing procedure which ensured that the subgroups differed in
their mean sucrose intakes by less than 0.1 g. Subse-
quently, separate groups of control and stressed animals

Žwere treated chronically with vehicle, fluoxetine 5
. Ž .mgrkg , or flibanserin 5, 10 and 20 mgrkg . Drugs were

injected daily, between 17.00 and 19.00 h, for a total of 7
weeks.
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2.1.5. Locomotor actiÕity
Ž .During week 11 of stress week 6 of drug treatment , all

animals were tested, on each of two successive days, in an
automated locomotor activity monitoring system. The sys-

Žtem consisted of 12 clear perspex chambers 35=35=20
. Ž .cm with metal grid floors 1 cm mesh , separated by

opaque dividers. Each chamber contained two photocells,
which monitored locomotor activity by detecting breaks in
2 parallel light beams situated 18 cm apart and 5.5 cm
above the floor. Testing took place between 10.00 and
15.00 h. 45 min prior to the second test, animals received a

Ž .single injection of quinpirole 0.2 mgrkg .

2.1.6. Place conditioning
Ž .During week 12 of stress week 7 of drug treatment all

animals were trained in a food-rewarded place preference
conditioning procedure. Place conditioning was conducted
in six identical wooden chambers, containing white and

Ž .black arms 30=15=15 cm , with different floor textures
Ž .plain wood or wire mesh, respectively , and a central gray

Ž .area 15=15=15 cm . Tests were carried out between
09.00 h and 17.00 h. For the first 3 days the animals were
allowed freely to explore the whole chamber for 15 min
daily. On day 4 the time spent in each arm was measured
in a 10-min pre-conditioning test. On days 5–10, the
animals received a series of 30-min training trials, pre-
ceded by 22 h of food deprivation, in which the animals
were confined on alternate days in each of the two arms.

Ž .Food pellets standard lab chow and a water bottle were
freely available in the white arm; the amount of food eaten
was measured by weighing the food remaining at the end

Ž .of each session. No food or water was available in the
black arm; following confinement in the black arm, the
animals were fed for 2 h on their return to the home cage.
Changes in side-preference were measured on day 11 in a
10 min post-conditioning test; no rewards were available
during this test, and the animals were not food deprived.

2.2. Experiment 2

2.2.1. Subjects
CD1 mice, from the breeding stock maintained at Uni-

versity of Wales, Swansea, were used. At the start of the
experiment, the animals were 3 weeks old and weighed
18–22 g. All animals were singly housed, beginning one
week before the start of the experiment, except where

Ž .grouped as part of the stress procedure see below . They
were maintained on a 12:12 h reversed light:dark cycle and

Žtested in the dark phase under dim red light cf. Monleon
.et al., 1994 . Body weight was measured weekly through-

out the experiment.

2.2.2. Sucrose intake tests
All animals were first trained to consume a palatable

Ž .weak 2% sucrose solution. Training consisted of an
initial 48 h exposure to sucrose in place of water, followed

Ž .by four 1 h tests 2rweek over 2 weeks in which sucrose
was presented, in the home cage, following 3 h of food
and water deprivation; intake was measured by weighing
pre-weighed bottles at the end of the test. Subsequently

Žsucrose consumption was measured, in 1 h tests 12.00–
.13.00 h , 3 times weekly for a total of 6 weeks.

2.2.3. Stress procedure
On the basis of their sucrose intakes in the final base-

line test, the animals were divided into two matched
Ž .groups. One group ns51 was subjected for a total of 6

weeks to a chronic mild stress procedure in which stressors
Ž .could occur at any time. The second group ns51 was

deprived of food and water for 3 h preceding each sucrose
intake test, but otherwise food and water were freely
available in the home cage.

The stress regime was identical to that used in our
Ž .earlier mouse study Monleon et al., 1994 , and consisted

of: three 3 h periods of food and water deprivation, one of
which was immediately prior to the sucrose test; one
additional 16 h period of water deprivation; two periods of

Žcontinuous overnight illumination; two periods 7 and 17
. Ž .h of 45 degree cage tilt; two periods 3 and 5 h of

intermittent exposure to a 2 min, 30 dB, 10 kHz tone,
Ž .played at iregular intervals; three periods 7, 9 and 17 h of

Ž .low intensity stroboscopic illumination 300 flashesrmin .
All of the individual stressors used were classified as
being, at worst, mildly stressful, under the terms of the

Ž . Žrelevant UK legislation, the Animals Scientific Proce-
.dures Act of 1986.

2.2.4. Drug treatment
On the basis of their sucrose intake scores following 2

weeks of stress, each group of mice was divided into four
Ž .matched subgroups ns12–13 . Although the difference

Ž .in sucrose intake between control 2.85"0.17 g and
Ž .stressed animals 2.04"0.16 g was significant overall

w Ž . xF 1,100 s11.9, P-0.001 , the larger standard errors of
the subgroups led to there being a relatively small separa-
tion between control and stressed animals within each pair
of subgroups. As the evaluation of drug effects on sucrose
intake requires the presence, throughout the experiment, of
a significant difference in intake between vehicle-treated
control and stressed animals, the separation between con-
trol and stressed animals was artificially inflated by elimi-
nating at this stage the animal with the lowest sucrose
intake from each control subgroup and the animal with the
highest sucrose intake from each stressed subgroup.

Separate groups of control and stressed animals were
Ž . Žtreated chronically with vehicle ns12 , fluoxetine 5

. Ž .mgrkg: ns12 , flibanserin 2.5 mgrkg: ns12 or
Ž .flibanserin 5 mgrkg: ns11 . Drugs were injected daily,

between 17.00 and 19.00 h, for a total of 29 days. 15 min
prior to the sucrose intake test on day 28, all animals

Ž .received a single injection of raclopride 0.1 mgrkg . One
further sucrose intake test was carried out on day 30.
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2.3. Drugs

The following agents were used in this study: fluoxetine
Ž .hydrochloride Lilly, Indianapolis ; flibanserin hydrochlo-

Ž .ride BIMT-17: Boehringer Ingelheim Italia, Milan ; quin-
Ž .pirole hydrochloride Lilly, Indianapolis ; raclopride tar-

Ž .trate Astra, Sodertalje . All drugs were dissolved in dis-¨ ¨
tilled water, which was used for control injections, and

Ž .injected i.p. in a volume of 1 mlrkg rats or 10 mlrkg
Ž .mice body weight. Doses of drugs refer to the salt.

2.4. Statistical analysis

Results were analyzed by analysis of variance, supple-
mented by tests of simple main effects and F-tests for
contrasts, using the appropriate analysis of variance error

Ž .term Winer, 1971 . The analyses of data from experiment
Ž1 involved two between-subjects factors stressrcontrol

.and drug treatment and where appropriate, one within-
Ž .subjects factor successive tests . In order to optimize the

power of the analysis, data from experiment 2 were con-
Ž .verted to a random blocks design Festing, 1994 . Animals

were ranked, within each of the eight experimental sub-
groups, according to their sucrose intake on the final test

Ž .prior to the start of drug treatment see above ; they were
then matched highest to highest through lowest to lowest,
forming 12 blocks, each containing the animal of equiva-

Žlent rank in every group. For the purposes of this analysis,
which requires equal group sizes, a dummy subject was

Ž .created in each of the flibanserin 5 mgrkg groups, using
.the group mean values. Two separate analyses were per-

formed, the first including data collected during the first 24
days of drug treatment, and the second, carried out to
evaluate the effects of raclopride, covering the final 3 tests
Ž .days 25–30 . A further analysis of the first phase of the
experiment was carried out in which each group was
divided into high and low drinkers, on the basis of a
median split of their scores in the final test prior to the
start of drug treatment.

3. Results

3.1. Experiment 1

3.1.1. Body weight
Ž .In experiment 1 rats body weight fell significantly,

relative to control animals, during the first 5 weeks of
Ž .stress control: 333"3 g; stress: 288"3 g; ns55 , and

this difference persisted, in vehicle-treated animals, to the
wend of the experiment control: 355"3 g; stress: 322"6

Ž . xg; ns11; t 20 s4.9, P-0.001 .
Weight gain over the 7 weeks of drug treatment is

shown in Table 1. Analysis of variance revealed a signifi-
w Ž . xcant stress=drug interaction F 4,100 s2.5, P-0.05 .

Further analysis showed that there were no significant

Table 1
Ž . aWeight gain g in rats over the 7 weeks of drug treatment

Control Stress

Ž . Ž .Vehicle 22.3 3.6 36.5 3.9
) ) )Ž . Ž .Fluoxetine 14.5 3.9 12.3 6.0

Ž . Ž . Ž .Flibanserin 5 mgrkg 14.6 9.0 37.3 4.4
Ž . Ž . Ž .Flibanserin 10 mgrkg 23.0 3.6 28.0 3.3

) )Ž . Ž . Ž .Flibanserin 20 mgrkg 24.3 4.6 18.8 5.7

a Ž .Values are means with S.E. . At the start of drug treatment, controls
weighed 333"3 g and stressed animals 288"3 g; at the end of the
experiment, vehicle-treated control animals weighed 355"3 g and vehi-
cle-treated stressed animals 322"6 g.
) ) P -0.02; ) ) ) P -0.002, relative to vehicle-treated stressed animals.

w xdifferences among the five nonstressed groups Fs0.9 ,
but the five stressed groups did differ significantly
w Ž . xF 4,100 s 4.5, P - 0.01 , with the fluoxetine and

Ž .flibanserin 20 mgrkg groups gaining weight less rapidly
w Ž .than vehicle-treated animals F 1,100 s11.0, 5.8, respec-

xtively, P-0.025 .

3.1.2. Sucrose intake
In the final baseline test prior to the onset of stress,

Žsucrose intake in rats was identical mean"standard error:
.11.3"0.3 g in control and to-be-stressed groups. During

the period prior to drug administration, sucrose intake
wdecreased significantly in stressed animals Fig. 1:

Ž . xF 1,100 s23.0, P-0.001 . However, these changes were
Ž .somewhat erratic, with significant decreases P-0.001

seen after 1, 3 and 5 weeks of stress, but no decrease at 2
and 4 weeks. During the subsequent period of chronic drug
treatment, sucrose intakes in vehicle-treated animals did
not differ significantly between control and stressed ani-

Ž .mals Fig. 1 . This means that there was no baseline
against which to evaluate the effects of chronic drug
treatment.

Ž . Ž .Fig. 1. Sucrose intake rats in 1 h weekly tests experiment 1: rats . Up
Ž .to week 5, data represent the means "standard error of all control and

Ž .stressed animals ns55 . Drug treatment commenced after 5 weeks of
Ž .stress, and subsequent data weeks 6–9 represent the vehicle-treated

Ž .subgroups ns11 .
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Ž . Ž .Fig. 2. Locomotor activity counts in the habituation session left and
Ž .following administration of quinpirole to rats right . Values are means

Ž .qstandard error . Treatments: V, vehicle; F, fluoxetine; B5, flibanserin
Ž . Ž .BIMT-17 5 mgrkg; B10, flibanserin BIMT-17 10 mgrkg; B20,

Ž .flibanserin BIMT-17 20 mgrkg.

3.1.3. Locomotor actiÕity
On the initial exposure to the locomotor activity moni-

toring apparatus, all groups of rats showed habituation
Žover the course of the 45 min session mean"standard

error locomotor counts across all groups: 0–15 min, 46.5
."1.5; 15–30 min, 27.2"1.3; 30–45 min, 17.8"1.2 ,

but there were no significant differences between groups
ŽFig. 2, left; stress: Fs1.0; drugs: Fs0.4; interaction:

.Fs1.1 . However, following quinpirole administration
Ž .Fig. 2, right , there was a significant effect of stress
w Ž . xF 1,100 s9.1, P-0.01 , which reflects the greater re-
sponses to quinpirole shown by drug-treated stressed ani-
mals.

In order to examine these effects in greater detail, the
effects of quinpirole were expressed as the difference in

Ž .counts recorded with and without quinpirole day 2–day 1
Ž .in each 15-min period Fig. 3 . Analysis of these data

w Ž .showed significant effects of stress F 1,100 s47.2, P-
x w Ž . x0.001 , drug treatment F 4,100 s6.5, P-0.001 and

w Ž . xtime period F 2,200 s181.7, P-0.001 . There were
also significant interactions of both stress and drug treat-

w Ž .ment with time period F 2,200 s 23.1, P - 0.001;
Ž . xF 8,200 s3.4, P-0.001; respectively , and a significant

w Ž . x3-way interaction F 8,200 s2.4, P-0.02 .
Ž .In the first 15 min Fig. 3, top , all groups were less

active on day 2 than on day 1, with the exception of the
fluoxetine-treated stressed group. However, by the final 15

Ž .min Fig. 3, bottom , pronounced differences between
w Ž .groups had emerged stress, F 1,100 s70.5, P-0.001;

Ž . xdrugs, F 4,100 s7.9, P-0.001 . Vehicle-treated stressed
animals did not differ significantly from vehicle-treated

w Ž . xcontrols F 1,100 s3.9, NS , but all of the drug-treated
stressed groups were more active than their respective

w Ž .drug-treated control groups minimum F 1,100 s8.8, P
x-0.01 ; the effect was greatest in the group treated with

Ž .the lowest dose of flibanserin 5 mgrkg . Nonstressed
animals treated with fluoxetine were significantly more

w Ž .active than vehicle-treated animals F 1,100 s4.5, P-

Fig. 3. Change in locomotor activity following quinpirole treatment in
Ž .rats. Data are the mean "S.E. difference in locomotor activity

Ž . )quinpirole session-habituation session in each 15 min period. P -0.05;
) ) P -0.01; ) ) ) P -0.001, relative to corresponding nonstressed group.
q, P -0.05 relative to vehicle-treated nonstressed animals. Treatments:

Ž .V, vehicle; F, fluoxetine; B5, flibanserin BIMT-17 5 mgrkg; B10,
Ž . Ž .flibanserin BIMT-17 10 mgrkg; B20, flibanserin BIMT-17 20 mgrkg.
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x0.05 . However, this effect was not seen in any of the three
w xflibanserin-treated groups maximum Fs0.9, NS .

3.1.4. Place preference conditioning
Ž .Time spent in the white food-associated side of the

place conditioning apparatus before and after conditioning
is shown in Fig. 4. Prior to place conditioning rats spent

Žmore time on the black side of the apparatus means617
. Ž .s than on the white side means96 s . Although the

groups receiving different drug treatments varied some-
what in time spent on the white side prior to conditioning,

w Ž . xthese differences were not significant F 4,200 s1.7, NS ;
however, stressed animals spent more time on the white

w Ž . xside than nonstressed controls F 1,200 s10.5, P-0.01 .
After conditioning, time on the white side increased in all

w Ž . xfive nonstressed groups F 1,100 s34.5, P-0.001 , and
w Ž .in all four of the drug-treated stressed groups F 1,100 s

x17.1, 13.2, 14.8, 11.0 respectively, all P-0.002 . How-
ever, the vehicle-treated stressed group showed no sign of

w xconditioning Fs0.1, NS . Data for time spent in the
Ž .black side of the apparatus not shown were essentially a

mirror image of the data shown in Fig. 4.
Food intake on the two place conditioning trials is

shown in Table 2. Analysis of variance showed a signifi-
w Ž . xcant main effect of stress F 1,100 s14.4, P-0.001 ,

reflecting a lower food intake in all of the stressed groups
relative to their respective nonstressed controls. Analysis
of simple main effects showed that the difference was

Žsignificant only in the case of the two flibanserin 5
. w xmgrkg groups Fs4.3, P-0.05 ; in particular, the two

wvehicle-treated groups did not differ significantly Fs3.0,
xNS . There was also a significant main effect of treatment

w Ž . xF 4,100 s3.1, P-0.05 , reflecting a tendency for the
vehicle-treated animals to eat less than drug-treated ani-
mals. The only significant effect revealed by analysis of

Fig. 4. Effects of chronic mild stress on food-rewarded place preference
conditioning in controls and stressed rats. The data are time spent in the

Ž . Ž .food-associated white side of the chamber before open bars and after
Ž .closed bars conditioning. Comparisons are between pre- and post-condi-
tioning scores: ) ) P -0.01; ) ) ) P -0.001; `, not significant. Treat-

Ž .ments: V, vehicle; F, fluoxetine; B5, flibanserin BIMT-17 5 mgrkg;
Ž . Ž .B10, flibanserin BIMT-17 10 mgrkg; B20, flibanserin BIMT-17 20

mgrkg.

Table 2
Ž . aFood intake g on place conditioning trials

Trial 1 Trial 2

Control Stress Control Stress

Ž . Ž . Ž . Ž .Vehicle 5.6 0.6 4.4 0.6 5.7 0.3 5.3 0.4
Ž . Ž . Ž . Ž .Fluoxetine 6.8 0.4 5.5 0.3 6.3 0.3 6.0 0.3

Ž . Ž . Ž . Ž . Ž .Flibanserin 5 mgrkg 6.5 0.4 5.8 0.4 6.7 0.2 5.6 0.3
Ž . Ž . Ž . Ž . Ž .Flibanserin 10 mgrkg 5.5 0.4 5.2 0.4 6.0 0.2 5.2 0.4
Ž . Ž . Ž . Ž . Ž .Flibanserin 20 mgrkg 6.2 0.3 5.1 0.6 6.1 0.4 5.7 0.3

a Ž .Values are means with S.E. .

simple main effects was between control animals treated
Ž .with vehicle and flibanserin 5 mgrkg ; the vehicle-treated

stressed animals did not differ significantly from any other
w Ž . xstressed group max F 1,100 s3.5, NS . Because the

vehicle-treated stressed group had the lowest food intakes,
albeit not differing significantly on any of the relevant
comparisons, we examined the relationship between food

Ž .intake mean of two conditioning trials and change in
Ž .preference from pre- to post-test in this group. In fact,

there was a significant negative correlation between these
Ž .two variables Spearman’s rhosy0.69, P-0.02 . Ex-

amination of the individual scores revealed that the only
three animals in this group to increase their preference for
the food-associated side had the lowest food intakes.

3.2. Experiment 2

3.2.1. Body weight
Ž .In experiment 2 mice body weight was not signifi-

wcantly affected by either stress or drug treatment all F
xvalues for main effects and interaction-1 .

3.2.2. Sucrose intake
Ž .Analysis of sucrose intake data in mice Fig. 5 re-

w Ž .vealed significant main effects of stress F 1,11 s16.5,
x w Ž . xP-0.002 , drug treatment F 3,33 s3.6, P-0.025 and

w Ž x xtime F 10,110 s2.3, P-0.02 , and a significant stress
w Ž . x= time interaction F 10,110 s3.3, P-0.001 . In order

to ensure that the data were not distorted by the exclusion
of one animal from each group at the start of drug treat-

Ž .ment see Section 2 , the data were reanalyzed with an
additional factor, high vs. low drinkers. The interactions of
this factor with stress and drug treatment were non-signifi-
cant, as were all three of the higher order interactions with

w xtime max Fs1.3 , indicating that the effects of stress and
drugs were similar in high and low drinkers.

Sucrose intake in vehicle-treated control and stressed
mice remained relatively constant across the period of

w Ž .vehicle treatment control, F 10,440 s 0.7; stressed,
Ž . xF 10,440 s1.4; NS . As a result, the difference in sucrose

intake between the two vehicle-treated groups was main-
wtained throughout the experiment simple main effect of

Ž .stress: F 1,44 s8.9, P-0.01; stress= time interaction,
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Ž . xF 10,440 s0.6, NS , although the fluctuation in scores
from test to test led to the difference not being significant

Ž .at every time-point Fig. 5A .
Chronic treatment with fluoxetine did not affect sucrose

intake in control mice, but caused a gradual recovery of
sucrose drinking in stressed animals, leading to a smaller

w Ž . xoverall effect of stress F 1,44 s4.3, P-0.05 and a
w Ž .significant stress= time interaction F 10,440 s2.18, P

x-0.025 . The difference between stressed and control
animals became nonsignificant after 3 days of fluoxetine
treatment, and stressed animals showed a significant im-
provement from their own pre-drug baseline from day 6 of

w Ž . xtreatment F 1,440 s4.6, P-0.05 onwards. However,
significant differences between control and stressed ani-

Ž .mals reemerged on some later trials days 8 and 16 , and
the data suggest that three weeks of treatment were needed

Ž .for complete recovery Fig. 5B .
In contrast to the gradual onset of action of fluoxetine,

flibanserin appeared to exert rapid antidepressant-like ef-
fects, particularly at the higher dose. The differences be-
tween flibanserin-treated control and stressed animals dis-
appeared after only a single injection, and did not reappear

Ž .thereafter Fig. 5C and 5D . As a result, there was no
significant effect of stress in either of the flibanserin-treated
groups, and the stress= time interactions were also non-

w Ž .significant stress: F 1,44 s1.1, 0.2, respectively; interac-
Ž . xtion: F 10,440 s1.4, 1.7, respectively; NS . At the lower

Ž .dose of flibanserin 2.5 mgrkg , stressed animals showed
significant improvements, relative to their own pre-drug

w Ž .baseline, from day 6 of treatment F 1,440 s7.2, P-
x0.01 onwards, similar to fluoxetine-treated animals. How-

Žever, animals receiving the higher dose of flibanserin 5
.mgrkg were improved relative to their own baseline as

w Ž . xearly as day 1 F 1,440 s9.2, P-0.01 .
A more stringent criterion for antidepressant-like action

is to compare drug-treated with vehicle-treated stressed
animals. All three drug-treated stressed groups had higher
sucrose intakes overall than the vehicle-treated stressed

w Ž . Ž .group F 1,66 s4.8, P-0.05 fluoxetine ; 5.2, P-0.05
Ž . Žflibanserin, 2.5 mgrkg ; 10.0, P-0.01 flibanserin, 5

.xmgrkg . This effect was significant at 6 of the 11 time-
points, and as early as day 3 in the group treated with the
higher dose of flibanserin, but at only 3 time-points and
not until day 10 in each of the other two drug-treated
groups.

In a further attempt to estimate the rate of onset of
antidepressant-like effects, the data from drug-treated

Ž .stressed animals Fig. 5 were examined for goodness of fit
Žto first-order kinetics using the Fig. P curve-fitting pack-

Ž . Ž . ŽFig. 5. Sucrose intake in mice treated with A vehicle, B fluoxetine 5
. Ž . Ž . Ž . Ž . Žmgrkg , C flibanserin BIMT-17 2.5 mgrkg , D flibanserin BIMT-

. Ž .17 5 mgrkg . White symbols, controls; black symbols, stressed ani-
mals. Values are means"standard error. Values shown at day 0 are for
the final sucrose intake test prior to the start of chronic drug treatment.
) P -0.05; ) ) P -0.01; ) ) ) P -0.001.



( )P. D’Aquila et al.rEuropean Journal of Pharmacology 340 1997 121–132128

Table 3
Kinetic analysis of improvement in sucrose intake over timea,b

Ž . Ž .Fluoxetine BIMT 2.5 BIMT 5.0

Ž . Ž . Ž .Asymptotic level 3.25 "0.16 2.97 "0.06 3.16 "0.13
cŽ .of sucrose intake Vmax

) )Ž . Ž . Ž .Days to achieve 50% 3.53 "1.68 0.57 "0.33 0.32 "0.47
cŽ .improvement Km

2Ž .Goodness of fit r 85.4% 85.5% 57.0%

a The Michaelis-Menten equation was fitted to mean sucrose intake values
at each time-point.
b BIMTs flibanserin.
c Values shown are the fitted parameters with estimated standard errors.
) Ž .P -0.05 1-tailed relative to fluoxetine.

.age . The Michaelis-Menten equation provided a good fit
Ž . Ž 2to the fluoxetine and flibanserin 2.5 mgrkg data r )

. Ž .85% , but fitted less well to the flibanserin 5 mgrkg data
Ž 2 .r s57% . The estimated asymptotic levels of sucrose
intake were comparable in the three groups, but they
differed in the rate of approach to the asymptote: a 50%
improvement in sucrose intake required 3.5 days of fluoxe-
tine treatment but was reached in less than a day by both

Ž .flibanserin-treated groups Table 3 .

3.2.3. Effects of raclopride on sucrose intake
The effects of raclopride were evaluated by comparing

sucrose intakes after acute raclopride treatment to intakes
on the immediately preceding and following raclopride-free

Ž .tests Fig. 6 . In control animals sucrose intakes did not
w Ž .differ significantly across days of testing F 2,44 s1.4,

xNS . However, in stressed animals raclopride significantly
w Ž . xdecreased sucrose intake F 1,44 s15.1, P-0.001 . Fur-

ther analysis showed that the effect of raclopride was
wsignificant in all three of the drug-treated groups fluoxe-

Fig. 6. Effects of raclopride on sucrose intake in mice. Each set of three
bars represents intake of a group of animals on three successive tests. The

Ž .first and third test in each group white bars were carried out without
Ž .acute pretreatment; the second test black bars shows the effects of

raclopride. The first test of each group corresponds to the final time-points
in Fig. 3Fig. 4. Values are means"standard error. ) P -0.05; ) ) P -0.01
Ž .1-tailed . Treatments: VEH, vehicle; FLU, fluoxetine; B2.5, flibanserin
Ž . Ž .BIMT-17 2.5 mgrkg; B5, flibanserin BIMT-17 5 mgrkg.

Ž . Žtine: F 1,88 s 3.2, 0.5 - P - 0.1; flibanserin 2.5
. Ž . Ž .mgrkg : F 1,88 s5.4, P-0.02; flibanserin 5 mgrkg :

Ž . xF 1,88 s7.1, P-0.01 , but not in the vehicle-treated
w Ž . xgroup F 1,88 s0.03, NS .

4. Discussion

As in previous experiments using this procedure, chronic
sequential exposure of rats to a variety of mild stressors
caused a reduction in the consumption of a palatable weak
sucrose solution, consistent with a decrease in its reward-

Žing properties Willner et al., 1987; Muscat et al., 1990;
.Sampson et al., 1991; Papp et al., 1991, 1992 . However,

unlike previous studies, the changes in sucrose intake, in
rats, were unreliable, and sucrose testing was terminated
two weeks after the start of drug treatment. We have found
the chronic mild stress procedure to behave in a similarly
unreliable manned with respect to sucrose intake in a

Ž .number of our recent studies unpublished observations .
The reasons for the failure to maintain a prolonged de-
crease in sucrose intake in this and other experiments

Žremain obscure, but are under active investigation see
.Willner, 1997 . However, it has always been recognized

that the sucrose intake measure could be influenced by a
variety of factors unrelated to hedonic tone, and this has on

Žoccasion been apparent in earlier studies e.g. Willner et
.al., 1994 .

In studies using the CMS procedure, sucrose intake has
been employed routinely to monitor hedonic status on
account of its convenience, not because it is believed to be
more valid than other techniques. Despite the absence of
usable sucrose intake data in experiment 1, clear evidence
of the continued effectiveness of the stress procedure was
seen in the place conditioning test. Unlike control animals,
vehicle-treated stressed rats failed to show an increase in
the time spent in the food-associated environment follow-
ing conditioning. Vehicle-treated stressed animals tended
Ž .nonsignificantly to consume less food than other groups
on the conditioning trials. However, the presence of an
inverse relationship between food intake and strength of
conditioning rules out the possibility that decreased food
intake might be responsible for the lack of conditioning.

Ž .Against this background, both fluoxetine 5 mgrkg daily
Ž .and flibanserin 5–20 mgrkg daily reinstated normal

place conditioning in stressed animals. The effect of fluox-
Žetine replicates our previous observations Muscat et al.,

.1992 ; the effects of flibanserin are clear evidence of an
anti-anhedonic action of this drug, comparable to that of
fluoxetine.

The second experiment confirmed our previous observa-
tion that chronic mild stress is effective in decreasing

Ž .sucrose drinking in mice Monleon et al., 1994 , and
showed that this effect of chronic mild stress was com-

Žpletely reversed by chronic administration of fluoxetine 5
. Ž .mgrkg daily or flibanserin 2.5 and 5 mgrkg daily . The
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effect of fluoxetine is consistent with earlier studies
demonstrating a normalization of sucrose drinking in rats
exposed to chronic mild stress, following chronic treatment

Ž .with fluoxetine Muscat et al., 1992 or other antidepres-
Ž .sants see Section 1 .

Whatever the reason for the recovery of sucrose drink-
ing in stressed rats, the loss of these data had the unfortu-
nate effect of precluding evaluation of the time course of
onset of the effects of flibanserin. However, it was possi-
ble to evaluate the time course of recovery in experiment 2
Ž .mice . Significantly, on a variety of measures, flibanserin
appeared to act more rapidly than fluoxetine, particularly

Ž .at the higher dose 5 mgrkg . Sucrose intakes are much
lower in mice than in rats, and the variability is higher,
leading to a relatively small separation of sucrose intake
values between stressed and control mice. As a result,
sucrose intake in fluoxetine-treated animals relative to

Ž .controls followed a somewhat erratic course Fig. 5B , and
it is possible that recovery was not complete even after
three weeks of treatment. In contrast, flibanserin appeared
to exert its full activity after only a single treatment,
administered approximately 18 h before the sucrose intake
test. This is a potentially important observation: acute
effects have not been observed in any previous study of
antidepressant action in the CMS model. Acute effects of
flibanserin have also been observed in the learned helpless-

Ž .ness test in rats Borsini et al., 1997 .
On the basis of the two sets of data reported in this

study, flibanserin is predicted to be clinically effective as
an antidepressant, and in particular to reverse anhedonia,

Ž .which in DSM-III though not in DSM-IIIR or DSM-IV is
definitive of the melancholic subtype of depression
Ž .American Psychiatric Association, 1980, 1987 . The su-
crose intake data further suggest that flibanserin should
exert a rapid onset of antidepressant action. Clinical expe-
rience with 5-HT receptor agonists in the treatment of1A

depression has not been particularly encouraging: the par-
tial agonist gepirone shows limited efficacy, with a typi-

Ž .cally slow onset of action Amsterdam, 1992 . However,
these results do not preclude either antidepressant efficacy
or rapid onset for flibanserin, which has a different mecha-

Ž .nism of action see below .
Stressed rats lost weight relative to controls, and this

effect was not reversed in any of the drug-treated groups.
Indeed, the weight loss was potentiated by fluoxetine and

Ž .by the highest dose of flibanserin 20 mgrkg . Weight loss
is unsurprising as a side effect of treatment with 5-HT

Žreceptor agonists Blundell, 1986; Morley and Flood, 1987;
.McGuirk et al., 1992 . The fact that fluoxetine and

flibanserin potentiated weight loss in stressed animals, but
not in controls, represents a potential risk in relation to the
use of these compounds in depression, which includes

Žweight loss as a prominent symptom American Psychi-
.atric Association, 1987 . However, normal weight gain

was seen in stressed rats receiving the lowest dose of
Ž .flibanserin 5 mgrkg , which was equipotent with the

higher doses in reversing the impairment of place condi-
tioning. This suggests that flibanserin should be clinically
effective at doses which do not adversely affect body
weight.

A recent study has advanced the view that the effects of
CMS on sucrose intake may be attributable to loss of body

Ž .weight Matthews et al., 1995 . In the present study,
however, body weight decreases in rats were observed in
the absence of a reliable decrease in sucrose intake. By
contrast, in mice, where chronic mild stress reliably de-
creased sucrose intake, there was no loss of body weight;
these data are consistent with the majority of other studies
Ž .Willner et al., 1996 . It has also been suggested that the
food deprivation components of the chronic mild stress
procedure might be particularly important in decreasing

Ž .sucrose intake Forbes et al., 1996; Hatcher et al., 1996 .
The present study did not directly address this issue, which

Ž .is discussed elsewhere Willner, 1997 . However, since
stressed mice were food deprived for only 6 hrweek more
than control mice, it seems unlikely that this factor alone
could explain their decreased sucrose intake. It is also
unclear how food deprivation might account for the im-
pairment of place conditioning in stressed rats, since all

Ž .animals stressed and control were tested under similar
conditions of 22 h of food deprivation.

ŽFlibanserin has affinity for cortical 5-HT K s191A i
. Ž .nM and 5-HT K s133 nM receptors, but with the2 i

Ž .exception of a -adrenoceptors K s523 nm , where it1 i

acts as an antagonist, flibanserin has negligible affinity for
Žother 5-HT receptors 5-HT , 5-HT , 5-HT , 5-HT ,1B 1D 2C 3

. Ž . Ž5-HT , adrenoceptors a , b , b , and dopamine D ,4 2 1 2 1
. Ž .D , muscarinic, or histamine H , H receptor subtypes.2 1 2

Flibanserin elicits a weak serotonergic syndrome in rats at
a dose of 64 mgrkg i.p., and antagonizes DOI-induced

Ž .head twitches in mice at a dose ED of 4.1 mgrkg50
Ž .Borsini et al., unpublished data . In cortical preparations,
flibanserin reduced forskolin-stimulated cAMP accumula-
tion, an effect blocked by the 5-HT receptor antagonist1A

tertatolol, and antagonized 5-HT-induced phosphatidyl-
inositol turnover, suggesting that it acts in the cortex as a
5-HT receptor agonist and a 5-HT receptor antagonist1A 2
Ž .Borsini et al., 1995a . This conclusion is supported by
electrophysiological studies showing that flibanserin dose-
dependently inhibited the firing rate of cells in the medial
prefrontal cortex, after intravenous or microiontophoretic
application. These effects were still present after destruc-
tion of cortical 5-HT terminals, and were antagonized by
the 5-HT antagonists tertatolol and WAY-100135. A1A

similar decrease in firing rate of the same cells was also
seen after microiontophoretic application of 5-HT, suggest-
ing that, on acute administration, flibanserin mimics the

Žaction of 5-HT in the prefrontal cortex Borsini et al.,
.1995b . This is not true of other 5-HT receptor agonists1A

Ž .Borsini et al., 1995a,b .
It is now well established that chronic administration of

antidepressant drugs potentiates the responsiveness to ago-
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nists of dopamine D rD receptors in the nucleus accum-2 3
Žbens Willner and Montgomery, 1981; Martin-Iverson et

al., 1983; Arnt et al., 1984; Maj, 1988; Maj and Wedzony,
.1985, 1988; Maj et al., 1984a,b, 1987 . Both biochemical

Ž . Ž .receptor binding and behavioural place conditioning
studies have shown that stress-induced anhedonia is associ-
ated with a decrease in dopamine D rD receptor function2 3

in the nucleus accumbens, and that recovery from anhedo-
nia is associated with an increase in dopamine D rD2 3

Ž .receptor function Papp et al., 1993a,b, 1994 . It appears,
therefore, that the effectiveness of antidepressants in the
chronic mild stress model may be mediated by sensitiza-
tion of dopamine D rD receptors in the nucleus accum-2 3

bens.
In the present study, the locomotor stimulant effect of

quinpirole, which, at the dose used, acts as an agonist at
postsynaptic dopamine D rD receptors, was enhanced by2 3

fluoxetine, consistent with the earlier literature; this effect
was substantially larger in stressed animals. Flibanserin did
not potentiate quinpirole-induced locomotion in control
animals, suggesting that the actions of fluoxetine and
flibanserin are not identical. Nevertheless, flibanserin did
potentiate quinpirole in stressed animals, with the greatest

Ž .effect at the lowest dose 5 mgrkg . The effectiveness of
raclopride in reversing the antidepressant effects of fluoxe-
tine and flibanserin provides further support for an in-
volvement of dopamine synapses in the mechanism of
antidepressant action in the chronic mild stress model.
These data, in mice, confirm earlier observations that
raclopride or other dopamine D rD receptor antagonists2 3

reversed antidepressant effects on sucrose drinking in rats
exposed to chronic mild stress, following chronic treatment

Ž .with fluoxetine Muscat et al., 1992 or a variety of other
Žtricyclic and nontricyclic antidepressants Muscat et al.,

.1990, 1992; Sampson et al., 1991; Cheeta et al., 1994 .
The mechanism by which chronic antidepressant treat-

ment increases behavioural responses to stimulant effects
of quinpirole and other dopamine D rD receptor agonists2 3

is unclear. Chronic antidepressant treatment in control
animals does not increase the number of dopamine D rD2 3

receptors. However, chronic mild stress decreases the
number of dopamine D rD receptors in the nucleus2 3

accumbens, and this effect was completely reversed by
Ž .chronic treatment with imipramine Papp et al., 1994 .

Thus, at the level of the dopamine D rD receptor, the2 3

effects of chronic antidepressant treatment appear to be
greater in animals subjected to chronic mild stress than in
control animals. This may provide a basis for understand-
ing the present observation that the potentiation of quinpi-
role by fluoxetine or flibanserin was greater in stressed
animals than in controls. The ability of raclopride to
reverse the effects of antidepressant treatment was also
greater in stressed animals than in controls: at a higher
dose, raclopride decreases sucrose intake in control ani-

Ž .mals Phillips et al., 1991 , but at the dose used in this
study, 0.1 mgrkg, the effect of raclopride is specific to

Žantidepressant-treated stressed animals e.g. Cheeta et al.,
.1994; present data . It seems that chronic antidepressant

treatment of stressed animals results in supersensitive re-
sponses to both agonists and antagonists at dopamine
D rD receptors. In the present study, both of these2 3

effects were particularly clear for flibanserin: stressed ani-
mals treated with flibanserin showed a large increase in
quinpirole-stimulated locomotion and a substantial sup-
pression of sucrose intake by raclopride; neither of these
effects was seen in flibanserin-treated control animals.

These observations suggest that, in common with other
antidepressants, the antidepressant-like anti-anhedonic ac-
tion of flibanserin may involve sensitization of dopamine
D rD receptors. It remains to be established whether2 3

these receptors are located within the mesoaccumbens
dopamine system, and if so, whether the antidepressant-like
effects of flibanserin are mediated by direct actions within
the nucleus accumbens or, as suggested by the electrophys-

Ž .iological evidence Borsini et al., 1995b , by indirect
actions at the level of the prefrontal cortex.
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