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(2) 203–207, 2000.—In recent years there has been interest in possi-
ble differential behavioral functions of the core and shell subregions of the nucleus accumbens. The present study compared
the effects of accumbens core and shell injections of (

 

1

 

)-amphetamine on turning behavior in rats; the turning effects of the
selective D

 

2

 

 antagonist (

 

2

 

)-eticlopride injected into the shell were also tested. Rats (

 

n

 

 

 

5

 

 28) were implanted unilaterally with
guide cannulae and subsequently tested for turning in seven 20-min sessions. Amphetamine (10.0 and 20.0 

 

m

 

g but not 5.0 

 

m

 

g/
0.5 

 

m

 

l) elicited contralateral turning following injection into the shell, while the same doses into the core had no effect. In an-
imals given systemic amphetamine (2.0 mg/kg), eticlopride (10.0 but not 1.0 or 0.1 

 

m

 

g/0.5 

 

m

 

l) injected into the shell region of
the accumbens produced ipsilateral turning. These results suggest that the accumbens shell, but not the core, is a critical site
for turning behavior. © 2000 Elsevier Science Inc.

 

Accumbens shell Accumbens core Turning behavior D

 

2
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A wide range of evidence shows that unconditioned behav-
iors are mediated by dopaminergic neurotransmission [see (1)
for review]. One approach is to create a dopamine (DA) im-
balance on the two sides of the brain, leading to turning be-
havior (13). In general, drugs that produce locomotor stimu-
lation when injected systemically or bilaterally into certain
regions of the brain produce contralateral rotation when
injected unilaterally. Conversely, drugs that produce locomo-
tor attenuation following systemic or bilateral central injec-
tion generally produce ipsilateral rotation when given unilat-
erally (5,6).

Dose-dependent contralateral circling has been demon-
strated following unilateral intra-accumbens (NAc) injections
of amphetamine (2). Following the distinction between core
and shell subregions of the NAc (4,14), it was demonstrated
further that contralateral turning could be induced by a com-
bination of agents acting at different DA receptor subtypes in
the shell, but not the core of this nucleus (7). These results
suggest that the effects of intra-NAc amphetamine on turning
behavior are due to the action of amphetamine in the shell.

The present study examined the hypothesis that amphet-
amine injected unilaterally into the NAc shell but not the core

would produce contralateral turning. Results supported this
hypothesis. An additional study evaluated the effects of uni-
lateral intra-NAc shell injections of the DA D

 

2

 

 receptor an-
tagonist eticlopride on turning in animals pretreated with am-
phetamine systemically. It was hypothesized that this group
would show ipsilateral turning, confirming that turning in
either direction can be elicited by DA agents in the shell of
the NAc.

 

METHOD

 

All procedures were in accordance with the Animals for
Research Act, the Guidelines of the Canadian Council on
Animal Care, and were approved by the Queen’s University
Animal Care Committee.

 

Subjects

 

Experimentally naive male Wistar rats (Charles River,
Canada) weighing 200–250 g were housed in pairs in a tem-
perature-controlled (21

 

8

 

C) environment on a 12-h light–dark
cycle (lights on at 0700 h). The animals were given free access
to food and water in the home cage, and were handled daily.

 

Requests for reprints should be addressed to Dr. Richard J. Beninger, Department of Psychology, Queen’s University, Kingston, ON, Canada,
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Surgeries

 

Rats were anesthetized with halothane (1.5–4%) and ster-
eotaxically implanted unilaterally with a stainless steel guide
cannula (0.6-mm diameter) aimed at the shell or core of the
NAc (anterior 

 

5

 

 1.7 mm, ventral 

 

5

 

 6.5 or 6.0 mm, lateral 

 

5

 

1.0 or 2.0 mm, respectively, from bregma) according to Paxi-
nos and Watson (9). In half of the rats cannulae were placed
on the right side, and in the other half the left. The guide can-
nulae were affixed to the skulls with dental acrylic and four
skull screws. For attachment to the rotomoter, an arborite
chip was fixed in the acrylic. Immediately following surgery,
rats received either buprenorphine (0.01 mg/kg) or banamine
(5.0 mg/kg) subcutaneously as an analgesic, and six separate
subcutaneous injections around the wound comprising ap-
proximately 0.1 cc of Marcaine as a local anaesthetic.
Polysporin and wound powder were applied to the affected
area. Systemic analgesics also were given 24 h after surgery.
Rats were given 7 days to recover before the experimental
protocol began.

 

Drugs

 

Drugs were prepared anew each day before experimental
testing was begun. (

 

1

 

)-Amphetamine sulphate (SmithKline
Beecham Pharma Inc. Canada), (

 

2

 

)-eticlopride hydrochloride
and (

 

1

 

)-eticlopride hydrochloride [Research Biochemicals In-
ternational, Natic, MA] were dissolved in saline (0.9% NaCl).

 

Central Injections

 

Injections of 0.5 

 

m

 

l of fluid were made through polyethyl-
ene tubing attached to a stainless steel cannula (0.3-mm diam-
eter) extending 1.0 mm below the guide (ventral 

 

5

 

 7.5 or 7.0
mm). Injections were administered over a 30-s period using a
microinfusion pump attached to a 10-

 

m

 

l Hamilton syringe, af-
ter which the cannula was left in place for an additional 45 s to
allow for diffusion. Behavioral testing began immediately fol-
lowing injections.

 

Apparatus

 

Rats were tested in circular chambers (30-cm diameter)
consisting of a urethane-sealed wooden base, wire mesh sides
(30 cm high), and a clear Plexiglas cover. The rats were tested

separately, and their circling behavior (including the number
of turns and the direction of turning) recorded by the experi-
menter either visually (amphetamine in the NAc shell experi-
ment), or via an automated rotometer. Previous studies have
shown that these approaches yield similar results (11). The ro-
tometer apparatus consisted of a notched rotating disk trig-
gering four photoelectric cells located at 90

 

8

 

 intervals. A tele-
scoping metal rod, attached at one end to the disk and at the
other end to the arborite chip embedded in the skull cap al-
lowed freedom of movement. The number of 360

 

8

 

 in each di-
rection was recorded on a single board computer and relayed
to a Macintosh computer for subsequent analyses.

 

Procedure

 

Three experiments were carried out. Each consisted of
seven 20-min test sessions that took place 48 h apart. Sessions
occurred between 1900 and 2400 h, during the beginning of
the dark period of the light–dark cycle. In each experiment,
the first and last session was preceded by no injection.

Two experiments evaluated the effects of amphetamine
(5.0, 10.0, 20.0 

 

m

 

g), one in the shell of the NAc, and the other

FIG. 1. Location of cannulae placements: coronal sections depicting
cannulae placements (n 5 28) in the shell (left) and the core (right) of
the nucleus accumbens. Placements are shown on representative sec-
tions according to the atlas in (9). Coordinates are the anterior dis-
tance (mm) from bregma.

 

TABLE 1

 

MEAN (

 

6

 

 SEM) TURNING RATIOS AND TOTAL TURNS FOR SESSIONS 1, 2, 6, AND 7 FOR EACH EXPERIMENT

Session

No Injection Vehicle*

Experiment

 

n

 

1 7 2 6

Turning ratios

 

AMPH shell 9 0.48 

 

6

 

 0.07 0.54 

 

6

 

 0.05 0.52 

 

6

 

 0.06 0.56 

 

6

 

 0.08
AMPH core 10 0.34 

 

6

 

 0.07 0.44 

 

6

 

 0.06 0.40 

 

6

 

 0.06 0.44 

 

6

 

 0.09
Eticlopride 9 0.41 

 

6

 

 0.06 0.59 

 

6

 

 0.06 0.52 

 

6

 

 0.07 0.67 

 

6

 

 0.08

 

Total turns

 

AMPH shell 9 7.1 

 

6

 

 1.1 5.5 

 

6

 

 1.2 6.4 

 

6

 

 1.4 7.6 

 

6

 

 1.4
AMPH core 10 14.7 

 

6

 

 1.8 17.5 

 

6

 

 2.4 21.6 

 

6

 

 2.4 23.7 

 

6

 

 3.2
Ethiclopride 9 18.2 

 

6

 

 2.4 18.1 

 

6

 

 2.4 31.6 

 

6

 

 4.1 24.8 

 

6

 

 3.5

*Eticlopride sessions 2 and 6 were preceded by injections of amphetamine.
Abbreviaitons: AMPH 

 

5

 

 amphetamine.
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the same doses in the core. Sessions 2 and 6 were preceded by
an injection of saline vehicle (0.5 

 

m

 

l), and the three doses of
amphetamine were given in different orders to different rats,
randomizing any possible effects of order over sessions 3, 4,
and 5. Treatments were given immediately before placement
in the test apparatus. For the NAc shell experiment, turning
behavior (number of 360

 

8

 

 turns in each direction) was as-
sessed visually; a second rater independently evaluated the
animals in some of the sessions.

The third experiment tested the effects of eticlopride. Prior
to sessions 2 and 6, the less active enantiomer (

 

1

 

)-eticlopride
(10 

 

m

 

g) was given and prior to sessions 3, 4, and 5 the active
enantiomer (

 

2

 

)-eticlopride (0.1, 1.0, 10 

 

m

 

g) was given, the or-
der of the doses being counterbalanced across rats. Systemic
amphetamine (2.0 mg/kg IP) preceded each session by 15 min.

 

Histology

 

Upon completion of behavioral testing, all animals were
sacrificed through inhalation of CO

 

2

 

. Brains were extracted
and stored in a 10% formalin solution for at least 1 week, af-
ter which they were sectioned (60 

 

m

 

m) on a freezing stage mi-
crotome, mounted, and stained with thionine. The locations
of the cannulae tracts were determined by an observer blind
to the behavioral results.

 

Statistics

 

Circling behavior was calibrated as a ratio of the number
of full turns (360

 

8

 

) made ipsilateral to the injection side di-
vided by the total number (ipsilateral plus contralateral) of
full turns. A constant of 0.01 was added to each value, so that
if no turns were performed during a session the resulting ratio
would be 0.5. Accordingly, a ratio of 0.5 would indicate a non-
directionally biased session and a lower or higher ratio would
indicate contralateral or ipsilateral turning, receptively (12).
The total number of full (360

 

8

 

) turns over a session was ana-
lyzed as a measure of overall locomotor activity.

A correlated 

 

t

 

-test was performed on the data from the
first and last no injection sessions. If no significant difference
was found, the data were pooled before the analysis of vari-
ance (ANOVA) was carried out. Similarly, the two vehicle
[or (

 

1

 

)-eticlopride] sessions were compared using a corre-
lated 

 

t

 

-test, and again if no significant difference was found
the data were pooled before the ANOVA was carried out.

For each experiment, the combined no-injection, com-
bined vehicle [or (

 

1

 

)-eticlopride], and each drug dose were
subjected to a one-way repeated measures ANOVA for both
dependent variables: turning ratio, and total turns. If the
ANOVA revealed a significant treatment effect, Dunnet’s

 

t

 

-tests were used as post hoc tests of drug effect, comparing
vehicle controls [or (

 

1

 

)-eticlopride] with the individual doses
of drug to determine the source of differences.

The amphetamine in the NAc shell experiment was car-
ried out using visual assessment of turning instead of the ro-
tometer. In some of the sessions, an independent second ob-
server blind to the treatment condition scored the rats to
allow for an assessment of interrater reliability. Interrater re-
liabilities were analyzed using a Pearson’s product-moment
correlation between turning ratios recorded by the experi-
menter and those recorded by the second observer.

 

RESULTS

 

Figure 1 gives an overview of the shell regions in which the
injection sites were located (

 

n

 

 

 

5

 

 19); rats with injection sites

outside this region were discarded before overall analyses
were carried out. Also shown are the locations of the guide
cannulae in the NAc core (

 

n

 

 

 

5

 

 10). Tissue damage generally
was limited to the region of the cannula tract and injector tip.

Two raters independently scored some of the observation
periods in the amphetamine in the NAc shell experiment. A
Pearson’s product-moment correlation evaluating reliability
between the two behavioral observers using 60 paired 2-min
observations revealed a coefficient of 0.93, which is consid-
ered highly reliable.

FIG. 2. Dose effects of intra-accumbens injections of dopamine ago-
nists and antagonists on rotation. (a) Amphetamine injections into
the accumbens shell caused contralateral rotation. (b) Amphetamine
injections into the accumbens core failed to elicit turning. (c) (2)-Eti-
clopride into the shell combined with systemic amphetamine-elicited
ipsilateral turning. Dashed lines indicate an unbiased turning ratio of
0.5. NI 5 No Injection; Sal 5 Saline; ET 5 eticlopride. *p , 0.05,
**p , 0.01, in Dunnett’s t-test compared to sal or (1)-ET following
significant treatment effect in ANOVA.
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For both dependent variables, no differences were found
between no injection for session 1 vs. 7 nor for vehicle [or
(

 

1

 

)-eticlopride] scores for sessions 2 vs. 5 (Table 1). Thus, the
data from the pair of sessions entering into each comparison
were averaged for each rat.

 

Turning Ratios

 

Generally, no injection or vehicle [or (

 

1

 

)-eticlopride] in-
jections produced turning ratios with a value of about 0.5, in-
dicating no directional bias (Fig. 2). Injections of amphet-
amine into the core of the NAc appeared to produce little
change in directional bias at any dose compared to no injec-
tion or vehicle. Amphetamine or (

 

2

 

)-eticlopride into the
shell of the NAc, on the other hand, led to dose-dependent
contra- or ipsilateral turning, respectively. [Note that (

 

2

 

)-eti-
clopride-treated animals also received systemic amphet-
amine.]

This description of the turning ratios is supported by the
results of statistical analyses. Thus, the one-way ANOVAs of
treatments for the amphetamine core experiment yielded
nonsignificant results. On the other hand, the corresponding
ANOVAs for the amphetamine shell or eticlopride experi-
ments yielded significant effects, 

 

F

 

(4, 32) 

 

5

 

 3.58, 

 

p

 

 

 

,

 

 0.05,
and 

 

F

 

(4, 32) 

 

5

 

 3.14, 

 

p

 

 

 

,

 

 0.05, respectively. Dunnett’s tests for
the amphetamine shell treatments comparing each drug dose
to vehicle revealed significant contralateral turning following
10.0 or 20.0 

 

m

 

g/0.5 

 

m

 

l. Similar tests for the eticlopride experi-
ment comparing treatments with the active enantiomer to the
less active enantiomer revealed significant ipsilateral turning
following 10.0 

 

m

 

g/0.5 

 

m

 

l of (

 

2

 

)-eticlopride.

 

Full Turns

 

Injections of amphetamine or (

 

2

 

)-eticlopride into the shell
of the NAc did not significantly increase the total number of
turns in either direction (Table 2). Injections of amphetamine
into the core of the NAc increased the number of total turns at
10.0 and 20.0 

 

m

 

g/0.5 

 

m

 

l, 

 

F

 

(4, 36) 

 

5

 

 44.00, 

 

p

 

 

 

,

 

 0.01.

 

DISCUSSION

 

This study examined the role of the NAc core and shell in
amphetamine-induced turning behavior. Results showed that
amphetamine was effective at eliciting contralateral turning
following NAc shell, but not core, injections. Furthermore, in-
jections of the D

 

2

 

 antagonist (

 

2

 

)-eticlopride elicited an ipsi-
lateral directional bias.

Each experiment included four control trials over the
course of the test sessions. In the days preceding drug trials,
rats underwent a no-injection trial followed 2 days later by a
vehicle trial. Following drug trials, rats received a vehicle trial
and then no injection. Saline was used for the amphetamine
control sessions. For the (

 

2

 

)-eticlopride sessions, the less ac-
tive isomer (

 

1)-eticlopride (3) was used in place of vehicle.
No significant differences were found between any of the be-
fore and after control trials. Thus, there was no enduring ef-
fect on turning bias of the series of central injections, nor was
there a significant change in response to the mechanical or
other effects of central fluid injection from before to after the
series of three drug injections.

Our finding that amphetamine injections into the NAc
shell but not the core led to contralateral turning is in agree-
ment with the results of Koshikawa et al. (7). These authors
showed that the combined administration of quinpirole and
SKF 38393 elicited contralateral turning in the shell of the
NAc, but not the core.

The present study demonstrated that unilateral injection of
the D2 antagonist (2)-eticlopride (10.0 mg) produced ipsilat-
eral turning when combined with systemic amphetamine. This
followed expectations that rats would turn towards the side of
central injection following D2 receptor blockade and systemic
amphetamine. Previous research has indicated that unilateral
NAc injections of the direct-acting D1- and D2-like antagonists
SCH-23390 and metoclopramide, respectively, when combined
with systemic amphetamine produce ipsilateral turning (8); this
study confirms these results for another D2 DA receptor antag-
onist. Thus, there is evidence for an instrumental role for D1
and D2 receptors in shell-mediated turning.

TABLE 2
EFFECTS OF DOPAMINERGIC DRUGS ON TOTAL, CONTRALATERAL, AND IPSILATERAL FULL TURNS

(MEAN 6 SEM) IN 20-MIN SESSIONS

Experiment NI Mean VEH Mean Low Dose Med. Dose High Dose

AMPH shell
Total 6.3 6 1.3 7.0 6 2.0 7.5 6 2.2 9.6 6 2.5 11.7 6 3.4
Contra 3.5 6 1.6 3.4 6 1.4 3.4 6 1.5 6.3 6 1.8 8.2 6 3.0

AMPH core
Total* 16.1 6 1.2 22.6 6 2.4 21.8 6 2.2 36.6 6 3.1* 41.2 6 3.8*
Contra 9.7 6 0.9 12.6 6 1.7 15.2 6 2.1 21.3 6 4.7 23.1 6 5.0

NI Mean (1)ET Mean Low Dose Med. Dose High Dose

(2)ET shell/AMPH
Total 18.2 6 2.1 28.2 6 3.0 33.8 6 4.4 34.9 6 6.8 22.2 6 5.4
Ipsi 9.2 6 1.4 16.4 6 3.1 21.3 6 3.4 20.9 6 5.6 17.9 6 5.4

Abbreviations: NI: no injection; VEH: vehicle, contra: contralateral full turns; Ipsi: ipsilateral full turns; AMPH: amphet-
amine; ET: eticlopride.

Low, medium, high dose: AMPH (5.0, 10.0, 20.0 mg); ET (0.1, 1.0, 10.0 mg);
*p , 0.01 vs. VEH in Dunnett’s tests following significant treatment effect in ANOVA
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The analysis of total turns revealed a number of findings.
In particular, it was observed that the NAc shell injections of
amphetamine had no significant effect on total turns, whereas
total turns increased with amphetamine doses in the core.
This shows a dissociation between total turns and directional
bias because it was NAc shell but not core injections of am-
phetamine that produced turning. A similar dissociation be-
tween total turns and directional bias has been seen in our
previous studies [e.g., (10)].

In summary, intra-NAc shell but not core injection of am-
phetamine or (2)-eticlopride were effective in eliciting loco-
motor asymmetry. These results add to other recent findings
identifying dissociable behavioral functions for the NAc core
and shell.
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