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Expression of cocaine-evoked motor behaviors appears to be dependent
on dopamine neurotransmission particularly in the target area of the meso-
limbic system, i.e. the nucleus accumbens (NAc). To test potential anatomi-
cal component of the locomotor effects of cocaine and expression of its
behavioral sensitization, male Wistar rats were implanted with bilateral can-
nulae aimed at the two subregions of the NAc (the shell or the core) and then
intracranially injected with cocaine (locomotor activity) or injected with
cocaine given either systemically or intracranially following the repeated
(5 days) systemic drug administration (sensitization). Sensitization was
measured at early (5-day) and late (21-day) withdrawal periods. Acute ad-
ministration of intra-NAc shell cocaine (6.73–50 �g/side) in a dose-
dependent manner increased locomotor activity in rats; significant hyperacti-
vation was observed after 25 and 50 �g/side of cocaine. Intra-NAc core in-
jection of cocaine (12.5–50 �g/side) did not change rats’ locomotor activity.
After 5- or 21-day withdrawal, behavioral sensitization (ca. 2 times higher
locomotor activity than that after acute drug administration) was observed
when cocaine was injected either systemically (10 mg/kg) or intra-NAc shell
(12.5–25 �g/side) in animals repeatedly treated with cocaine (10 mg/kg). No
difference was observed in the response to the challenge with intra-NAc core
cocaine (12.5–25 �g/side) in rats treated repeatedly with cocaine at either
withdrawal period. The above findings show the differential regulation of
motor responses to cocaine within the subregions of the NAc. They also in-
dicate a preferential effect for the NAc shell in expression of the acute and
sensitizing effects of cocaine in rats.
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INTRODUCTION

A lot of efforts have been made to understand
the mechanism of behavioral effects produced by
either acute or chronic treatment with cocaine.
Acute injection of this psychostimulant to rodents
produced – among others – locomotor hyperactiv-
ity, which may mimic maniac syndrome with hy-
perexcitable effects in humans [14, 35]. Repeated,
intermittent regimen of cocaine injections induced
an augmentation of behavioral effects (e.g. locomo-
tor effects) to the challenge (the same or lower)
dose of the psychostimulant following its re-admi-
nistration [40]. The latter phenomenon, called sen-
sitization, is long-lasting and seems to be closely
related with cocaine addiction and the drug-depen-
dent paranoid psychoses [34, 44]. Moreover, dis-
continuation of repeated use of cocaine may pro-
duce a withdrawal syndrome with craving for the
drug and symptoms resembling endogenous de-
pression [14, 44].

It was found that the expression of both acute
and sensitizing locomotor effects of cocaine are co-
incident with functional changes in limbic-motor
circuitry [30, 38]. The brain structure closely re-
lated to these behaviors of cocaine is the nucleus
accumbens (NAc) [22, 30, 38]. In fact, several stu-
dies have shown that bilateral accumbal injection
of cocaine replicated the locomotor effects [9, 10],
expression of sensitization or conditioned reward
following systemic treatment with this psychosti-
mulant [10, 43]. All the above behavioral effects
seem to be closely related to the cocaine-induced
increase in dopamine (DA) neurotransmission within
the NAc, since the drug administered either syste-
mically or intra-accumbens in similar dose-range
was shown to evoke behavioral effects enhanced
locally extracellular DA levels [1, 7, 12, 22, 33].

On the basis of immunohistochemical and con-
nectional differences the NAc has been subdivided
into two subregions (the shell and the core) [17].
Following the latter studies, it was proposed that
two accumbal parts are associated with different
functional responses: the shell with limbic func-
tions, whereas the core with motor processes [17,
18]. Despite these suggestions it was found that in
response to a single dose of cocaine the extracellu-
lar DA levels are more pronounced in the shell than
in the core [15, 32], and, what especially interest-
ing, the locomotor hyperactivity response to that
psychostimulant is positively correlated with shell

DA only [15]. Also augmentation of DA transmis-
sion in the NAc has been reported to be more ro-
bust in the shell than in the core in response to local
administration of amphetamine to cocaine-sensiti-
zed rats [29]. On the other hand, Di Chiara et al.
have recently suggested that behavioral sensitiza-
tion to cocaine or other addictive drugs is associ-
ated with the enhanced stimulation of DA transmis-
sion in the accumbens core [2–4].

Lack of clarity in the literature cited above fo-
cused our attention on studing the role of the subre-
gions of NAc to the expression of acute and sensi-
tized locomotor effects of cocaine in rats. To that
end, male Wistar rats implanted with bilateral can-
nulae at the level of NAc shell or NAc core were
intracranially injected with cocaine (locomotor ac-
tivity studies). In second set of experiment, animals
– following the intra-NAc shell or the intra-NAc
core cannulae implantation – were repeatedly treated
with systemic cocaine and then challenged with co-
caine given either systemically or intracranially
(sensitization studies). Since sensitization to cocaine
is due to procedural variables, among which condi-
tioning (specific environmental cues associated with
drug treatment) and the withdrawal time are of par-
ticular importance [20, 40], the next question we
addressed was if challenge with intracranial co-
caine during the early (5-day) or late (21-day) with-
drawal period affected cocaine sensitization.

MATERIALS and METHODS

Animals

The experiment was performed on male Wistar
rats (280–300 g). The animals had free access to
food (Labofeed pellets) and water, and were kept at
a room temperature of 20 ± 1°C on a 12-h light/dark
cycle (the light on between 6.00–18.00 h). All the
experiments were approved by the Committee for
Laboratory Animal Welfare and Ethics and met the
International Animal Guide for the Care and Use of
Laboratory Animals.

Drugs

Cocaine hydrochloride (Merck, Germany) was
dissolved in sterile saline and injected either intra-
peritoneally (ip) in a volume of 1 ml/kg, or intra-
cranially in a volume of 0.2 �l/side.
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Intra-accumbens cannulae implantation

Rats were anesthetized with an intramuscular
(im) injection of 100 mg/kg of ketamine and 65
mg/kg of xylazine in sterile saline (0.9% NaCl).
With the upper incisor bar of a Kopf stereotaxic
instrument positioned at –3.3 mm below the intera-
ural line and using the intersection of the bregma
and the longitudinal sutures as the origin, the bila-
teral 28-gauge guide cannulae (Plastics One Inc.,
USA) were positioned 2 mm above the NAc shell
(AP = –1.7 mm from bregma, ML = ± 0.5 mm,
DV = –6 mm) [26] or the NAc core (AP = –1.7 mm
from bregma, ML = ± 1.5 mm, DV = –5.2 mm)
[26]. The guide cannulae were fastened to the skull
with stainless steel screws and cranioplastic cement.
Each guide cannula was fitted with a 28-gauge stain-
less steel bilateral obturator (Plastics One Inc., USA).
After surgery, the rats were allowed a 1-week re-
covery period during which rats were handled and
weighed daily.

Microinjection protocol

Following recovery, rats were habituated to the
brief confinement associated with the intracranial
microinjection technique by removing the 28-gauge
internal obturators, gently restraining the rats for
approximately 3 min, and replacing the obturators.
For each microinjection, the obturators were re-
placed by two 33-gauge stainless steel internal can-
nulae (Plastics One Inc., USA) positioned 2 mm
below to the bilateral guide cannulae tips. The bi-
lateral internal cannulae were attached to two 5-�l
Hamilton syringes via PE-50 tubing (Small Parts,
USA). A microsyringe drive (BAS, West Lafayette,
USA) driven by a programmable controller (Bee
Hive Controller, BAS) delivered a volume of 0.2
�l/side at a rate of 0.1 �l/min. Injection cannulae
remained in place for an additional 1 min to allow
for diffusion away from the cannulae tips.

Locomotor activity measurement

The locomotor activity of rats was recorded in-
dividually for each animal in Opto-Varimex cages
(Columbus Instruments, USA), linked on-line to
a compatible IBM-PC. Each cage (43 × 44 cm) was
equipped with 15 infra-red emitters, located on the
x and y axes, and with an equivalent amount of re-
ceivers on the opposite walls of the cage. The rats’
behavior was analyzed using Auto-track software
(Columbus Instruments, USA). Locomotor activity

associated with horizontal locomotion was defined
as a trespass of three consecutive photo-beams.

Before recording the locomotor activity, the
animals were allowed a 60-min habituation period
after which they were taken out, injected with either
saline (intra-NAc shell, intra-NAc core or ip) or co-
caine (intra-NAc shell, intra-NAc core or ip) and
5 min later they were placed back in the boxes. Lo-
comotor activity was recorded for 60 min. Eight to
ten animals per group were used.

Cocaine sensitization protocol

During the first 5 days of the experiment, rats
received either saline or cocaine (10 mg/kg) in their
home cages. On day 10, the animals were chal-
lenged with cocaine, given either ip or intracrani-
ally. Locomotor activity was recorded for 60 min.

Histology

At the completion of the study, rats were over-
dosed with chloral hydrate (800 mg/kg, ip), the
brains were removed and stored in a 20% sucrose
dissolved in 10% formalin solution for at least 3
days before the sectioning. Brain sections (50 �m)
were mounted onto gelatin-coated glass slides. The
brain sections were defatted, stained with cresyl
violet, cleared with xylene and cover-slipped. The
cannulae placements were verified using a light mi-
croscope. Only those animals whose cannulae were
within the shell or within the core of the NAc were
included in statistical analysis. No significant tissue
damaged was evident upon histological examina-
tion of sections.

Statistical analyses

To evaluate behavioral sensitization, the re-
sponse to cocaine on day 10 was compared with
the response to the drug challenge (day 10) in ani-
mals treated with repeated saline, using a one-way
ANOVA. To evaluate the treatment group effect
separately on days 1 and 10, the one-way ANOVA,
followed by post hoc Dunnett’s test were applied.

RESULTS

Figure 1 shows the injection sites in the shell
and in the core of the NAc. Those rats in which the
cannulae placements were found outside the inves-
tigated subregions of the NAc were discarded from
the analyses.
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Cocaine-induced locomotor activity

Cocaine (6.73–50 �g/side) given intra-NAc
shell in a dose-dependent manner increased the

locomotor activity of rats; the significant hyperac-
tivity effects were observed after 25 and 50 �g/side
of cocaine (p < 0.05) (Fig. 2). When microinjected
intra-NAc core, cocaine (12.5–50 �g/side) did not
change animals’ locomotor activity (p > 0.05)
(Fig. 2).

Expression of behavioral sensitization

to cocaine

On day 10 of the experiment, in rats treated re-
peatedly (days 1–5) with cocaine (10 mg/kg), the
challenge dose of the drug (10 mg/kg) significantly
(by ca. 2 times) increased their locomotor hyperac-
tivity at early and late withdrawal periods com-
pared to the respective controls with the first injec-
tion of the psychostimulant to saline-treated ani-
mals (Fig. 3).

Successive investigations were conducted on
rats treated repeatedly (days 1–5) with cocaine and
challenged with intracranial injections with co-
caine. When those animals were given a challenge
dose of cocaine (12.5–25 �g/side) to the NAc shell,
a dose-dependent increase of the locomotor re-
sponse was observed at early and late withdrawal.
Enhancing effects of intracranial cocaine were also
significant as compared to the effect of the acute in-
tracranial injection of the psychostimulant (12.5–25
�g/side) in the animals repeatedly treated with sa-
line (Fig. 4).
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No difference was observed in the response to
intra-NAc core cocaine (12.5–25 �g/side) in rats
treated repeatedly with cocaine (10 mg/kg) at either
withdrawal period (Fig. 5).

DISCUSSION

The present study demonstrates the differential
regulation of the locomotor responses of cocaine in
the subregions of the NAc in rats. It also indicates
importance of the NAc shell in expression of acute
locomotor effects of cocaine and its sensitization.
In fact, it was found that – when microinjected into
the NAc shell – the psychostimulant induced hy-
perlocomotion; that effect was dependent on a dose
of cocaine. On the other hand, intra-NAc core mi-
croinjection of cocaine in a similar dose range
evoked no changes in animals’ locomotor activity.

Our studies with local cocaine administration
are supported with some previous findings showing
that two accumbal subregions are functionally dis-

tinct in relation to behavioral as well as neuroche-

mical effects evoked by cocaine and other addictive

drugs, with the shell of NAc especially engaged in

mechanism of action of conventional rewards and

addictive substances [20, 23]. For example, it was

shown that another psychostimulant amphetamine

– when given locally into the shell of the NAc – in-

duced hyperlocomotion [15, 16]. Moreover, the lo-

comotor effects after systemic amphetamine were

reduced by lesions with quinolinic acid or by a DA

D� receptor antagonist in the NAc shell, but not

core [6, 25]. Pointing a significance for the shell of

NAc to the behaviors of cocaine, it was also re-

ported that this drug selectively in that region in-

creased glucose utilization [32] and was self-ad-

ministered [13, 24]. Furthermore, in doses selected

in the range of those known to sustain drug self-

-administration, cocaine evoked extracellular DA

release preferentially in the NAc shell [4, 33]. The

same enhancing effect on DA neurotransmission

was found for amphetamine [11, 16, but 21]. What
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interesting, induction of locomotor hyperactivation

and DA neurotransmission was also seen after com-

bination of direct DA D� and D� receptor agonists

administered either systemically or intra-NAc shell

[8, 19, 42, but not 5].
Another important demonstration of our paper

is difference in locomotor responses to intra-NAc

shell or core challenge with cocaine in cocaine-

treated animals. In fact, we found that microinjec-

tion of cocaine (12.5–25 �g/side) intra-NAc shell

significantly enhanced 2 times the locomotor re-

sponse of animals repeatedly treated with cocaine

(10 mg/kg) compared to those repeatedly treated

with saline. The latter findings, similarly to the en-

hancement of locomotor activation observed fol-

lowing repeated systemic treatment with cocaine

and challenge with the psychostimulant, may be re-

garded as a piece of evidence for behavioral sensi-

tization. It should be added here that under our

experimental conditions sensitization to cocaine

seems to be context-independent, since this phe-

nomenon was developed at any influence of envi-

ronment to the process of sensitization (the rats

were given cocaine injections in the home cages

only).

We found also that early (5-day) and late (21-day)

withdrawal periods did not differ in the sensitized

locomotor response to cocaine, what may exclude

also importance of temporal challenge to the ex-

pression of cocaine sensitization. In contrast to the

effects observed in the NAc shell, no difference

was noted in the response to intra-NAc core micro-

injections of cocaine (12.5–25 �g/side) in rats treated

repeatedly with cocaine. In line with our studies on

cocaine, Pierce and Kalivas [29] have reported that

in rats repeatedly treated with cocaine intra-NAc

shell, but not core, challenge with another psycho-

stimulant amphetamine produced robust sensitized

increases in locomotion at withdrawal.
The mechanism responsible for the behavioral

sensitization to cocaine seems to be primary related

with enhancement of extracellular DA levels in the

NAc shell. In fact, in the latter structure parallel in-

creases in locomotion and DA neurotransmission

were reported [29, but not 4]. At the same time in

the core, there were tolerance or no change to the

amphetamine-induced increases in extracellular DA

in the cocaine-treated animals at early and late

withdrawal periods, respectively [29]. Further sup-

porting the assertion of difference in DA-related

sensitization to cocaine between the two accumbal

subregions, a reduction in DA transporter binding

sites in the shell of NAc, but not the core during

a 10-day withdrawal of cocaine-treated animals

was demonstrated [31]. There is also a report show-

ing importance of the NAc shell in the regulation of

neurotransmitter release and in associative learn-

ing, i.e. well-known aspect of sensitization [38]. In

fact, on the level of synaptic terminals in the NAc

shell, the expression of syntaxin and synaptophy-

sin, the presynaptic proteins involved in regulation

of DA release and synaptic plasticity, has signifi-

cantly increased in the amphetamine-sensitized rats

[41]. On the other hand, the same exposure to am-

phetamine evoked in animals reduction of both

those proteins in the core subregion of the NAc [41].
Further supporting our results on the role of the

NAc shell in the expression of acute and sensitizing

locomotor effects of cocaine, it was shown that the

neurons of the shell are generally more excitable

than those of the core. The latter difference comes

from lower basal extracellular concentration of

DA, a higher input resistance, a less negative rest-

ing potential and a significant inhibition of post-

synaptic excitability by DA [27, 28]. Furthermore,

it was found that the neuronal uptake system –
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which is the dominant mechanism for regulating
the extracellular concentration of DA and a site for
cocaine action [36, 37] – preferentially exists in the
shell of the NAc, whereas both neuronal uptake and
DA D� autoreceptor-feedback mechanisms play an
equal role in the core [cf. 16]. Despite the observa-
tion that DA neurotransmission in the NAc shell
plays a critical role in the chronic exposure to co-
caine, the changes in other neurotransmitter sys-
tems have been also described. For example, re-
peated treatment with the psychostimulant in-
creased – selectively in the NAc shell – the levels
of glutamic acid decarboxylase mRNA and extra-
cellular GABA concentrations [39].

It should be added here, that the anterioposte-
rior level of intra-NAc microinjection of psycho-
stimulants has a strong impact for the intensity of
their locomotor and neurochemical responses. In
fact, it was found that the rostral area of the shell,
i.e. +2.2 to Bregma, is more sensitive to the en-
hancing effects of psychostimulants compared to
the caudal shell or core (AP, from +1.6 to +1.2) [11,
17]. In other words, cocaine or amphetamine may
increase locomotor activity or dialysate levels of
DA when microinjected even to the caudal areas of
the NAc, however, such behavioral and biochemi-
cal effects occurred only after high doses of the
drugs and even then were less potent than those in
the rostral shell [11, 17].

In conclusion, our results show the differential
regulation of motor responses to cocaine within the
subregions of the NAc. They also indicate a prefer-
ential effect for the NAc shell in expression of the
acute and sensitizing effects of cocaine in rats.
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