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It is established that dopamine (DA) neurotransmission plays a critical
role in the behavioral (e.g. discriminative stimulus) effects of cocaine in ro-
dents. Nonetheless, research has also demonstrated that reciprocal signaling
between DA and monoamine neurotranmitters, i.e. serotonin (5-HT) and nore-
pinephrine (NE) has important implication for understanding the actions of
cocaine. The present study was focussed on the ability of novel antidepres-
sant drugs (milnacipram, reboxetine and venlafaxine), which affect either
NE or both 5-HT and NE reuptake mechanism, to alter (enhance or antago-
nize) the discriminative stimulus effects of cocaine. Moreover, we investi-
gated if the combined treatment with those drugs and a DA D

�
receptor ago-

nist (pramipexole) could reproduce cocaine discrimination. Male Wistar rats
were trained to discriminate cocaine (10 mg/kg, ip) from saline (ip) in a two-
-choice, water-reinforced fixed-ratio 20 drug discrimination paradigm. Given
alone, none of antidepressant drugs induced substitution for the cocaine-
lever responses. Pramipexole (0.25 mg/kg) produced a partial substitution
for cocaine (i.e. 43–52% cocaine-lever responding). In combination experi-
ments, milnacipram (10 mg/kg) or reboxetine (10 mg/kg) given with sub-
maximal doses of cocaine (1.25–5 mg/kg) did not affect the cocaine dose-
response curve or its ED

��
values. Venlafaxine (10 mg/kg) given in combina-

tion with submaximal doses of cocaine (0.6–5 mg/kg) produced significant
enhancement of cocaine discrimination with a leftward shift in the cocaine
dose-response curve and a decrease in its ED

��
value. Pretreatment with either

milnacipram (10 mg/kg) or reboxetine (10 mg/kg) failed to modulate the
partial substitution evoked by pramipexole (0.25 mg/kg). On the other hand,
venlafaxine (10 mg/kg) given in combination with a submaximal dose of
pramipexole (0.25 mg/kg), which separately elicited 16 and 42% the cocaine-
-lever responses, produced significant enhancement of cocaine discrimina-
tion (up to 99% of the drug-lever responding). These results indicate that the
discriminative stimulus effects of cocaine in rats can be enhanced by venla-
faxine or mimicked by the combination with this antidepressant drug and
the DA D

�
receptor agonist. This finding, together with the recent data re-

porting the lack of rewarding properties of venlafaxine and the attenuation of
morphine dependence and withdrwal signs in rats by the drug, may indicate
a possible therapeutic use of this antidepressant in cocaine abuse.
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INTRODUCTION

Psychostimulant cocaine preferentially affects
brain dopamine (DA) neurotransmission. In fact,
the drug inhibits DA reuptake transport [20] and in-
creases extracellular levels of the neurotransmitter
in terminal areas, mainly, of the mesolimbic DA
pathway [21]. Since DA affects its target cells via
an interaction with different receptor subtypes, it is
likely that at least one of them is critically engaged
in the DA-mediated behavioral effects of cocaine.
Among DA receptors [15], several findings point to
engagement of DA D� receptors in the drug-evoked
effects: 1) the transcript and protein for these recep-
tors are located in different brain structures includ-
ing the DA mesolimbic system [17]; 2) activation
of DA D� receptors decreases basal extracellular
DA concentrations [30, 50]; 3) agonists or partial
agonists of DA D� receptors inhibit cocaine-seek-
ing behavior, the presentation of drug-associated
cues [36] and conditioned place preference induced
by the psychostimulant [19]. They also produce
stimulus generalization to cocaine in drug discrimi-
nation model [13, 14, 44]. Using antagonists and
knockout mice it was found that DA D� receptors
play an inhibitory role in the behavioral responses
to cocaine and in its striatal gene regulation [8],
however, other studies on DA D� receptor antago-
nists did not confirm this suggestion [3, 11]. In hu-
man studies, pharmacological, post-mortem and
genetic findings implicate the involvement of DA
D� receptors in cocaine addiction [23]. Interest-
ingly, it was found that cocaine exposure signifi-
cantly increased the expression of DA D� receptor
mRNA in cocaine overdose victims [29].

Recent research has also demonstrated that reci-
procal signaling between DA and serotonin (5-HT)
or norepinephrine (NE) has important implication
for understanding actions of cocaine. Thus, decrease
in 5-HT neurotransmission has been demonstrated
to potentiate the hyperactivity produced by cocaine
[26, 33]. Similarly, in cocaine self-administration
model selective lesions of the 5-HT (but not NE)
system and drugs increasing either 5-HT (e.g. tryp-
tophan, fluoxetine) or NE (e.g. desipramine, niso-
xetine) neurotransmission have been shown to en-
hance and decrease, respectively, the drug-induced
reinforcing effects [6, 7, 49, but not 53]. Selective
5-HT reuptake inhibitors (SSRI) or selective NE
reuptake inhibitors (NARI), under some conditions,
can either enhance or antagonize the interoceptive

effects of cocaine in drug discrimination model in
rats [4, 5, 10, 12], pigeons [16] and squirrel mon-
keys [45, 46].

In the present study, we investigated the ability
of some novel antidepressant drugs and a DA D�
receptor agonist to affect the interoceptive effects
of cocaine in rats. We also tested the hypothesis if
combined treatment with novel antidepressant drugs
and pramipexole, the DA D� receptor agonist [22],
could reproduce the stimulus properties of cocaine.
To that end we used a drug discrimination model
which models the subjective effects of cocaine in
humans [43] and employed novel antidepressant
drugs: milnacipram, reboxetine and venlafaxine.
The above mentioned drugs, clinically approved
for the treatment of depressive and anxiety disor-
ders, show distinct pharmacological mechanisms.
Reboxetine is a NARI [39, 52], whereas milnaci-
pram (F 2207) [32] and venlafaxine (Wy-45,030)
[34, 55] are regarded as inhibitors of 5-HT and NE
reuptake (SNRI). None of the used antidepressant
drugs inhibits significantly the DA neuronal uptake
mechanism (see Table 1).

MATERIALS and METHODS

Animals

The experiment was performed on male Wistar
rats (280–300 g). The animals were housed in
groups of two to a cage at a room temperature of
20 ± 1°C and 50–60% humidity on a 12 h light/
dark cycle (the light on between 6.00–18.00 h). Al-
though food (Labofeed pellets) was always avail-
able, the water that each animal received was re-
stricted to the amount given during training ses-
sions in the operant chambers, after test sessions
(15 min), and at weekends. All the experiments
were approved by the Committee for Laboratory
Animal Welfare and Ethics and met the Interna-
tional Guide for the Care and Use of Laboratory
Animals.

Drugs

The following drugs were used (in parentheses:
doses, pre-session injection times, route of injection,
suppliers): cocaine HCl (0.6–10 mg/kg; –15 min;
ip; Merck, Germany), milnacipram HCl (10 mg/kg;
–60 min; ip; Centre de Recherche Pierre Fabre,
France), pramipexole HCl (0.25 mg/kg; –45 min;
ip; Boehringer Ingelheim, Germany), reboxetine
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HCl (10 mg/kg; –60 min; ip; Pharmacia & Upjohn,
Kalamazoo, USA) and venlafaxine HCl (10 mg/kg;
–60 min; ip; Wyeth-Ayerst Research, USA). All the
drugs were used diluted in saline and injected in
a volume of 1 ml/kg.

Apparatus

Commercially available, two-lever operant cham-
bers (Coulbourn Instruments, model E10-10; USA)
were used. Each chamber was equipped with a wa-
ter-filled dispenser mounted equidistant between
two response levers on one wall and contained in
a light- and sound-attenuating shell. Illumination
was provided by a 28-V house light; ventilation
and masking noise were supplied by a blower.
A computer was used to program and record all the
experimental events.

Discrimination procedure

Cocaine discrimination was developed as de-
scribed previously [12]. Briefly, rats were trained to
discriminate cocaine (10 mg/kg) from saline (0.9%
NaCl) under a fixed-ratio (FR) 20 in standard two-
lever, water-reinforcement procedure. The drug or
saline were administered ip 15 min before daily
(Monday–Friday) sessions (15 min). The rats were
required to respond on the stimulus-appropriate
(correct) lever to obtain reinforcement (water); there
were no programmed consequences of responding
on the incorrect lever. That phase of training con-
tinued until all the animals fulfilled the criterion
(an individual mean accuracy of at least 80% cor-
rect responses before the first reinforcer during 10
consecutive sessions). Then test sessions were initi-
ated and were conducted once or twice a week. Co-
caine and saline sessions intervened between test
sessions to maintain discrimination accuracy. Only
rats that met an 80% performance criterion during
the preceding cocaine and saline sessions were
used in the tests. During the test sessions, the ani-
mals were placed in chambers in the same manner
as during training sessions. Upon completion of
20 responses on either lever, or after a session time
(15 min) elapsed, a single reinforcer was delivered,
and the animals were removed from the chamber.
In the home cages all the rats were allowed 15 min
of free access to water.

Two pharmacological test manipulations were
performed during the test sessions. In substitution
tests, the animals were tested for lever selection
after administration of various doses of the training

or novel drugs. In combination tests, the rats were
given a fixed dose of a test drug before different
doses of cocaine (0.6–5 mg/kg).

Data analysis

During training sessions, the accuracy was de-
fined as a ratio of correct responses to total re-
sponses before the delivery of the first reinforcer;
during the test sessions, the performance was ex-
pressed as a ratio of drug-lever responses to total
responses before the delivery of the first reinforcer.
Response rates (responses per second), regarded as
a measure of behavioral disruption, were evaluated
during the training and test sessions. For the training
sessions, the response rate was calculated as a total
number of responses to either lever before comple-
tion of the first FR 20, divided by the number of
seconds taken to complete the FR. During the test
sessions, the response rate was calculated as a total
number of responses before completion of 20 re-
sponses on either lever, divided by the number of
seconds taken to complete the FR 20. Only the data
from animals that completed the FR 20 during the
test sessions were used. Student’s t-test for repeated
measurements was used to compare the percentage
of cocaine-lever responding and response rates dur-
ing the test sessions with the corresponding values
of either the previous cocaine sessions (substitution
tests) or the test dose of cocaine (combination tests).
A drug was considered to substitute fully for co-
caine if at least an 80% responding was given to the
cocaine-appropriate lever after a dose of that drug;
similarly, complete antagonism was claimed to oc-
cur when no more than a 20% drug-lever respond-
ing was achieved after pretreatment with a dose of
a potential antagonist given in combination with
cocaine (10 mg/kg). The dose predicted to elicit
a 50% drug-appropriate responding (ED$%) was
calculated using Litchfield and Wilcoxon’s method
[24].

RESULTS

Three separate groups of rats (N = 8/group) used
in the experiment developed the ability to discrimi-
nate between cocaine and saline. The stimulus con-
trol of both the training drug and saline injections
was stable throughout the experiment.

Cocaine (10 mg/kg) and saline produced ap-
proximately 95–100% and 9–16% of the drug-lever
responses, respectively (Figs. 1–3, the upper right
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panels). The training dose of cocaine did not affect
the response rates (Figs. 1–3, the lower right pa-
nels).

Substitution studies

Cocaine (0.6–10 mg/kg) induced a dose-depen-
dent increase in the drug-lever responses (2–100%;
Figs. 1–3, the upper right panels). Any dose of co-
caine changed the animals’ rate of responses (Figs.
1–3, the lower right panels).

Given alone, reboxetine produced 27% of the
cocaine-lever responding and did not change the
rats’ response rates (Fig. 1, the left panels).

Administered at a dose of 10 mg/kg, milnaci-
pram induced 15% the cocaine-lever responses and
did not affect the rate of responding (Fig. 2, the left
panels).

Venlafaxine, at a dose of 10 mg/kg, neither sub-
stituted for cocaine (it evoked ca. 16% drug-lever
responses) nor did it change the rats’ response rates
(Fig. 3, the left panels).

Pramipexole (0.25 mg/kg) produced a partial
substitution for cocaine (43–52% cocaine-lever re-
sponding; Fig. 4) and did not affect the rate of ani-
mals’ responding (data not shown).

Combination studies

Pretreatment with a fixed dose of reboxetine
(10 mg/kg) neither shifted the dose-response curve
for cocaine (Fig. 1, the upper right panel) nor did it
change its ED$% value (Tab. 2). Combined injec-
tions of reboxetine (10 mg/kg) + cocaine (1.25
mg/kg) significantly attenuated the response rates
(Fig. 1, the lower right panel).
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Given in combination with cocaine (1.25–5
mg/kg), milnacipram (10 mg/kg) did not modify
the dose-response curve for cocaine (Fig. 2, the
upper right panel) or the ED$% value of the psy-
chostimulant (Tab. 2). The response rates were not
changed following combined administration of
milnacipram and different doses of cocaine (Fig. 2,
the lower right panel).

Pretreatment with venlafaxine (10 mg/kg) evo-
ked a rightward shift of the dose-effect curve for
cocaine (Fig. 3, the upper right panel) and signifi-
cantly decreased its ED$% value (Tab. 2). The re-
sponse rates of animals were not affected after
combined administration of venlafaxine and differ-
ent doses of cocaine (Fig. 3, the lower right panel).

Following exposure to reboxetine (10 mg/kg) or
milnacipram (10 mg/kg) plus pramipexole (0.25
mg/kg) with the latter drug alone evoking ca. 45%
drug-lever responses, there was no enhancement in
cocaine discrimination (Fig. 4, the upper and center

panels). Pretreatment with venlafaxine (10 mg/kg)
enhanced the substitution evoked by pramipexole
(0.25 mg/kg) from 42% to 99% drug-lever respon-
ses. (Fig. 4, the lower panel). Pre-exposure to re-
boxetine, milnacipram or reboxetine before prami-
pexole significantly affected the response rates (re-
sults not shown).

DISCUSSION

In line with some earlier findings reporting en-
hancement of the cocaine discriminative stimulus
effects by several antidepressant drugs (see Intro-
duction), our present results indicate that the SNRI
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venlafaxine, in contrast to another SNRI milnaci-
pram and to the NARI reboxetine, significantly en-
hanced the discriminative stimulus effects of sub-
maximal doses of cocaine (0.6–2.5 mg/kg) and pro-
duced a leftward shift in its dose-response curve.
When administered alone, venlafaxine, milnaci-
pram and reboxetine evoked no substitution for co-
caine.

It should be underlined that in our study all the
antidepressant drugs were used at a dose which was
effective in both acute and chronic animal experi-

ments measuring their antidepressive activity. In
fact, 10 mg/kg of either milnacipram [41, 47], rebo-

xetine [42] or venlafaxine [40, 55] administered
acutely to rodents was found to reduce the immo-

bility time in the “behavioral despair test”, antago-

nize reserpine- or apomorphine-induced hypother-

mia and p-chloroamphetamine-evoked hyperther-

mia as well as to enhance head twitches in rats
following L-5-hydroxytryptophan.

Venlafaxine resembles fluoxetine and sertraline

in enhancing cocaine discrimination. In fact, our

previous findings [12] with fluoxetine and those of

Callahan and Cunningham [4, 5] with fluoxetine

and sertraline showed that after pretreatment with

those antidepressant drugs, a leftward shift in the

cocaine dose-response curve and a significant re-

duction in the ED$% values for cocaine were ob-

served. Despite the fact that these drugs inhibit

5-HT uptake [34, 51], suggestion that fluoxetine,

sertraline and venlafaxine potentiate the DA-me-

diated discriminative stimulus effects of cocaine

due to the selective increase in 5-HT neurotrans-

mission only should be taken with caution. In fact,

the SSRI citalopram was much less effective in rats

[4], and it even attenuated the cocaine dose-respon-

se function in squirrel monkeys [45]. Interestingly,

in contrast to uneffective SSRI citalopram [4] and

NARI reboxetine (present study), all the antide-

pressant drugs which amplified the discriminative

stimulus effects of cocaine show an in vitro affinity

for both 5-HT and NE uptake sites (see Table 1).

Taking into consideration the latter dual mecha-

nism, milnacipram, another SNRI used in the pres-

ent study, should also enhance cocaine discrimina-

tion. Being inactive in that animal model, milnaci-

pram was found to bind preferentially to the NE

transporter site and to have a moderate affinity for

the 5-HT transporter site (see Table 1). Therefore,

it may be suggested that the reason for the dis-

crepancy between effects of the SNRI venlafaxine

and milnacipram stems from the fact that venla-

faxine action has stronger serotonergic component

(uptake inhibition) while in the action of milnaci-

pram noradrenergic component is stronger.
Though none of the antidepressant drugs which

enhance cocaine discrimination binds to the DA

transporter site, venlafaxine, fluoxetine and sertra-

line were reported to enhance the extracellular DA

release in the frontal cortex [31]. Venlafaxine is de-

void of affinity for any neurotransmitters receptors

[34], but it has altered the functional responsive-

ness of DA D� and D� receptors [27, 28]. For exam-

ple, given acutely venlafaxine increased the bind-

ing of [�H]7-OH-DPAT, the radiolabeled agonist, to

DA D� receptors in the islands of Calleja [27].
Another important observation from this study

indicated that, given at a submaximal dose [13], the

DA D� receptor agonist pramipexole induced a par-

tial substitution for cocaine (i.e. 43–52% drug-lever

responses), and that effect was further significantly
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enhanced following venlafaxine, but not milnaci-

pram and reboxetine. The enhancement of the co-

caine discriminative stimulus effects elicited by

both venlafaxine and its combination with prami-

pexole seems to be specific, since neither the SNRI

nor the DA D� receptor agonist evoked any behav-

ioral disruption in rats, but on the other hand, a de-

crease in the rate of responding, not related to the

dose used, was observed.
Regarding the role of DA D� receptors in the

behavioral actions of cocaine, a lot of reports have

indicated a strong involvement of these receptor

sites (see Introduction). Actually, in drug discrimi-

nation studies it was found that DA D� receptor

agonists 7-OH-DPAT, PD 128907 and pramipexole

produced stimulus generalization to cocaine in rats

[13, 14] and monkeys [44]. Furthermore, the latter

agonists were found to enhance the reinforcing ef-

fects of self-administered cocaine [44]. On the other

hand, antagonists of DA D� receptors were repor-

ted to be inactive and failed to change the discrimi-

native stimulus effects of cocaine [3, 9, 13], but

they decreased the rewarding effects of that psy-

chostimulant [38]. The latter observations lead to

the suggestion that the DA D� receptor agonists

may be considered as potential adjunctive treat-

ments for cocaine abuse, however, DA D� receptors

are not involved per se in the subjective effects the

psychostimulant. The observation that cocaine did

not engender full substitution for either DA D� re-

ceptor agonists [9, 18] or antagonists supports this

suggestion [3].
Considering mechanims of enhancement by ven-

lafaxine, the partial substitution for cocaine discri-

mination evoked by low doses of the psychostimu-

lant and pramipexole, possible pharmacokinetic

and pharmacological interactions could be taken

into account. In fact, it was found that metabolism

of several antidepressant drugs and cocaine was de-

pendent on cytochrome P-450 [1, 35, 37]. Both the

antidepressant drugs enhancing cocaine discrimina-

tion, i.e. venlafaxine (present study) and fluoxetine

[12] differently modulate the cytochrome P-450

system: fluoxetine is its strong inhibitor, whereas

venlafaxine is associated with a lower risk of inter-

actions [2]. Therefore, an explanation dependent on

kinetic interaction between venlafaxine or fluoxeti-

ne and cocaine seems doubtful. Moreover, such

a mechanism could not operate during the combi-

ned treatment with venlafaxine and pramipexole,

the more so that the DA D� receptor agonist is de-

void of any potent activity at the cytochrome P-450
[54].

Since neither venlafaxine nor fluoxetine have
affinity for DA receptors or the DA transporter site
[34, 51], direct stimulation of DA neurotransmis-
sion, which plays a direct role in cocaine discrimi-
nation (see Introduction) by these drugs can be ex-
cluded. Our findings on venlafaxine and prami-
pexole may indicate interaction between 5-HT and
DA (via DA D� receptors) pathways. In line with
the above observation, venlafaxine and fluoxetine
were found to enhance indirectly basal DA release
in the frontal cortex [31].

In conclusion, our results indicate that the dis-
criminative stimulus effects of cocaine in rats can
be enhanced by venlafaxine or fully substituted by
the combination with this antidepressant drug and
the DA D� receptor agonist pramipexole. This find-
ing, together with the resent data reporting the lack
of rewarding properties of venlafaxine [48] as well
as with attenuation of morphine dependence and
withdrwal signs in rats by the drug [25], may indi-
cate a possible terapeutic use of this antidepressant
in cocaine abuse.
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