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and Motor Behavior

 

Deanna M. Sasaki-Adams, B.S., and Ann E. Kelley, Ph.D.

 

These studies addressed the question of serotonin (5-HT)-
dopamine (DA) interactions with regard to reward-related 
behavior and motor activity in rats. The first experiment 
evaluated the effect of chronic treatment with fluoxetine (7 
mg/kg/day), a serotonin-selective reuptake inhibitor, and 
buproprion (15 mg/kg/day), a dopamine reuptake inhibitor, 
on responding for conditioned reinforcement (CR). Chronic 
fluoxetine, but not buproprion, enhanced CR responding, 
and also potentiated cocaine-induced increases in CR 
responding. In the second experiment, animals received 
intra-accumbens infusions of either 5-HT (0, 1, 5, and 10 

 

�

 

g) or DA (10, 20 

 

�

 

g) prior to the conditioned 

reinforcement test. Dopamine, but not 5-HT, selectively 
facilitated CR responding, although 5-HT non-specifically 
increased responding as well. In the third and fourth 
experiments, it was demonstrated that intra-accumbens 
5-HT causes increased motor activity, which was partially 
blocked by DA antagonists. The results suggest that 
chronically increased levels of 5-HT may facilitate reward-
related behavior, but most likely via indirect modulatory 
mechanisms affecting general arousal and motor tone. 
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The dopaminergic and serotonergic neurotransmitter
systems are thought to play a critical role in the regula-
tion of emotion and mood, and have been implicated in
a spectrum of neuropsychiatric disorders. Psychotropic
drugs affecting dopaminergic or serotonergic systems
have been used to treat such disorders as depression,
bipolar disorder, schizophrenia, eating disorders, ob-
sessive compulsive disorder, and autism and have also
been used to alleviate motor dysfunction associated
with Tourette’s syndrome, Parkinson’s disease, and

self-injurious behavior. Since both these transmitter
systems appear to play such a critical role in mental
functions, there has been a considerable amount of in-
terest in their potential interactions.

The nucleus accumbens, which has been implicated
in reward and motivation, is one brain region where
such an interaction may take place. There are high lev-
els of dopamine (DA), dopamine receptors, serotonin
(5-HT), and serotonin receptors in this forebrain region
(Beal and Martin 1985; Bonaventure et al. 1997; Bouyer
et al. 1984; Eberle-Wang et al. 1997; Joyce and Marshall
1987; Kilpatrick et al. 1987; Phelix and Broderick 1995;
Van Bockstaele et al. 1993; Van Bockstaele and Pickel
1993). The classical role of dopamine in the nucleus ac-
cumbens has been attributed to regulating motivation
and reward-related behavior (Robbins and Everitt 1996;
Schultz 1997; Wise and Rompré 1989). For example,
drugs of abuse, such as cocaine and amphetamine, are
believed to exert their euphoric effects primarily via ac-
tivating the dopamine system (Di Chiara and Imperato
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1988; Koob and Bloom 1988). In contrast to the substan-
tial body of research on dopamine in the nucleus ac-
cumbens, there has been comparatively little attention
given to the role of serotonin and serotonin-dopamine
interactions in the nucleus accumbens.

There are a number of reasons why further under-
standing of dopamine-serotonin interactions would be
useful. Although depression undoubtedly involves a
complex dysregulation of many transmitter and neu-
roendocrine systems, a majority of drugs used to treat
depression affects the serotonin system. Serotonin-
selective re-uptake inhibitors (SSRIs) such as fluoxetine
enhance synaptic levels of serotonin (5-HT), and are
generally quite effective in ameliorating the symptoms
of depression. Thus, one widely held hypothesis is that
dysfunction in serotonergic neurons and their targets
may underlie depressive symptomatology (van Praag
et al. 1987). Although serotonergic systems are most of-
ten implicated in mood, dopaminergic systems are tra-
ditionally associated with reward and appetitive moti-
vation. Since a hallmark of depression is diminished
ability to experience pleasure, it is logical to propose
that dopaminergic effects may be involved in the anti-
depressant effects of SSRIs. Such a putative effect
would likely involve serotonin-dopamine interactions.
Moreover, although less commonly prescribed, drugs
enhancing dopaminergic function such as buproprion
also are effective antidepressants (Ascher et al. 1995).

There is ample evidence for serotonergic influences
on dopamine function. Although several early studies
indicated an inhibitory role of 5-HT on dopaminergic
activity (Korsgaard et al. 1985; Pycock et al. 1978; War-
britton et al. 1978), much recent evidence suggests a fa-
cilitatory effect on DA. For example, a number of 

 

in vivo

 

microdialysis studies have clearly shown that exposure
of the striatum or nucleus accumbens to serotonin re-
sults in increased release of dopamine (Benloucif and
Galloway 1991; De Deurwaerdere et al. 1996; Hallbus et
al. 1997; Parsons and Justice 1993; Yadid et al. 1994;
Yoshimoto et al. 1996), although the mechanism under-
lying such an enhancement is unclear. Other method-
ological approaches have also shown such a relation-
ship (Blandina et al. 1988; Jacocks and Cox 1992; Nurse
et al. 1988; Yi et al. 1991).

There has also been much interest in these interac-
tions with regard to the role of serotonin function in co-
caine’s psychomotor stimulating and reinforcing effects
(Broderick and Phelix 1997; Cunningham et al. 1996;
Parsons et al. 1995; Walsh and Cunningham 1997). For
example, although SSRIs do not substitute for cocaine
in drug discrimination tests, they do potentiate the
stimulus effects of cocaine (Cunningham and Callahan
1991; Kleven and Koek 1998). Although many of these
studies tend to suggest a potentiating influence of sero-
tonergic drugs on dopaminergic tone, the picture is
complicated by the existence of multiple subtypes of

5-HT receptors. For example, 5-HT

 

1B

 

 and 5-HT

 

3

 

 ago-
nists tend to facilitate dopaminergic effects (De Deur-
waerdere et al. 1998; Parsons et al. 1996), whereas 5-
HT

 

2C

 

 agonists have been reported to inhibit such effects
(Walsh and Cunningham 1997).

In the present work, we have conducted several ex-
periments examining the role of 5-HT and DA in condi-
tioned reinforcement and locomotor activity in rats. The
first experiment sought to examine the effect of chronic
treatment with fluoxetine and buproprion in the condi-
tioned reinforcement paradigm. This paradigm mea-
sures an animal’s operant responding for a stimulus
that has secondary reinforcing properties by virtue of
having been previously associated with food reward
(Robbins 1978). Clinical depression often manifests it-
self as anhedonia, in which interest and motivation for
normally pleasurable stimuli is compromised. Although
the conditioned reinforcement paradigm is not an animal
model of depression, it is a valid test of an animal’s re-
sponsivity to a rewarding stimulus. Further, this experi-
ment examined the effects of chronic antidepressant
treatment on the potentiating effect of cocaine in this
paradigm. The second experiment evaluated the effect
of direct intra-accumbens infusion of 5-HT and dopa-
mine in the conditioned reinforcement paradigm. The
third experiment explored the role of 5-HT in the nu-
cleus accumbens with regard to locomotor activity. The
final experiment investigated the influence of dopamine
D1 and D2 antagonists on the motor activation elicited
by infusion of 5-HT into the nucleus accumbens.

 

METHODS

Subjects

 

The animals used in these experiments were treated in
accordance with the Guide for the Care and Use of Lab-
oratory Animals as adopted and promulgated by the
National Institutes of Health. A total of 51 male Spra-
gue-Dawley rats weighing 250–300 g were housed two
per clear, plastic cage. They were maintained on a 12
hour light/dark schedule with lights on at 0700 h. The
animals were handled upon arrival and consistently
during the experiment in order to minimize the effects
of stress induced by handling. In Experiments 1 and 2,
animals were maintained on a restricted feeding sched-
ule; in Experiments 3 and 4, they were maintained 

 

ad li-
bitum.

 

 In Experiment 1, when it became apparent that
fluoxetine-treated rats were losing weight more than
the other groups, the rats were given extra food in an
attempt to maintain their weight.

 

Surgery

 

For Experiments 2–4, rats were subjected to stereotaxic
implantation of bilateral chronic indwelling cannulae
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(23 gauge; 0.063 cm). They were anesthetized using 0.6
mg/kg of a Ketamine/xylazine mixture and then
placed in a stereotaxic apparatus with the incisor bar
placed 5 mm above interaural zero. The guides were
implanted to place their tips 2.5 mm above the injection
target according to coordinates from the atlas of Paxi-
nos and Watson (1998). Anterior-posterior measure-
ment (in mm) was 

 

�

 

1.4 from bregma, lateral-medial 

 

�

 

1.7 from midline, and dorsal-ventral 

 

�

 

5.5 from the sur-
face of the skull. The cannulae were fastened to the
skull using stainless steel mounting screws and dental
cement. Wire stylets were placed in the cannulae to pre-
vent occlusion. The animals were allowed a week of re-
covery following the surgery before behavioral testing.

 

Microinfusion Procedure

 

Initially, rats received a mock injection with a 10 mm in-
jector placed into the guide cannulae. Two days prior to
the first test session, each of them received a vehicle in-
fusion into the nucleus accumbens. The vehicle em-
ployed was isotonic saline.

For the infusion procedure, the wire stylets were re-
moved and bilateral stainless steel injector cannulae (30
gauge; 0.03 cm), attached via polyethylene tubing to
two 10 ml Hamilton syringes mounted on a microinfu-
sion pump (Harvard Apparatus, So. Natick, MA), were
lowered through the guides to the accumbens (2.5 mm
below the tip of the guide to a final D-V coordinate of

 

�

 

8.0 from skull). Test drug or vehicle was delivered bi-
laterally at a rate of 0.32 

 

�

 

l/min for a total infusion vol-
ume of 1.0 

 

�

 

l per side. A diffusion time of 1 min was al-
lowed before removal of the injector and replacement
of the stylets.

 

Drugs

 

The drugs used in these experiments included fluoxetine
hydrochloride, buproprion hydrochloride, pargyline hy-
drochloride, dopamine hydrochloride, the D1 dopamine
receptor antagonist R(

 

�

 

)-SCH-23390 hydrochloride, the
D2 dopamine receptor antagonist, S(-)-raclopride-
L-tartrate, and ketamine hydrochloride/xylazine hydro-
chloride solution, which were all purchased from RBI,
Natick, MA, and stored appropriately. 5-Hydroxytrypta-
mine hydrochloride was obtained from Sigma-Aldrich
(St. Louis, MO). Cocaine hydrochloride was provided by
the National Institute on Drug Abuse.

 

Histological Analysis

 

Following completion of the experiments, each animal
was deeply anaesthetized with 0.6 ml sodium pentobar-
bital and perfused transcardially with 0.9% saline fol-
lowed by 10% formalin. Brains were removed and
stored in 10% formalin. Before cutting, brains were

soaked for 24 hours in a 20% sucrose-formalin solution.
They were then frozen and cut in the cryostat into 60
mm sections. These sections were stained with cresyl vi-
olet and analyzed using a light microscope to determine
the location of the cannulae tracks. Photomicrographs
from representative animals are shown in Figure 1.

 

Behavioral Testing

 

Conditioned Reinforcement Paradigm.

 

Five operant
chambers (Coulbourn Instruments, Allentown, PA)
were used for this experiment. The chambers were all
soundproof and were initially equipped with a pellet
dispenser, houselight, and a speaker. During the testing
phase, two levers were added to the chamber and the
pellet dispenser was blocked with cotton to prevent
pellets from dropping into the food hopper. A com-
puter system (Paul Fray, Cambridge, U.K.) controlled
the activities of the operant chambers and was used for
data collection.

Figure 1. Histological representations of cannula tracks in
the nucleus accumbens, from Experiment 2. (A) and (B) show
coronal sections from two different animals.
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The animals were maintained at approximately 85%
of free-feeding weight. They were first habituated to the
chambers for two days, during which several sugar pel-
lets (45 mg; Bioserv) were placed in the food magazine.
Following habituation, the rats were subjected to a clas-
sical conditioning paradigm (the training phase) in
which the delivery of a sugar pellet was always pre-
ceded by presentation of a compound stimulus. The
stimulus was comprised of house lights off, red panel
light on, and the click of the food dispenser. The stimu-
lus was presented just prior to pellet delivery. The ini-
tial session was a random-time 10-sec reinforcement
schedule. Animals were trained not to put their head in
the food magazine prematurely by introducing a 3-sec
delay in the next pellet delivery if they responded out-
side of stimulus presentation. The training progressed
on an increasing random time schedule until a random-
time 45-sec reinforcement schedule was achieved, with
30 pairings per session.

During the test phase of the experiment, two levers
were installed in the operant chambers and the pellet
dispenser was blocked. Pressing the “correct” lever re-
sulted in the presentation of the compound stimulus
but no pellets. Responses on the “incorrect” lever had
no consequences. Each of the rats was assigned a lever
to correspond to the correct lever and these assign-
ments were maintained through the course of the ex-
periment. In a preliminary session, the rats were placed
in the chambers until they pressed the correct lever 10
times. On the following day the first test session oc-
curred, during which data was recorded. The number
of correct and incorrect responses was recorded in ad-
dition to the number of nose pokes into the food hop-
per. The test sessions lasted 30 min, and occurred every
other day.

 

Activity Cages

 

Activity testing was performed in clear polycarbonate
cages, resembling the animals’ home cages, and mea-
suring 47 cm 

 

�

 

 26 cm 

 

�

 

 20 cm with raised wire grid
floors. Two infrared photocell beams with emitters and
detectors were located along the horizontal axis of the
cages to record motor activity (San Diego Instruments).

Locomotor activity was defined as movement from
one end of the cage to the other, (beam breaks preceded
by an adjacent beam break). Rearing activity was re-
corded as the total number of photocell beam breaks
that occurred near the top of the cages. Total activity
was defined as the sum of all horizontal photocell beam
breaks. In experiments utilizing this paradigm, the ani-
mals were habituated to the cages for 2 hours on two
separate days, in order to adapt them to the environ-
ment. During the test phase, rats were tested for 120
min with counts being recorded at 10-min intervals. All
testing was done between 1200 and 1600 hours.

 

Experimental Procedure

 

Experiment 1: Responding for Conditioned Reinforcement
in Rats Chronically Treated with Fluoxetine or Buprop-
rion.

 

In this experiment, three groups of rats (

 

n

 

 

 

�

 

 8/
group) were given daily injections intra-peritoneally for
19 days. These were maintained at approximately 85%
of free-feeding weight. The three groups were treated
daily with either 7 mg/kg of fluoxetine (i.p., in the af-
ternoons following food administration), 7.5 mg/kg of
buproprion (twice daily), or 0.3 ml of isotonic saline as
a vehicle into the control group (once daily).

During this treatment regimen, the rats underwent
classical conditioning training in the operant chambers
as described above for 10 days. For the first test session,
animals were tested for lever-pressing under baseline
conditions (no cocaine). During subsequent test ses-
sions, animals received either 0, 10, or 25 mg/kg co-
caine, i.p., counterbalanced for order 10 min before be-
ing placed in the chambers. All animals received each
treatment. On test days, the animals always received
their chronic treatment injection after the test. All ani-
mals were weighed daily, as there is evidence that
chronic antidepressant treatment can cause weight loss.

 

Experiment 2: The Effect of Intra-Accumbens Dopamine
and Serotonin in the Conditioned Reinforcement Test.

 

In this experiment, animals (

 

n

 

 

 

�

 

 10) were trained in the
CR procedure as described above. On test days, seroto-
nin (0, 1, 5, and 10 

 

�

 

g/

 

�

 

l) was infused into the nucleus
accumbens in a counterbalanced design, and animals
were placed immediately in the chambers for data re-
cording. Following these treatments, two further injec-
tions of dopamine (5, 10 

 

�

 

g/

 

�

 

l) were administered on
separate test days. Thus, in this within-subjects design
each animal received a total of six microinjections. All
rats (including vehicle-injected) also received a pre-
treatment (30 min prior to intracerebral treatment) of
the MAO inhibitor pargyline (25 mg/kg) each test day
in order to delay the catabolism of monoamines.

 

Experiment 3: The Effect of Intra-Accumbens Injections
of Serotonin on General Motor Activity.

 

In this study,
rats (

 

n

 

 

 

�

 

 9) received microinjections of 0, 1, 5, and 10 

 

�

 

g
serotonin infused into the nucleus accumbens, follow-
ing an i.p. pretreatment of pargyline as described above.
In this within-subjects design, treatments were given on
separate test days every other day, with order of dose
counterbalanced. Animals were placed in activity cages
for 120 min and behavior was recorded.

 

Experiment 4: Influence of D1 and D2 Receptor Antago-
nists on Motor Response to Intra-Accumbens Serotonin.

 

Cannulated rats (

 

n

 

 

 

�

 

 9) received an intra-accumbens in-
fusion of serotonin (5 

 

�

 

g) combined with an i.p. injec-
tion of vehicle, 0.1 mg/kg SCH 23390 or 1.0 mg/kg
raclopride, in a within-subjects design. These doses
were chosen on the basis of their ability to clearly block
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DA-mediated behavior (Chu and Kelley 1992; Yeghi-
ayan and Kelley 1995). Rats also received an intra-ac-
cumbens injection of vehicle (saline) in combination
with i.p. saline. Thus, each animal received all four
treatments in a counterbalanced order, with test days
separated by at least two days. They also received the
pargyline i.p. treatment 30 min before intra-accumbens
treatment, and the DA antagonist treatment 15 min
prior to the accumbens treatment.

 

Data Analysis

 

Data were analyzed using the SuperAnova software
program (Abacus Concepts) for the Macintosh. For Ex-
periment 1, a repeated measures, 3-factor analysis of
variance (ANOVA) was used, with chronic treatment
group as the between-subjects factor. The within sub-

jects factors were dose of cocaine and lever. A 2-factor
between-within ANOVA was also carried out on the
weights of the rats from day 11 to day 18 of chronic
treatment. For Experiment 2, a repeated measures 2-fac-
tor design (dose and lever) was used. (The 5-HT and
dopamine data were analyzed separately.) For Experi-
ment 3, a repeated measures 2-factor design (dose and
time) was employed, for each of the behavioral categories
recorded. For Experiment 4, a repeated measures 2-factor
design was also employed (treatment and time).

 

RESULTS

Experiment 1: Responding for Conditioned 
Reinforcement in Rats Chronically Treated with 
Fluoxetine or Buproprion

 

Analysis for baseline responding during the first test
session (no cocaine injection given) revealed a signifi-
cant group 

 

�

 

 lever interaction (F[2,21] 

 

�

 

 4.61, 

 

p

 

 

 

�

 

 .02],
as well as an overall lever effect for all the animals
(F[1,21] 

 

�

 

 9.5, 

 

p

 

 

 

�

 

 .01). Figure 2 shows that fluoxetine-
treated animals showed a marked preference for the CR
(rewarded) lever compared with either the saline or bu-
proprion groups. Analysis of simple main effects indi-
cated that this overall effect was due to a significant in-
teraction between the saline and fluoxetine groups
(F[1,21] 

 

�

 

 4.96, 

 

p

 

 

 

�

 

 .05), as well as the buproprion and
fluoxetine groups (F[1,21] 

 

�

 

 8.4, 

 

p

 

 

 

�

 

 .01).
The buproprion group was no different from the

chronic saline group. The effect of cocaine in these ani-
mals is shown in Figure 3. It is well established that co-
caine and other psychostimulants have a potentiating
effect on lever-pressing for a conditioned reinforcer
(Chu and Kelley 1992; Kelley and Delfs 1991; Robbins
1978). It can be observed from the figure that cocaine
generally enhanced CR responding in all groups. Anal-
ysis of variance indicated an overall effect of cocaine

Figure 2. Baseline lever-pressing in the conditioned rein-
forcement test in rats chronically treated with antidepressants,
before cocaine was given (see text for details of treatment).
Correct responses are those responses on lever producing the
conditioned reinforcer (light/click that had been associated
with food); incorrect responding has no consequences. † p �
.05, group � lever interaction; ## p � .01, lever effect.

Figure 3. Effect of systemically administered cocaine in the conditioned reinforcement test in animals treated chronically
with antidepressants (see text for details of treatment). † p � .05, dose � treatment � lever interaction. ## p � .01, lever effect.
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dose (F[2,42] 

 

�

 

 7.3, 

 

p

 

 

 

�

 

 .002), a dose 

 

�

 

 lever interaction
(F [2,42] 

 

�

 

 5.77, p � .006), and a dose � lever � treat-
ment effect (F[4, 42] � 2.58, p � .05). Cocaine in the flu-
oxetine group had a more pronounced effect when
compared with the saline and buproprion groups.
Analysis of simple main effects indicated a significant
dose � treatment � lever interaction (fluoxetine versus
buproprion, (F[2,42] � 4.9, p � .025). In all groups, a sig-
nificant effect of lever was observed (F[1,21] � 12.1, p �
.002).

Animals treated chronically with fluoxetine experi-
enced a weight loss significant in comparison to the sa-
line and buproprion treatment groups (Figure 4). Over
the eight days that weights were recorded and ana-
lyzed, there was a significant treatment effect for
weight (F[2,21] � 8.22, p � .002). Newman-Keuls analy-
sis of means indicated a significant difference between
the fluoxetine group and both the saline and buprop-
rion groups (p � .05).

Experiment 2: The Effect of Intra-Accumbens 
Dopamine and Serotonin in the Conditioned 
Reinforcement Test

Figure 5 shows the effects of intra-accumbens infusion
of serotonin and dopamine on responding for condi-
tioned reinforcement. Intra-accumbens serotonin did
not selectively potentiate CR responding (Figure 5A).
The overall analysis of variance indicated a trend to-
wards a treatment effect that did not quite reach statisti-
cal significance (F[2,18] � 2.98, p � .07), however when
post hoc contrasts were conducted there was a signifi-
cant difference between saline and 5 �g dose treatment
(p � .025). This small increase was not selective for the
CR lever; in other words, 5-HT tended to increase re-
sponding on both levers. In contrast, dopamine dose-
dependently and selectively potentiated responding for
conditioned reinforcement (Figure 5B).

There were significant effects of dose (F[2,18] � 14.3,
p � .0002), and a dose � lever interaction (F[2,18] � 6.1,
p � .01). Further analysis demonstrated a difference be-
tween the saline and 10 �g DA contributed to this inter-
action (F[1,18] � 8.0, p � .025) as well as the difference
between the saline and 20 �g DA (F[1,18] � 10.3, p �
.01). There was additionally, a significant effect of lever
(F[1,9] � 9.3, p � .01).

Experiment 3: The Effect of Intra-Accumbens 
Injections of Serotonin on General Motor Activity

Serotonin infused into the nucleus accumbens strongly
activated motor activity (Figure 6). Overall analysis of
the data for the total activity measure revealed a signifi-
cant effect of dose (F[2,14] � 7.86, p � .005). Post-hoc
contrast tests indicated a significant difference between
the saline and both the 5 �g and 10 �g treatments (p �
.01). Analysis of the locomotor activity data revealed a
significant dose effect (F[2,14] � 7.02, p � .008) and
dose � time interaction between the control animals
and those injected with 5-HT (F[22,154] � 2.43, p �
.001). Analysis of simple main effects indicated this in-

Figure 4. Weight in grams for the three chronic treatment
groups in Experiment 1. Chronically-treated fluoxetine rats
had significantly lower weights. ** p � .01, group effect.

Figure 5. Effect of intra-accumbens infu-
sion of serotonin or dopamine on respond-
ing for a conditioned reinforcer. * p � .05;
** p � .01, dose effect; † p � .05; †† p � .01,
dose � lever interaction. ## lever effect.
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teraction to be due to a difference between saline and
the 5 �g treatment (F [11,154] � 2.82, p � .005), and be-
tween the saline and the 10 �g groups (F[11,154] � 3.7,
p � .001).

In the analysis of the rearing data, a significant effect
of dose was observed (F[2,14] � 4.14, p � .038). Post-hoc
tests indicated a significant difference between the saline
treatment and both the 5 �g and 10 �g treatments.

Experiment 4: Influence of D1 and D2 Receptor 
Antagonists on Motor Response to Intra-Accumbens 
Serotonin

It can be observed from Figure 7 that the increase in
motor activity elicited by intra-accumbens infusion of
5-HT was attenuated by prior administration of DA an-
tagonists. Analysis of the total activity data revealed a
significant treatment � time interaction (F[22,176] �
1.78, p � .02), but no overall treatment effect. Further
analysis indicated this interaction to be due to a differ-
ence between the saline pretreatment and the SCH
23390 pretreatment (F[11,176] � 3.2, p � .001). The dif-
ference between the saline pretreatment and the raclo-
pride pretreatment, while substantial, did not contrib-
ute to this interaction. For locomotor activity data, there
were no statistically significant effects, although it ap-

peared that neuroleptic pretreatment attenuated the
5-HT response somewhat (overall treatment effect, p �
.08). For the rearing data, there also were no significant
effects of neuroleptic pretreatment.

DISCUSSION

The data resulting from these experiments add to the
growing literature on serotonin-dopamine interactions.
Several general conclusions can be made. First, chronic
treatment with the SSRI fluoxetine significantly enhanced
acquisition of responding for conditioned reinforcement,
suggesting that fluoxetine treatment may potentiate the
ability of a reward-associated stimulus to influence be-
havior. Moreover, the response-potentiating effect of
cocaine that is normally observed in control animals in
the conditioned reinforcement paradigm is substantially
increased in fluoxetine-treated rats. Second, intra-accum-
bens infusion of serotonin does not selectively enhance
reward-related responding (in contrast to dopamine),
although it does non-specifically increase lever-pressing
and also stimulates motor activity. Serotonergic loco-
motor activation is partially although not completely
blocked by co-administration of DA antagonists. The gen-
eral interpretation of these data, as discussed below, are

Figure 6. Motor activity following intra-accumbens infusion of serotonin. Top row shows time course of various behaviors
and bottom row shows the corresponding totals over the two-hour session. ** p � .01, dose effect.



NEUROPSYCHOPHARMACOLOGY 2001–VOL. 25, NO. 3 5-HT-DA Interactions in Reward and Motor Behavior 447

that increasing serotonergic tone in the accumbens may
indirectly influence dopaminergic function.

In the first experiment, chronic treatment with fluox-
etine appeared to enhance both baseline responding
and the response to cocaine. The conditioned reinforce-
ment test is an established model of an animal’s reactiv-
ity to a stimulus with reinforcing properties. In this par-
adigm, the stimulus which had previously been paired
with reward (food in a hungry animal) acquires rein-
forcing properties of its own, as demonstrated by the
fact that animals will acquire a new operant response,
lever-pressing, reinforced solely by the conditioned
stimulus, in the absence of primary reward.

It is well established that rats show a preference for
the CR lever in baseline conditions and that this re-
sponding is greatly enhanced by administration of DA-
releasing psychostimulants either systemically or in the
nucleus accumbens (Kelley and Delfs 1991; Phillips and
Fibiger 1990; Robbins 1978; Taylor and Robbins 1984).
Thus, it is particularly interesting that chronic treat-
ment enhanced baseline responding, suggesting that

treatment with this antidepressant rendered animals
more sensitive to a rewarding stimulus. This effect was
presumably not due to a general motor activation, since
the potentiation was selectively for the CR lever. How-
ever, it should be noted that a possible confounding fac-
tor is the weight loss experienced by the fluoxetine rats,
an effect reported in the literature (Trouvin et al. 1993;
Yen and Fuller 1992). Thus it cannot be ruled out that
the fluoxetine-treated rats were more sensitive to re-
ward because of their weight loss. Of relevance here is
evidence that chronic weight loss indeed is found to en-
hance the rewarding properties of food, drugs of abuse,
and electrical brain stimulation (Cabeza de Vaca and
Carr 1998; Cabeza de Vaca et al. 1998). It is unlikely that
acute food deprivation alone was responsible for the ef-
fect, since the fluoxetine rats were actually given con-
siderably more food than the other two groups, to at-
tempt to prevent their weight loss. However, it is
certainly possible that some long-term metabolic factor
resulting from chronic weight loss could contribute to
the fluoxetine effect.

Figure 7. Influence of pretreatment with DA antagonists on the motor response to intra-accumbens serotonin. Top row
shows time course of various behaviors and bottom row shows the corresponding totals over the two hour session. The
SAL/SAL group received intra-accumbens saline and i.p. saline; the 5-HT/SAL group received intra-accumbens 5-HT (5
�g) and i.p. saline; the 5-HT/RAC group received intra-accumbens 5-HT (5 �g) and i.p. raclopride (1.0 mg/kg); the 5-HT/
SCH group received intra-accumbens 5-HT (5 �g) and i.p. SCH 23390 (0.1 mg/kg). †† p � .01, treatment � time interaction
with respect to 5-HT/SAL group. I.C., intracerebral; I.P., intraperitoneal.
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The fluoxetine-treated rats also showed enhanced
sensitivity to cocaine. This is a particularly interesting
finding as it suggests that in some way dopaminergic
sensitivity is changed in the SSRI-treated rats. Of course
cocaine has multiple effects on transmitter systems, in-
cluding potent effects on the serotonin system (see Cun-
ningham et al. 1996); however, the enhancing effect of
psychostimulants in this paradigm is well-established
to be dependent on dopamine (Chu and Kelley 1992;
Ranaldi and Beninger 1993). Thus, the potentiation ef-
fect in fluoxetine-treated rats is likely to be due to an al-
teration in dopaminergic pathways. Such an alteration
would suggest that chronic fluoxetine has the ability to
enhance sensitivity to the rewarding effects of cocaine,
which are mediated primarily by dopaminergic neu-
rons. It is also interesting to note that chronic treatment
with another SSRI, paroxetine, is also found to facilitate
self-stimulation thresholds (Konkle and Bielajew 1999).

Although the neural mechanisms underlying this ef-
fect have not yet been determined, a number of studies
in the literature provide data for speculation. In one di-
alysis study of neurochemical effects in rats treated with
fluoxetine (in a similar dose range to the present study),
no change in baseline extracellular dopamine levels was
found, whether the fluoxetine was administered chroni-
cally or acutely (Clark et al. 1996). Interestingly though,
these authors also found that pretreatment with fluoxet-
ine induced a small increased in cocaine-induced dopa-
mine release in the nucleus accumbens. Another study
reported that chronic fluoxetine decreased levels of do-
pamine in the accumbens (Ichikawa et al. 1998), al-
though these authors also found that such treatment did
not affect amphetamine-induced release.

Chronic fluoxetine may influence dopaminergic
function indirectly, by changing intracellular signalling
pathways. For example, acute fluoxetine has been shown
to alter gene expression of Fos, corticotropin-releasing
factor (CRF), and the CRF-1 receptor (Torres and Horow-
itz 1998), and several recent studies reported alterations
in transcription factors and neuropeptides with chronic
fluoxetine (Caberlotto et al. 1998; Frechilla et al. 1998).
Acute fluoxetine is also reported to potentiate amphet-
amine-induced hyperactivity through inhibition of
brain enzymes that metabolize this stimulant (Sills et al.
1999). Overall, however, given how commonly fluoxet-
ine is prescribed, there are remarkably few studies in
the literature that examine the effects of such treatment
on neurochemical or neuromolecular substrates. Thus,
at this juncture we are limited in our speculations.

In contrast to the chronic fluoxetine treatment, chronic
buproprion did not enhance baseline nor cocaine-
induced responding for conditioned reinforcement. As
noted earlier buproprion is also commonly used as an
antidepressant, and its actions are thought to be medi-
ated via dopaminergic or noradrenergic effects, although
its precise mechanisms of action are not known (Ascher

et al. 1995). Like for fluoxetine, there are very few stud-
ies of neurochemical or behavioral effects of buprop-
rion. Nevertheless it is interesting that the two treat-
ments were distinguishable in terms of their effect on
responding for conditioned reinforcement. Indeed, it
appears from the data that buproprion may have actu-
ally reduced sensitivity to reward, from perusal of Fig-
ures 2 and 3.

Another main finding in these experiments showed a
distinction between the effects of 5-HT and dopamine in-
fused into the accumbens on lever-pressing for a reward-
ing stimulus. As has been demonstrated previously
(Cador et al. 1991; Kelley and Delfs 1991) dopamine and
indirect DA agonists have strong potentiating effects on
responding for conditioned reinforcement. This was rep-
licated in the present experiment. However, serotonin
in a similar dose range did not selectively enhance CR
lever-pressing, but rather induced a small overall in-
crease in responding (i.e., on both levers). This profile
suggests that although both DA and 5-HT can induce a
strong motor activating effect when infused into the ac-
cumbens, only DA actually has direct effects on respond-
ing for reward. However, given that chronic treatment
with an SSRI enhances the DA-dependent behavior, we
would propose that acute increases in 5-HT do not di-
rectly code reward, but rather can modulate its expres-
sion through enhanced arousal or motor activity. This
notion sits well with current theories that propose a
global modulatory role for serotonin in facilitation of
motor output (Jacobs and Fornal 1997).

It should be noted that our findings conflict with those
of Fletcher and colleagues (Fletcher 1995, 1996; Fletcher et
al. 1999). One study showed that treatment with the sero-
tonin-enhancing drugs d-fenfluramine and metergoline
actually reduced the response-potentiating effect of intra-
accumbens amphetamine in the conditioned reinforce-
ment paradigm (Fletcher 1995). However, once again
this was an acute treatment rather than chronic, and so
the outcome may be very different. Two further studies
indicated that direct infusion of 5-HT or a 5-HT1B ago-
nist also reduced dopamine-dependent effects (Fletcher
1996; Fletcher et al. 1999; also see Layer et al. 1992).

We did not test the direct interaction of 5-HT and DA
in the present study, but the results of these latter stud-
ies appear to suggest that increased levels of serotonin
reduce DA function rather than enhance it, in opposi-
tion to our hypothesis. More recently, this group also
found that 5,7-DHT lesions of serotonin neurons en-
hanced responding for a conditioned reinforcer, again
suggesting that 5-HT exerts inhibitory tone on DA func-
tion (Fletcher et al. 1999). We currently do not have an
explanation for this discrepancy, although because of
the complexity of the serotonergic system and its recep-
tors, such discrepancies are not uncommon. It may well
be that some 5-HT receptors modulate in a facilitatory
way whereas other subtypes exert the opposite effect.
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This complexity notwithstanding, a good case can be
made from the literature for a facilitatory effect of 5-HT
on striatal or accumbens dopamine. Many neurochemi-
cal studies demonstrate this relationship (Nurse et al.
1988; Blandina et al. 1988; Yi et al. 1991; Jacocks and Cox
1992; Hallbus et al. 1997; Benloucif and Galloway 1991;
Parsons and Justice 1993; Yadid et al. 1994; Yoshimoto
et al. 1996). The 5-HT-DA interaction question has been
approached in an elegant and novel way by Broderick
and Phelix (1997). These authors recorded dopaminer-
gic and serotonergic peaks using in vivo microvoltam-
metric recording and behavioral analysis. They found
that during detection of these neurotransmitters in real
time, increases in basal 5-HT release at DA terminal re-
gions were closely associated with increased DA re-
lease, and that activity of both amines tracked the time
course of an animal’s exploration in a novel chamber.
This result suggests that the serotonergic system may
synergistically interact with the dopaminergic system
during states of high arousal of motor activation. In
support of this hypothesis, a recent study showed that
electrical stimulation of the dorsal raphe nucleus caused
increased release of accumbens dopamine (De Deur-
waerdere et al. 1996).

In the current experiments, 5-HT infused into the nu-
cleus accumbens caused a pronounced effect on loco-
motor activity. The duration of this response was likely
prolonged by the pretreatment with the MAO inhibitor.
We found that this response was partially, although not
completely, reduced by co-treatment with DA antago-
nists. In a related study, we found that direct microinfu-
sion of 5-HT into the ventrolateral striatum induced
strong DA-dependent oral stereotypy (Yeghiayan and
Kelley 1995). Thus it appears that pharmacologically in-
creased levels of 5-HT are able to mimic DA-like behav-
ior such as enhanced motor activity and oral behavior,
perhaps via increasing synaptic levels of dopamine.

While this relationship is beginning to be elucidated,
it is not yet clear which 5-HT receptors are involved in
these effects, and we have not addressed this question in
the current study. However, there is suggestive evidence
that both 5-HT1B and 5-HT3 receptors may play a role in
pro-dopaminergic effects of serotonin. 5-HT1B receptor
stimulation enhances dopamine-mediated reinforcement
(Parsons et al. 1996), and 5-HT1B agonists enhance the
discriminative properties of cocaine (Callahan and Cun-
ningham 1995, 1997). However, in a dialysis study perfu-
sion with 5-HT caused a ten-fold increase in DA over-
flow but a 5-HT1B/1D agonist had no effect.

There are many reports of 5-HT3-mediated DA release
in striatum or accumbens (Carboni et al. 1989; Imperato
and Angelucci 1989; Jiang et al. 1990; Chen et al. 1991;
McNeish et al. 1993; Tanda et al. 1995; Genova and Hy-
man 1998; Monti et al. 1999; see also reviews by Hagan
et al. 1993; Grant 1995). Thus, the 5-HT3 receptor is a
good candidate for modulation of dopamine. However,

interaction of 5-HT with carrier-mediated mechanisms
via the DA transporter have also been well documented
(Feuerstein et al. 1986; Schmidt and Black 1989; Yeghi-
ayan et al. 1997; Yi et al. 1991).

In summary, this work has provided additional evi-
dence for serotonin-dopamine interactions in the control
of motor and reward-related behavior. Extending our un-
derstanding of these effects may have significant implica-
tions for progress in the treatment of neuropsychiatric
disorders, such as depression and addiction. However,
knowledge of the precise molecular and cellular mecha-
nisms governing the interaction awaits further study.
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