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Anxiogenic-Like Effects Limit Rewarding
Effects of Cocaine in BALB/cBy] Mice

Vincent David, Ph.D., Lisa H. Gold, Ph.D., George F. Koob, Ph.D., and Pierre Cazala, Ph.D.

Previous studies have reported intravenous cocaine self-
administration behavior in several strains of mice with the
exception of BALB/cBy]J, a strain considered a mouse model
of high emotional reactivity. The present experiments
further investigated acquisition of self-administration in
BALB/cBy] mice using a low dose and a habituation
session. Following evidence of an initial drug-seeking
behavior, we observed a progressive decline of intravenous
self-administration. Pretreatment with diazepam (0.5 mg/
kg, IP), reinstated cocaine-maintained responding. To test
the hypothesis that injections directly into a reward-
relevant brain region might support consistent cocaine-
seeking behavior, BALB/cBy] mice implanted in the nucleus
accumbens (NAc) or the caudate-putamen nucleus (CPu)
were trained to discriminate between the arm enabling a
microinjection of cocaine (30 pmol/50 nl or 150 pmol/50 nl)
and the neutral arm of a Y-maze. Only NAc subjects

exhibited a spatial discrimination toward the cocaine-
reinforced arm and the D2 antagonist, sulpiride (50 mg/kg,
IP) eliminated intra-NAc cocaine self-administration.
However, after several days of cocaine self-injection,
animals developed an approach/avoidance-like behavior
between the start box and the reinforced arm. This behavior
was suppressed by systemic diazepam (1 mg/kg, 1P)
pretreatment. We conclude that: (1) medio-ventral NAc is
involved both in the rewarding (via a D2 dopaminergic
mechanism) and aversive effects of cocaine in mice; and (2)
anxiolytic pretreatment (diazepam) indirectly enhanced the
reinforcing properties of cocaine in BALB/cBy], suggesting
that emotionality can act as a protective mechanism against
stimulant abuse.
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The reinforcing effect of cocaine has long been demon-
strated in several species including humans, (Pickens
and Thompson 1968; Woods and Schuster 1968; Deneau
et al. 1969; Goldberg 1973; Fischman and Schuster 1982).
However, in studies using monkeys as well as rats, not
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all individual subjects exhibit acquisition of self-admin-
istration, and data from subjects that fail to acquire self-
administration are usually excluded (Davis and Smith
1987). Consistent with these observations, many hu-
mans experiencing psychostimulant drugs do not de-
velop compulsive drug-seeking behavior (Siegel 1984;
O’Brien et al. 1986). Recently, an increasing number of
studies have investigated the biological basis of the vul-
nerability to drug abuse in outbred rats. From this work,
it is possible to define a vulnerability profile based on a
number of behavioral, neurochemical, and endocrino-
logical features (Hooks et al. 1991; Piazza and Le Moal
1996). Importantly, traits associated with a vulnerable
phenotype in rats, such as novelty-induced activity, can
be compared to psychological dimensions measured in
humans, such as novelty-seeking behavior (see Bardo et
al. 1996). It is of special interest to note here that novelty-
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seeking and drug-seeking behaviors co-vary in humans
as well as laboratory animals (Bardo et al. 1996). These
behaviors are also expressed differentially in inbred
strains of mice making these mice a potentially impor-
tant model for further examining the relationship be-
tween behavioral traits, their underlying biological ba-
sis, and drug-seeking behavior (Crabbe et al. 1994).

Of particular interest in this context is the difficulty
of demonstrating intravenous cocaine self-administra-
tion in BALB/cBy]J mice (Deroche et al. 1997; Roberts et
al. 1997; Yu et al. 1997), using doses known to maintain
self-administration in C57BL/6 or several other strains
(Carney et al. 1991; Grahame et al. 1995; Deroche et al.
1997; Rocha et al. 1998). This observation cannot be ac-
counted for by pharmacokinetic differences (Ruth et al.
1988), capacity to learn operant tasks (Cazala 1976;
Deroche et al. 1997; Heyser et al. 1997), or sensitivity to
disruption of operant responding by acute cocaine
(Heyser et al. 1997). However, BALB/cBy] mice have
long been considered to be among the inbred strains
showing high emotional reactivity, and BALB/cBy]
neophobia has been proposed as a model of trait anxi-
ety (Belzung and Berton 1997). BALB/cBy] exhibit, in
fact, the highest stress-induced corticosterone levels
among five other strains (Shanks et al. 1990) and show a
hypersensitivity to corticotrophin-releasing factor-
(CRF) induced decreases in locomotor activity (Conti et
al. 1994). BALB/cBy] mice also exhibit a strong increase
in corticofrontal metabolism following introduction to a
novel open field (Tassin et al. 1980) as well as foot
shock-induced activity of mesocortical neurons (Hervé
et al. 1979). Altogether, these data suggest that the high
emotional reactivity profile of BALB/cBy] mice may
contribute to the difficulty of establishing intravenous
cocaine self-administration.

Knowing the factors that interfere with the sustained
acquisition of cocaine self-administration in BALB/cBy]
mice may reveal important clues to the problem of the bi-
ological basis of vulnerability to drug abuse. To this end,
we further investigated the acquisition phase of intrave-
nous cocaine self-administration in BALB/cBy] mice, us-
ing a low dose and habituation sessions. In an attempt to
dissociate cocaine effects elicited peripherally or cen-
trally that might compete with acute rewarding effects, we
also studied the acquisition of intracranial self-adminis-
tration behavior at the level of a reward-relevant brain
region extensively involved in cocaine-induced reward:
the nucleus accumbens (review in Bardo 1998).

METHODS (EXPERIMENT I: INTRAVENOUS
COCAINE SELF-ADMINISTRATION)

Subjects

A total of 22 adult male mice of the BALB/cBy] strain
(The Scripps Research Institute Breeding Colony) were
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used. Mice were housed 4/cage in Plexiglas cages (28 X
17 X 11.5) with sawdust bedding changed weekly. At
least 1 week before the surgery and throughout the in-
travenous self-administration (IVSA) study, animals
were singly housed to protect catheterized subjects and
mimic the maintenance conditions of mice used in the
intracranial self-administration (ICSA) study. Colony
temperature was maintained at 24°C. Subjects were
provided food ad libitum and maintained under condi-
tions of a reverse light/dark cycle (lights on 22:00 h,
lights off 10:00 h). The animals were 3 to 6 months of
age (25-30 g) at the beginning of the experiments.

Apparatus

Catheter Construction. The chronic intravenous cath-
eter for mice was similar to that described previously
(Deroche et al. 1997). Briefly, one end of a 7-cm length
of soft Silastic tubing (i.d. 0.30 mm, o.d. 0.64 mm) was
immersed in Hemo-De solvent (Fisher Scientific, Pitts-
burgh, PA) to expand the tip for fitting to a 22-gauge
steel cannula with a plastic screw-threaded pedestal
(collar) and bent at a right angle. The cannula was then
encased in dental cement with a piece of durable mesh
secured to the bottom. The catheters were immersed in
70% ethanol for 20 min and then washed in 0.9% bacte-
riostatic saline before the surgical implantation. After
implantation, the exposed tip of the external cannula
was secured with a stopper consisting of a small piece
of removable Tygon tubing (0.5 mm i.d./1.5 mm o.d.)
closed at one end with monofilament and encased in a
section of slightly larger copper tubing.

Catheter Implantation Surgery. The mouse was anes-
thetized with a halothane/oxygen vapor mixture and
maintained at approximately 1.5% halothane delivered
via a miniature nose-cone with tubes for vapor entry
and exhaust to a ventilation system. Throughout the
procedure, the animal was supported by a heating pad
to prevent hypothermia. After shaving and application
of 70% alcohol and iodine solution, incisions were
made in the midscapular region as well as anteromedial
to the forearm above the external right jugular vein. A
catheter was passed subcutaneously from the dorsal in-
cision to the ventral incision. Following isolation of the
jugular vein, a 23-gauge needle was inserted into the
vein 0.5 cm above the pectoral muscle to facilitate inser-
tion of a 22-gauge needle modified to be used as a guide
for the Silastic tubing. Once the tubing was inserted ap-
proximately 0.6 cm into the vein, the modified needle
was removed, and the tubing was further inserted to
the level of a small mark (1.2 cm from the open tip of
the Silastic). The catheter was then tied gently to the
vein with two sutures (surgical silk 4-0; Ethicon). Ap-
proximately 0.01 ml of physiological saline was flushed
through the catheter to displace the blood and to sus-
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tain catheter patency by avoiding clotting. The catheter
was capped with a Tygon stopper. Animals were al-
lowed a minimum of 5 days recovery before the begin-
ning of self-administration testing.

Catheter Evaluation and Maintenance. ~Methohexital
sodium (Brevital®) is an ultrashort-acting barbiturate
that, when flushed through the catheter, produces overt
signs of sedation within seconds. Aqueous 1% metho-
hexital sodium was dissolved in 0.9% bacteriostatic sa-
line to obtain a concentration of 5 mg/ml. The Brevital
test was performed once before the first self-adminis-
tration session and once after every five self-adminis-
tration sessions thereafter. At least 4 h after a cocaine
self-administration session or 12 h before the next
session, approximately 20 wl of the solution was
flushed through the catheter. Animals that showed no
immediate signs of sedation were removed from the ex-
periment.

The Self-Administration Unit. Twelve Plexiglas cham-
bers (14.9 X 15.2 X 18.3 cm) each were located within
larger boxes (Coleman coolers) equipped with exhaust
fans that also functioned to mask background noise.
Each chamber contained one wall with two small holes
(0.9 cm diameter, 4.2 cm apart, 1.5 cm from the floor)
equipped with photocell beams to detect responses.
When the photocell in the hole defined as active was
triggered by a nose-poke, the infusion pump (Razel®
syringe pump with a 5 rpm motor) delivered an infu-
sion of 25 pl/5 sec from a 10 ml syringe. We have previ-
ously compared nose-poke and lever press operants for
intravenous self-administration in mice and found little
difference in acquisition or dose—effect curves (David et
al. 1998b, see also Caine et al. 1999). The infusion vol-
ume delivered by this system was calibrated, and con-
sistency in the volume of solution delivered was veri-
fied periodically. The volume delivered varied by 5-10%
with each delivery. The syringe was connected via Ty-
gon tubing to a swivel (Instech, Plymouth Meeting,
PA). The infusion system was mounted outside the ex-
terior box (cooler). Following infusion delivery, a time-
out period lasting 20 sec was initiated, during which
further nose-pokes were recorded but did not result in
additional infusions. A nose-poke in the other hole, de-
fined as inactive, was without scheduled consequence
at any time.

Intravenous Cocaine Self-Administration Procedure

Acquisition Study (Days 1-9).  Self-administration ses-
sions (1/day; 2 h each, 5 days/week) were conducted
between 12:00 and 18:00 h. During the first session, the
mice were placed into the chambers but were not con-
nected to the injection system in order to habituate the
mice to the apparatus. Cocaine was then made available
under a fixed-ratio 1 (FR 1) schedule with a 20-sec time-
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out. A minimum of 20-25 injections/session were re-
quired for the schedule to be moved from FR 1 to FR 3.
All mice in this study met this criteria on the first day;
therefore, an FR 3 schedule was used from the second
drug session throughout the remainder of the experi-
ment. Because previous studies have shown that higher
doses of cocaine lead to a proportional decrease in self-
administration or even suppression of activity in this
strain (Deroche et al. 1997; Yu et al. 1997) acquisition of
self-administration was tested at the low dose of 200
ng/kg/inj. Mice were tested for eight consecutive ses-
sions (day 2-9) and acquisition was defined as: (1) three
consecutive self-administration sessions in which the
total number of injections (total cocaine intake) re-
mained constant within 20% deviation from the mean
of these sessions (stable responding); and (2) discrimi-
nation index (active nose-pokes/ total nose-pokes) =
70% for 3 days. Out of the 22 subjects that started the
experiment, 16 were tested under conditions of cocaine
availability, the six remaining subjects were tested un-
der conditions of saline availability (control group).

Effects of Diazepam (Days 10-14). From day 10, all
the animals that did not reach both acquisition criteria
(n = 15) were assigned to one of two groups. One group
(n = 7) received a systemic injection of a low dose of di-
azepam (0.5 mg/kg, IP) 20 min before the self-adminis-
tration session, while a second group (n = 8) received a
vehicle injection instead. Group assignment was
matched so that no pre-existing differences in the rate of
responding or discrimination was observed before the
anxiolytic treatment (Figure 1A). Control animals (n =
6) receiving saline IV were also injected with diazepam.
The dose of diazepam (0.5 mg/kg) was chosen: (1) to
avoid nonspecific effects on the rate of responding; (2)
because this low dose has no consistent effects on lat-
eral hypothalamus self-stimulation in rats (Borisenko et
al. 1996; Harris and Bielajew 1991) and does not induce
place conditioning in rats or mice (Spyraki and Fibiger
1988; Borsini et al. 1993; Meririnne et al. 1999). A higher
dose of diazepam, 1 mg/kg, was tested in a few mice
with the same results as presented.

METHODS (EXPERIMENT II: INTRACRANIAL
COCAINE SELF-ADMINISTRATION)

Animals and Surgery

These experiments used 27 male mice of the BALB/
cBy] strain (Iffa-Credo, Lyon, France). At 12 weeks of
age, they were housed individually with ad libitum ac-
cess to food and water in a temperature-controlled
room (23°C) with a light-dark cycle (12 h/12 h, light on
at 8.00 A.M.) and sawdust bedding changed weekly. The
animals were aged 3-4 months (27-30 g) at the begin-
ning of the experiments.
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Figure 1. Mean (= S.E.M.) number of intravenous cocaine
(200 pg/kg/inj) self-injections (A) and discrimination index
(B) recorded in animals with access to cocaine or the vehicle
(controls, n = 6-5). Sessions 1-9: cocaine alone n = 7 [open
circle] and n = 8 [filled circle]. Sessions 10-14: cocaine +
diazepam 0.5 mg/kg, IP n = 7—4 [open circle]; cocaine +
saline n = 8-5 [filled circle]; saline IV + diazepam IP n =
5-4.*p < .05, **p < .01, **p < .001 diazepam versus vehicle
(saline IP).

The choice of the nucleus accumbens (NAc) as a tar-
get site was based on the following reasons: (1) it long
has been demonstrated as a reward-relevant brain re-
gion; however, intracranial cocaine self-administration
studies conducted in rats have led to inconsistent re-
sults (Goeders and Smith 1983, 1993; Carlezon et al.
1995; McKinzie et al. 1999); and (2) the involvement of
this structure in the rewarding effects of cocaine in mice
remains to be demonstrated.
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Under deep sodium thiopental anesthesia (90 mg/
kg), the animals were implanted unilaterally and coun-
terbalanced left or right with a guide-cannula (o.d.
0.460 mm; i.d. 0.255 mm) the tip of which was posi-
tioned either 1.5 (NAc group, n = 17) or 2.3 mm (CPu
group, n = 10) above the NAc. This second group was
used to test the eventual diffusion, in a dorsal direction,
of cocaine when infused into the NAc (Wise and Hoff-
man 1992). In this group, cocaine was injected just
above the NAc, into the anterior part of the caudate
putamen nucleus (CPu group). The stereotaxic coordi-
nates used were the following: NAc: 1.70 mm anterior
to the bregma (AP); = 1.60 mm lateral to the sagittal
line (L); 2.40 mm vertically below the surface of the
skull (V); CPu: AP + 1.70 mm; L = 1.60 mm; V + 1.60
mm. In both groups, the guide-cannula was lowered at
a 12°angle in order to avoid the lateral ventricle. The in-
cisor bar was level with the interaural line. Mice were
allowed to recover from surgery for at least 1 week.

Intracranial Self-Injection Procedure

On each day of the experimental period, a stainless-
steel injection cannula (o.d. 0.229 mm, i.d. 0.127 mm)
was inserted into either the NAc or the CPu and was
held in a fixed position by means of a small connector.
The injection cannula was connected by flexible poly-
ethylene tubing to the micro-injection system, which
housed a 5 pl Hamilton® syringe. The tip of the injec-
tion cannula projected beyond the guide-cannula by 1.5
mm. By interrupting one photocell beam in the Y-maze
(see behavioral procedure) mice could obtain an infu-
sion (injection of cocaine HCl dissolved in ringer solu-
tion). Intracerebral injections were carried out using an
automatic computer-controlled apparatus that pro-
vided via a microvernier system, a precise and highly
reproducible descent of the microsyringe piston. Each
self-injection (50 nl) lasted 4 sec. Flow of solutions was
verified by monitoring the fluid volume in the Hamil-
ton syringe before and after testing each subject. The
movement of the animals in the Y-maze was detected
by an optical system. This information was transmitted
to a microcomputer that, in turn, rotated the injector in
the same direction as the animal’s movement. This pro-
cess avoided twisting of the flexible tubing, and, conse-
quently, self-administration could be studied in freely
moving mice.

Behavioral Protocol

Self-administration behavior was studied in a gray
Plexiglas Y-maze, the two arms of which were separated
by an angle of 90°. The stem and the arms were 31-cm
long and 12-cm high. The starting box (14 X 8 cm) was
separated from the stem by a sliding door. Sliding
doors were located at the entrance of each arm. A pho-
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toelectric cell was situated 6 cm from the end of each

arm. By interrupting the photocell beam in one of the

two target arms, mice could trigger an injection of co-
caine HCI dissolved in Ringer solution; the other arm
being neutral (no injection).

During a first habituation session no injection was
delivered. During the following sessions, to begin a
trial, a mouse was placed in the start box, and after 1
min the doors to the stem and target arms were opened.
In each group, half of the animals were assigned to go
to the right arm to trigger the injection of cocaine;
whereas, the remainder were assigned to the left arm.
Each daily session was composed of 10 trials separated
by a 1-min intertrial interval; therefore, a maximum of
10 injections could be obtained by each subject per daily
session. Chance performance was reflected by five in-
jections out of 10 trials. During the first four trials of the
first session, if an animal made an “error” in choosing
the neutral arm, it was immediately allowed access to
the arm enabling an injection of cocaine. From the fifth
trial onward, following arm selection, the chosen arm
was closed off to prevent movement into the other arm.
After a 10-sec confinement, the mouse was removed
and replaced directly into the start box for the following
trial.

1. During the acquisition phase, the number of self-
injections per daily session was recorded and auto-
matic equipment, triggered by opening the door to
the stem, recorded the latency to enter the reinforced
arm (response latency) or the neutral arm for each
subject. Acquisition of the self-administration re-
sponse was tested over seven daily sessions using
two doses of cocaine in separate groups of mice im-
planted in either the NAc (10 ng [30 pmol; n = 6] or
50 ng [150 pmol; n = 6]) or CPu (30 pmol; n = 5 and
150 pmol; n = 5). An additional group of NAc mice
(n = 5) received only vehicle. These animals exhib-
ited random choices and self-injection latencies simi-
lar to controls subjects receiving polyionic Ringer so-
lution at the level of numerous other brain regions
(David and Cazala 1994). Therefore, no further ICSA
control groups were used in the present study.

2. The second phase was conducted to verify the phar-
macological specificity of the ICSA behavior and to
test the involvement of a dopamine D2-receptor
mechanism. Sulpiride was used, because, as an atyp-
ical neuroleptic, it is likely to produce a more specific
blockade of the mesolimbic versus extrapyramidal
system (White and Wang 1983). Starting on the 8th
session, those subjects in the cocaine 50 ng group
that had fully met self-administration criteria, de-
fined as at least seven choices out of 10 trials of the
cocaine-reinforced arm during 3 consecutive days,
were then injected systemically 30 min before the
self-administration session with the dopaminergic
D2 antagonist sulpiride (50 mg/kg IP). For the con-
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trol group (mice implanted in the NAc but receiving
only Ringer during the acquisition phase), cocaine
was now substituted (50 ng).

3. During a third phase, which lasted for a further 3
days, the pretest injection of sulpiride was replaced
by an injection of the vehicle only.

4. Finally, because all the subjects that had fully ac-
quired the self-administration response using the 10
ng cocaine dose developed shuttling behavior con-
tributing to an increase in the self-injection latency
over days, two more sessions were conducted in
these animals during which one half of the subjects
received an injection of diazepam (1 mg/kg, IP) 20
min before the session, while the other half received
the vehicle (session 8). The following session, these
treatments were reversed for each subgroup (session
9). The rationale for using a higher dose of diazepam
in the intracranial self-administration experiment
was to optimize the observation of a behavioral ef-
fect while being still able to control for motor effects
by analyzing the running time in the Y-maze. The
dose of 1 mg/kg has been reported to be the highest
dose of diazepam that can be used in BALB/cBy]
mice without inducing motor slowing or sedation
(Borde et al. 1998).

HISTOLOGY

At the end of the experimental period, the animals were
sacrificed with an overdose of thiopental. The head was
removed, with the guide-cannula attached, and placed
into 10% formol for 72 h. The guide-cannula was with-
drawn, and the brain was dissected and placed in a so-
lution of formol containing 30% sucrose for a further
week. Brains were frozen and cut in a microtome to
provide 60 pm frontal sections that were stained using
0.1% thionin to identify the injection site.

DRUGS

Cocaine hydrochloride was dissolved in polyionic
Ringer for intracranial injections. A predissolved prepa-
ration of (*)-sulpiride (Dogmatil®, injectable, Syn-
thelabo group, Meudon, France) was used by dilution
in physiological saline (NaCl 0.9%) to the required final
concentration. The pH of the injected solution was 5.9.
A predissolved preparation of diazepam (Valium®,
Roche, France) was diluted in physiological saline to
the required final concentration. For systemic adminis-
tration, drug and vehicle were injected IP in a volume
of 0.10 ml/10 g body weight, respectively 20 min and 30
min before behavioral testing for diazepam and sulpir-
ide. Brevital® Sodium (methohexital sodium; Eli Lilly,
Indianapolis, IN) was dissolved in saline 0.9%.
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SATISTICAL ANALYSES

Two-way analyses of variance (ANOVAs) with one re-
peated factor (session/day) were used to measure be-
tween-groups differences for drug, hole, discrimination
index, or ICSA injection site, as well as the interaction
of group X sessions. Furthermore, post-hoc analysis
employed Scheffe’s F test corrected for multiple com-
parisons. One-way ANOVA was used for the within-
subjects repeated factor session/day, to analyze the evo-
lution of self-administration (number of self-injections)
for a particular group (Winer 1971). Animals that did
not fully complete a given experiment were excluded
from the statistical analysis. An unpaired Student’s f
test was used to compare the mean of active or inactive
responding in cocaine versus saline IV groups, and a
paired test was used to compare the mean of ICSA and
self-injection latencies in the group receiving the 10 ng
cocaine dose into the NAc during two consecutive ses-
sions following acquisition (saline vs. diazepam pre-
treatment). A significance level of p < .05 was used for
all statistical analyses.

ETHICAL STATEMENT

All surgical and experimental procedures were in ac-
cordance with official French Regulations for the Care
and Use of Laboratory Animals and the Institutional
Animal Care and Use Committee of The Scripps Re-
search Institute.

RESULTS (EXPERIMENT I: INTRAVENOUS
COCAINE SELF-ADMINISTRATION)

Acquisition Study (Days 1-9)

Saline-Injected Animals. Subjects in the control
group having only access to saline (from day 1 to day 9:
n = 6-4) did not show any evidence of self-administra-
tion behavior. None of them achieved stability in the
number of injections, and this parameter decreased pro-
gressively over the acquisition period from day 1 to 5 as
reflected in a one-way repeated measures ANOVA for
session: F, 1, = 5 p < .01 (Figure 1A). Evaluation of the
discrimination index in control mice revealed that un-
like that observed in the ICSA experiments below, dis-
crimination of active and inactive holes by control mice
was lower than the theoretical chance level of 50% (Fig-
ure 1B). In fact, control mice poked significantly more
in the inactive than in the active hole over the FR3 ses-
sions 2-9, as confirmed by a main effect of hole in a
two-way ANOVA (F, s = 18.53 p < .01). Increases in in-
active responding have been related to extinction of in-
travenous self-administration in mice and rats (Rocha
1999; McBride et al. 1999).
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Cocaine Availability. When mice with cocaine versus
saline availability were compared for the number of in-
fusions earned, a two-way ANOVA confirmed the ab-
sence of a group effect (saline vs. cocaine groups) or
group X day interaction, and revealed only a significant
main effect of day (F; 133 = 2.2 p < .05). Of the 16 animals
having access to cocaine infusions (200 pg/kg/inj) for 8
days, only one met the acquisition criteria. The others
failed to achieve both the requirement for stability in the
number of injections and a discrimination index of >70%.
However, results in the 15 remaining subjects resembled
a biphasic curve with a strongly positive initial reaction
during the first five sessions (with subjects earning up to
100 injections/session), quickly followed by a steady de-
crease in the number of injections earned (one-way
ANOVA repeated measures on session: F; 149 = 2.32 p <
.02) (Figure 1A). Interestingly, the pattern of cocaine in-
take was very irregular across days and between sub-
jects during the acquisition period (within-group vari-
ability: Fyy147 = 17.14 p < .001). There was no difference
in exploratory “active” or “inactive” responding during
the initial habituation session between saline and co-
caine IV groups (mean number of active nose-pokes:
t(19) = 0.6 ns; inactive nose-pokes: t(19) = 0.04 ns). Once
cocaine was made available, cocaine-injected animals
displayed a higher preference for the active hole than
mice having only access to saline over the eight acquisi-
tion sessions on an FR3 schedule. Analysis of discrimi-
nation index across sessions resulted in a main effect of
group (F; 15 = 8.5, p <.02).

Effect of Diazepam on Intravenous Cocaine Self-
Administration (Days 10-14)

For 5 days (from day 10 to 14), a dose of 0.5 mg/kg of
diazepam was injected IP 20 min before the sessions.
Treatment with the anxiolytic dramatically improved
intravenous cocaine self-administration behavior. In
contrast to the rapid decrease in the total number of in-
jections in a 2-h session observed in the subjects receiv-
ing vehicle, this parameter increased or remained high
for the 5 successive days in diazepam-pretreated ani-
mals (main effect of group: F,y = 11.7 p < .01). The dis-
crimination between the active and inactive hole also
tended to be improved in diazepam-pretreated ani-
mals, an effect that did not reach significance because of
the presence of animals showing a preference for either
the active or inactive hole in both groups (Figure 1B).
The appearance of a slight increase in relative respond-
ing to the active hole in the control group (saline IV)
with diazepam was not statistically significant and
seemed to start before the treatment, likely reflecting an
instability of responding associated with saline avail-
ability. The same dose of diazepam (0.5 mg/kg) did not
have any effect on other aspects of operant responding
(number of injections and total responding), suggesting
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that the increased number of cocaine injections admin-
istered during the anxiolytic treatment was not attribut-
able to a nonspecific effect of diazepam to increase re-
sponse rates (Figure 1). Analysis of individual data
further revealed that diazepam had a similar effect on
cocaine self-administration regardless of the level of ex-
posure during the acquisition phase (Figure 2).
Within-session analysis of the first diazepam treat-
ment day revealed that diazepam increased the cocaine
intake (= total number of injections/session) by de-
creasing the interinjection interval shown as the slope
of the cumulative reinforcers per unit-time curve in Fig-
ure 3 (main effect of group F,,; = 4.4 p < .05; time Fy; 15,
=432 p < .0001; and group X time interaction during
the first diazepam session F,,5; = 3.1 p < .0001). For
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the last acquisition session immediately before the first
diazepam treatment day, there was no difference be-
tween the animals to be treated the next day with diaz-
epam or saline, in either cocaine intake or pattern of
self-administration (main effect of group F,;; = 0.7 ns
and group X time interaction: F,, ;5; = 0.6 ns).

RESULTS (EXPERIMENT II: SELF-ADMINISTRA-
TION OF COCAINE INTO THE NAc OR THE CPu)

Ringer Group

No discrimination was observed between the two arms
of the Y-maze when only vehicle (Polyionic Ringer) was
available for intra-accumbens self-injections (one-way
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Figure 2. Individual performances for the number of intravenous cocaine (200 pg/kg/inj) self-injections in representative
animals (3 diazepam + 3 saline) during training sessions (1-9), and after presession treatment with either diazepam 0.5 mg/kg
(sessions 10-14, left) or saline (right). These six animals are representative of the full range of responses observed in each group.
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Figure 3. Within-session effects of diazepam (1 = 7) and saline (1 = 8) IP injections on intravenous cocaine self-administra-
tion. (A) represents the cumulative number of injections during the last acquisition session of cocaine self-administration in
both groups before treatment. (B) represents the cumulative number of injections during the cocaine self-administration ses-
sion on the first day of diazepam treatment (0.5 mg/kg, IP). *p < .05, signifcantly different from controls (saline IP).

ANOVA with repeated measures on session: Fyp, =
0.511 ns) (Figure 4A). This demonstrated the absence of
nonspecific (i.e., mechanical) stimulating effects of the
microinjection system and confirms previous observa-
tions (David and Cazala 1994; David et al. 1998a). A
clear self-administration response occurred when co-
caine (50 ng) was substituted for the vehicle (Figure 4A,
right). A one-way repeated measures ANOVA on the
evolution of arm choice over the 14 sessions yielded a
significant main effect of session: F;; 44 = 13.8 p < .0001.
Post-hoc analysis indicated significantly increased
choices of the cocaine-reinforced arm starting from the
second day following cocaine substitution (Scheffe F
test, p < .001).

Cocaine Groups

Dose of 10 ng (30 pmol). At this low dose, only ani-
mals receiving injections into the NAc discriminated
between the two arms of the maze and regularly self-
administered cocaine. The same dose of the drug, when
injected 0.8 mm above the NAc injection sites (CPu
group) did not seem to have any rewarding effect, the
subjects in this group behaved like control animals (Fig-
ure 4A). Analysis of arm choices in Ringer, Nac, and
CPu groups revealed a main effect of group: F, 5 = 46.2
p < .0001, main effect of session: Fg;3 = 4 p < .01 and
group X session interaction: Fi, 75 = 2.3 p < .01).
Additional information was obtained through analy-
sis of the injection latencies (Figure 4B). This parameter

was much shorter in the cocaine-injected animals than
in the Ringer group. As typically observed in vehicle-
injected animals (David and Cazala 1994; David et al.
1998a), latencies progressively increased over days, a
phenomenon likely to be related to the loss of motiva-
tion to trigger the injection. Interestingly, the opposite
was observed in the CPu group. These results are sup-
ported by a significant main effect of group (F,;; = 16.7
p < .001), and day (Fs7s = 5.7 p < .0001) and a group X
day interaction (Fy, 7 = 12.4 p < .0001). The decrease in
latency to trigger the injection over days in the CPu
group presumably reflects a nonspecific effect, because
the same subjects also were faster to enter the neutral
arm (latency [sec]: day 1: 156.8 * 22; d2: 117.3 = 37; d3:
100.2 £ 21; d4: 67.3 + 14; d5: 71 * 13; d6: 62.4 = §; d7:
45.7 = 9; Fyy = 4.93 p < .002). Interestingly, within-ses-
sion analyses using a two-way ANOVA comparing the
time to complete the first and last trials (trial factor)
over the seven acquisition sessions (session factor) re-
vealed that the time to complete the last trial was signif-
icantly longer (main effect of trial: F;3 = 11.61 p < .01;
with no main effect of session or trial X session interac-
tion) (Figure 5). The time to complete the first trial var-
ied significantly over days, decreasing on days 3 and 6
(Fep4 = 2.6 p < .05).

In the NAc group injection latencies remained low
and stable during the first three sessions, but increased
over the following four sessions (shown in Figure 4B)
and confirmed by a significant simple effect of session
on this parameter (F¢ 3, = 15.4 p <.0001). NAc mice pro-
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Figure 4. Mean (+ S.E.M.) number of self-administrations (A) and self-injection latency (B) recorded in animals injected
with a dose of 10 ng of cocaine into the NAc or the CPu or receiving the vehicle (Ringer solution, sessions 1-7) and the dose
of 50 ng of cocaine into the NAc (sessions 8-14). *p < .05, **p < .01, ***p < .001 comparison with vehicle. #, significantly dif-

ferent from the last acquisition session.

gressively hesitated to self-administer cocaine over the
acquisition sessions and exhibited a shuttling behavior
between the start box and the reinforced arm before trig-
gering each injection. Despite this phenomenon, subjects
in this group remained significantly faster than control
(Ringer) mice (comparison of cocaine and Ringer main
effect of group: F; g = 29.6 p < .001). Within-session anal-
yses using a two-way ANOVA comparing the time to
complete the first and last trial (trial factor) over the
seven acquisition sessions (session factor) yielded a

main effect of trial: F; g = 25.06 p < .001; a main effect of
session: Fgs, = 4.57 p < .001; and a trial X session inter-
action; Fgs4 = 5.16 p < .001. It is of interest to note that,
similarly to injection latencies, evolution of the time to
complete the last trial over the seven acquisition ses-
sions displayed an opposite pattern in NAc and CPu an-
imals (Figures 4 and 5); that is, decreasing in CPu mice,
while increasing dramatically in NAC animals because
of the progressive expression of retreat behavior. This
observation is supported by a strong interaction when
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Figure 5. Mean value of the latency (sec * S.E.M.) to com-
plete the first and last trial in NAc and CPu animals during
acquisition of cocaine self-administration (10 ng). This
parameter is different from self-injection latencies in that the
time to complete the trial was analyzed whether an injection
occurred or not. *p < .05, **p < .01, **p < .001: comparison
of the latency to complete the first versus the last trial for
each group during each session (Scheffe F test).

the evolution of this parameter was compared between
both groups (two-way ANOVA group X session inter-
action: Fg 4,5 = 4.58 p < .001).

Dose of 50 ng (150 pmol). Again, only mice receiving
cocaine microinjections into the NAc learned to enter the
reinforced arm preferentially; whereas, no discrimination
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between the two arms of the maze was observed in the
CPu group, resulting in significant main effects of group
comparing Ringer, NAc and CPu animals (F, ;3 =73.6 p <
.0001) and session (Fg75 = 3.6 p < .01) (Figure 6A). As for
the dose of 10 ng, injection latencies were much shorter in
NAc and CPu than in Ringer animals (main effect of
group: F, 3 = 24.8 p < .0001, Figure 6B; Ringer subjects
are depicted in Figure 4). This parameter progressively
increased over the seven acquisition sessions in the mice
self-injecting the 50 ng dose into the NAc, while decreas-
ing until session three and increasing thereafter in the
CPu group (main effect of session Fy;3 = 24.4 p < .0001
and group X session interaction Fy,,7;s = 8.8 p < .0001).
Within-session analyses of the time to complete the first
versus last trial revealed a pattern similar to the one ob-
served with the 10-ng dose (data not shown).

Effects of Systemic Injections of Sulpiride (50 mg/
kg). The self-administration of cocaine into the NAc
was highly sensitive to pretreatment (30 min before the
session) with IP injection of 50 mg/kg of the selective
dopaminergic D2 antagonist. Subjects that had previously
acquired the ICSA response (cocaine dose of 50 ng) gradu-
ally lost the discrimination, reaching chance level within 5
days (extinction, see Figure 6A; F,,y = 4.54 p < .01). At the
same time, self-injection latencies increased over the five
extinction sessions (F, = 5.42 p < .01; Figure 6B).

Replacement of Sulpiride by NaCl.  Following extinc-
tion, the replacement of the systemic injection of sulpir-
ide with an injection of physiological saline during
three consecutive sessions resulted in the re-emergence
of self-administration of the 50-ng dose of cocaine into
the NAc (one-way repeated measures ANOVA for ses-
sions 12-15: F; ;5 = 521.6 p < .0001). The choice of the
cocaine-associated arm was significant from the first re-
acquisition day (Scheffe F test, p < .001; Figure 6). Thus,
the sulpiride-induced extinction did not result from a
lesion related to the daily insertion of the cannula, or
from the systemic injection procedure per se, because
the ICSA response was restored when sulpiride was re-
placed by isotonic NaCl.

Effects of Diazepam (1 mglkg) on the Self-Administra-
tion of Cocaine into the NAc. The shuttling behavior
that contributed to the increase in the time to trigger
injection observed during the acquisition of cocaine
self-administration resembled the “retreat behavior”
previously described in rats self-administering cocaine
intravenously in a straight alley runway (Ettenberg
and Geist 1991). This behavior has been hypothesized
to result from the conflicting (appetitive/aversive)
properties of the drug and was shown to be sensitive to
anxiolytic treatment. To test this hypothesis, at the end
of acquisition, we pretreated the animals self-injecting
the 10-ng dose of cocaine with systemic diazepam (1
mg/kg, IP) or NaCl 0.9%. Diazepam did not modify
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Figure 6. Mean (+ S.E.M.) number of self-administrations (A) and self-injection latency (B) recorded in animals injected
with a dose of 50 ng of cocaine into the NAc or the CPu (sessions 1-7: cocaine alone; sessions 8-12: cocaine and sulpiride 50
mg/kg IP; sessions 13-15: cocaine and vehicle NaCl 0.9%). *p < .05, **p < .01, ***p < .001 comparison with vehicle. #, signif-
icantly different from the last acquisition session. ¥, significantly different from the last extinction session.

the choice of the cocaine-reinforced arm but almost
completely abolished shuttle behavior, thereby de-
creasing the injection latency (paired Student’s ¢ test
comparing saline versus diazepam: t(5) = 7.13 p <
.001) (Figure 7).

Histological Control

Intracranial injection sites were precisely located by fol-
lowing the track of the injection cannula in both experi-

mental and control subjects. Histological analysis re-
vealed that cannulae of animals implanted into the NAc
were located in the shell region of the structure (Figure
8) (Franklin and Paxinos 1997). It may be noted that for
two animals of the CPu group, the injection site was lo-
cated at the dorsal border of the CPu/core region of the
NAc. Figure 9 shows a typical injection site in the NAc
and CPu. The scatter of the cannula tracks was identical
in the different groups studied. Based on histological
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number of self-administrations and the injection latency in
the NAc group (cocaine 10 ng). ***p < .001 Student’s t-test
comparing the mean of diazepam versus NaCl groups.

findings, all subjects were considered accurately im-
planted, and, thus, none were eliminated.

DISCUSSION

Intravenous Cocaine Self-Administration in
BALB/cBy]

The first observation resulting from the present experi-
ment is that BALB/cBy] mice exhibited intravenous co-
caine self-administration behavior when using a low
dose known to be ineffective in several other strains
(Carney et al. 1991; Grahame et al. 1995; Deroche et al.
1997; Rocha et al. 1998). The use of a habituation session
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Figure 8. The locations of the injection sites in the NAc and
CPu are plotted on frontal section diagrams. The values
indicate the distance (mm) of the section from bregma
(based on Franklin and Paxinos’s stereotaxic atlas, with per-
mission of Academic Press) (AcbC, accumbens nucleus core;
AcbS, accumbens nucleus shell; Cl, claustrum; CPu, caudate
putamen; fmi, forceps minor corpus callosum).

allowing the mice to explore the apparatus freely before
cocaine was made available may have favored the ex-
pression of this behavior. However, this initially posi-
tive reaction was quickly (5-6 days) followed by a pro-
gressive reduction of the number of intravenous cocaine
injections. Because we and others have shown that
higher acquisition doses are associated with lower rates
of self-administration in BALB/cByJ] mice (Deroche et
al. 1997; Yu et al. 1997), it is unlikely that the observed
reduction in intravenous self-administration was attrib-
utable to the use of a subthreshold dose of cocaine. In
fact, higher doses have been shown to produce even
greater disruption, with the dose of 1 mg/kg/inj lead-
ing to a sudden cessation of responding (Deroche et al.
1997). These observations also suggest that pharmaco-
logical tolerance is not responsible for the decrease in re-
sponding. Tolerance is more likely to be expressed as an
increase in responding in self-administration experi-
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Figure9. Photomicrograph of a thionin-stained frontal brain section (60 microns) through the guide-cannula and the injection
cannula tracks into the NAc (a), CPu (b). Arrows indicate the tip of the injection cannula (injection sites). Scale bar, 0.50 mm.

ments using a fixed ratio schedules of reinforcement
(Yokel 1987; Emmett-Oglesby et al. 1993).

Interestingly, BALB/cBy] mice are more sensitive
than other strains to the stimulant effects of low doses
of cocaine, but dose-related increases in activity are not
observed (Schuster et al. 1977; Ruth et al. 1988; Reith
and Selmeci 1992; Elmer et al. 1996; Deroche et al. 1997).
This strain also shows enhanced response to the cellular
or behavioral effects of a variety of stressors (see intro-
ductory remarks). Therefore, BALB/cBy] mice may be
highly sensitive to both the rewarding and aversive ef-
fects of cocaine, and the extinction of self-administra-
tion could result from a sensitization of the anxiogenic
properties of cocaine. In this view, diazepam would act
by relieving anxiety rather than by enhancing euphoria
directly. Although the increase in drug intake with di-
azepam may reflect an attempt to overcome a decrease
in cocaine reinforcement produced by diazepam, this is
unlikely, because the reduction in responding was evi-
dent before the diazepam treatments were begun. Thus,
to argue that during diazepam treatment mice are over-
coming a further decrease, it must be postulated that
both a decrease (before treatment) and an increase (dur-
ing treatment) in responding are related to a reduction
of reinforcement.

Nevertheless, an alternative interpretation can be
suggested. Context-dependent sensitization to the stim-
ulating and reinforcing effects of cocaine has been de-
scribed in rats and mice (Elmer et al. 1996; Duvauchelle
et al. 2000) and chlordiazepoxide and alprazolam have
been reported to decrease cocaine IVSA (Goeders et al.
1989, 1993). On the basis of the group results from intra-
venous self-administration experiments alone, one can-
not exclude the hypothesis that sensitization to the re-
warding effect of cocaine is responsible for the decrease
in self-administration and that diazepam would in-
crease self-administration rates by decreasing the re-
warding effects of cocaine.

Several lines of evidence argue against this hypothe-
sis. If diazepam decreases the reinforcing effects of co-
caine, mice that showed evidence of sensitization to the
rewarding effects would respond to diazepam, and
mice that did not show evidence of sensitization would
not respond to diazepam. Moreover, mice with higher
exposure to cocaine (sensitized) should be more re-
sponsive to diazepam. We found no relationship be-
tween cocaine intake in individual animals during
training and diazepam effects on self-administration,
and mice with a lower cocaine intake throughout the
acquisition phase displayed a strong increase in cocaine
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self-administration following diazepam treatment.
Also, the observation of a very irregular pattern of re-
sponding over days further suggests the presence of
conflict-like behaviors rather than a gradual sensitiza-
tion. It is clear from the individual data that diazepam
suppressed the irregular pattern of responding, rather
than reversing a gradually decreasing self-administra-
tion. Therefore, context and time-dependent sensitiza-
tion to reinforcing properties of cocaine is not likely to
explain the diazepam effects on cocaine self-adminis-
tration in BALB/cBy] mice.

Diazepam may also have enhanced cocaine’s posi-
tive reinforcing effects. However, results from the in-
tracranial self-administration study clearly support the
hypothesis of the attenuation of anxiety-like effects. In
fact, the decline in intravenous cocaine self-administra-
tion was paralleled by an anxiety-like behavior ex-
pressed by mice self-injecting consistently cocaine into
the NAc. Over successive acquisition sessions, these
mice made an increasing number of shuttles between
the reinforced arm and the start box, this behavior con-
tributing to a significant lengthening of the latency to
self-inject cocaine into the NAc. This was unexpected
because, in this paradigm, choice of the reinforced arm
has been consistently associated with a decrease in the
latency to trigger drug injection (see David and Cazala
1994; David et al. 1998a). Although initial reaction to co-
caine in humans is reported to be euphoric, strong anx-
iogenic properties in humans, monkeys, rats, and mice
have been described, mediated at least in part via a CRF
mechanism (Aronson and Craig 1986; Moldow and Fis-
chman 1987; Rivier and Vale 1987; Anthony et al. 1989;
Ettenberg and Geist 1991; Crowley et al. 1992; Yang et
al. 1992; Sarnyai 1998). Of particular interest in this con-
text is the observation that rats self-administering co-
caine intravenously in a runway exhibit a form of con-
flict behavior manifested by an increase in the number
of “retreats” from the goal box to the start compart-
ment. The “shuttling behavior” observed in the present
study is likely to be the mouse analog of this “retreat
behavior” described in rats. Consistent with this rela-
tionship, pretreatment with diazepam reduces both
phenomena (Ettenberg and Geist 1991, 1993). Interest-
ingly, restriction of cocaine injections to the NAc elic-
ited stable self-administration but did not eliminate
conflict-like behaviors, suggesting that this region may
also mediate anxiogenic or negative affective states.

Anatomical and Pharmacological Specificity of
Intra-NAc Cocaine Self-Administration

Cocaine injections into the NAc maintained self-admin-
istration. One concern raised by intracranial injections
involves the anatomical specificity of the behavioral ef-
fects of the substance injected. Because of the pressure
gradient created by repetitive introduction of the can-
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nula, diffusion occurs mainly in a dorsal direction
(Wise and Hoffman 1992). However, when injection
cannula were located 0.8 mm above the NAc injection
sites, into the anterodorsal part of the CPu or NAc core,
mice did not discriminate between the reinforced arm
and the neutral arm of the Y maze. This suggests that a
neuronal substrate within the NAc or a radius of ap-
proximately 0.8 mm from the injection site plays a pre-
dominant role in the ICSA of cocaine. These results sup-
port observations from previous intracranial self-
administration and place conditioning studies that the
CPu is not part of the primary brain reward system and
extend these conclusions to mice (for review McBride et
al. 1999). However, an interesting phenomenon was ob-
served in the CPu group. Although discrimination per-
formance remained at chance level, over the successive
acquisition sessions, CPu animals showed a decrease in
the latency to enter both the reinforced and the neutral
arm. These data suggest that injection of cocaine into
the CPu exerts a general behavioral activation of mice.
However, because animals were slower to complete the
last trial versus the first trial of each session, this effect
may not correspond to an acute cocaine-induced stimu-
lant effect. Furthermore, it is of interest to note that
NAc and CPu mice injected with the high dose of co-
caine exhibited self-injection latencies that were not sig-
nificantly different. Therefore, partial diffusion from
the CPu to the NAc may account for this phenomenon,
thus explaining the similarity of latencies in both
groups. However, discrimination performances re-
mained at chance level in CPu mice, demonstrating that
diffusion did not induce sufficient interoceptive cues to
affect spatial discrimination performance of the mice.
Thus, CPu animals made random choices during the ac-
quisition phase but showed a reduction of injection la-
tencies over days; whereas, NAc subjects exhibited
ICSA behavior associated with progressive increases of
the response latencies. This double dissociation further
confirms the anatomical specificity of the effects elicited
by central injection in our experimental conditions.

The disruptive effect of sulpiride on ICSA of cocaine
is consistent with previous data. Co-infusion of equimo-
lar concentrations of sulpiride and cocaine attenuates
cocaine self-administration into the prefrontal cortex of
the rat, which seems to activate NAc dopaminergic ele-
ments (Goeders and Smith 1983, 1993). This effect also is
consistent with a role of NAc dopamine and dopamine D2
receptors in cocaine IVSA (Roberts and Vickers 1984;
Woolverton 1986; Robledo et al. 1992; Wise et al. 1995)
and local electrophysiological effects of cocaine (White
et al. 1993; Uzwiak et al. 1997). Although it is known
that cocaine decreases dopamine (Komiskey et al. 1977;
Hadfield et al. 1980), noradrenaline (Dubocovich et al.
1979; Hadfield and Nugent 1980), and serotonin uptake
(Taylor and Ho 1978), and increases acetylcholine release
(Day et al. 1997), our results point to a role for a dopa-
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minergic D2 mechanism in the rewarding effects of co-
caine administered into the NAc. Because replacement
of sulpiride by NaCl led to the immediate recovery of
intra-NAc cocaine self-administration, it is unlikely that
chance level responding would have occurred indepen-
dently of the D2 antagonist treatment. Also, the obser-
vation that latencies to injection are not significantly in-
creased during the first days of sulpiride pretreatment,
although drug choice is reduced, argue for motivational
rather than motor effects.

Two major subregions have been described within
the NAc of the rat: a medioventral part (“shell”) and a
laterodorsal part called (“core”) (Alheid and Heimer
1988; Heimer et al. 1997). The shell receives dopaminer-
gic projections from the ventral tegmental area and is
linked to the bed nucleus of the stria terminalis and the
mediocentral amygdala, forming an interface with the
“extended amygdala” hypothesized to be involved in
drug reward (Koob et al. 1993). The core receives
dopaminergic projections primarily from the substantia
nigra and is involved more specifically in the regulation
of motor activity (Kalivas et al. 1993). In rats, behavioral
studies suggest that the shell is involved in rewarding
properties of cocaine. Ibotenic acid lesions of an output
of the NAc shell, the sublenticular ventral pallidum, de-
crease responding for intravenous cocaine (Hubner and
Koob 1990; Robledo and Koob 1993). Moreover, am-
phetamine, cocaine, and nomifensine as well as D1 and
D2 dopaminergic agonists are self-injected into this
subregion (Hoebel et al. 1983; Carlezon et al. 1995; Ike-
moto et al. 1997; McKinzie et al. 1999). A core placement
could explain the negative results reported by an early
study looking at cocaine intra-NAc self-administration
in rats (Goeders et al. 1983). A core/shell distinction can
be anatomically defined in mice (Franklin and Paxinos
1997). However, little is known about its functional rel-
evance. Although the core and shell were not directly
compared in the present study: (1) all NAc subjects ex-
hibiting ICSA behavior were implanted in the shell; and
(2) animals of the CPu group implanted at the level of
the core/CPu borderline did not exhibit any positive re-
action to the effects of cocaine. Thus, our results pro-
vide preliminary evidence for the functional relevance
of the core/shell distinction in mice.

Clinical Relevance: A Mechanism Underlying
Vulnerability to Drug Abuse

Rodent and human emotional reactivity are psychologi-
cal traits with a well-characterized genetic basis (Flint et
al. 1995; Eley and Plomin 1997). In each species, this
trait is linked with susceptibility to anxiety (Belzung
and Berton 1997; Eley and Plomin 1997). Therefore, the
finding that an anxiolytic pretreatment helped to main-
tain cocaine self-administration in an emotional strain
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of mice has clinical implications and calls attention to
the increased addictive potential of mixed drug use. In-
deed, caution has been advised for the use of diazepam
in treating cocaine-induced anxiety, because of the pos-
sibility for relapse or secondary dependence to diaz-
epam (Wesson and Smith 1985). Concurrent use of co-
caine and diazepam or alcohol is a frequent form of
stimulant abuse, suggesting that some cocaine users
may try to control adverse consequences of drug use.
The hypothesis that diazepam may have ameliorated
the negative effects of cocaine in BALB/c mice is also
relevant to the observation that anxious individuals are
less likely to seek stimulants (Chutuape and DeWit
1995).

Finally, the present findings provide insight regard-
ing the predictive value of vulnerability factors. First, it
is suggested that subjects with very high novelty- or
stress-associated emotional reactivity may be unlikely
to develop stimulant-seeking behavior, because of a ne-
cessity to control secondary drug-induced anxiogenic
effects. Second, sensitivity to the cellular or behavioral
effects of stress mediators may have a protective action
on the same behavior. This hypothesis is not inconsis-
tent with the rat literature showing stress-induced stim-
ulant self-administration (see Kreek 1996; Piazza and Le

Stimulant
Self-administration

Stress/State anxiety

Emotional reactivity/Trait anxiety

Figure 10. A hypothetical model of the regulatory role of
emotional reactivity on drug-taking behavior. The ordinate
and abscissa represent continuums increasing in the direc-
tion of the arrowheads. It is suggested that, to achieve the
same level of self-administration or rewarding effects, low
levels of stimulation are needed in emotional individuals
(right circle); whereas, in high responders to novelty, an
increased level of stimulation is required (left circle). Accord-
ingly, the model provides an explanation for the observation
that nonemotional strains of mice and rats self-administer
higher doses of cocaine; whereas, lower acquisition doses
maintain self-administration when associated with acute
stressors. For further details see Discussion section.
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Moal 1996), but rather suggests that stressful stimuli
may have opposite effects on drug self-administration
depending on the basal activity of stress/anxiety sys-
tems. Furthermore, it may explain why, in rats with
normally low levels of trait anxiety, stressful stimuli
such as electrical foot shocks or CRF injections increase
stimulant self-administration; whereas, anxiolytics
(benzodiazepines) have been reported to decrease co-
caine IVSA (Goeders et al. 1989, 1993). Specifically, indi-
viduals with low trait anxiety may need more stimula-
tion to achieve the same rewarding experience than
individuals with high trait anxiety (Figure 10). Accord-
ingly, evidence from several previous studies show that
nonemotional inbred strains such as C57BL/6 readily
self-administer high doses of cocaine (Carney et al
1991; Grahame et al. 1995; Rocha et al. 1998), and we
have shown qualitative and quantitative differences in
self-administration between BALB/cByJ] and C57BL/6
x SJL hybrid mice (Deroche et al. 1997).

Thus, the interaction between specific psychological
traits (such as emotional reactivity) and the neurophar-
macological profile of a given drug (such as cocaine)
may be a primary factor contributing to, or preventing,
the development of drug use. By showing how trait
anxiety (BALB/cBy]) as a genetic factor, and cocaine-
induced state anxiety as an environmental factor, may
regulate the rate of cocaine-maintained responding, our
results provide a model predicting the addictive poten-
tial of specific genetic—environment interactions. The
adaptation of tasks relevant to drug-seeking behaviors
for testing mice permits the examination of murine in-
bred strains that express various psychological traits re-
lated to human personality traits, as well as physiologi-
cal traits and gene-targeted manipulations. Therefore,
mouse self-administration models are a potentially
valuable approach to study such vulnerability factors
for drug abuse.

In conclusion, BALB/cBy] mice are sensitive to the
rewarding effects of cocaine, which seem to be medi-
ated, at least, in part by dopamine D2 receptors within
the ventromedial part of the NAc. They are also sensi-
tive to the aversive effects associated with cocaine use,
eventually leading to the interruption of intravenous
self-administration. Although the NAc supports co-
caine-seeking behavior, intra-NAc self-administration
resulted in increased latencies associated with the
emergence of an approach—avoidance behavior, sug-
gesting that ventral NAc could be involved in both the
rewarding and aversive effects of cocaine. An anxiolytic
pretreatment (diazepam 0.5 and 1 mg/kg) improved
the performance in both self-administration paradigms,
presumably by alleviating the aversive effects associ-
ated with the chronic use of the drug. These results
highlight the critical role of a specific phenotypic inter-
action between genetic (trait anxiety) and environmen-
tal (cocaine) factors in vulnerability to drug abuse.
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