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Evidence for Addiction-like
Behavior in the Rat

Véronique Deroche-Gamonet, David Belin, Pier Vincenzo Piazza*

Although the voluntary intake of drugs of abuse is a behavior largely
preserved throughout phylogeny, it is currently unclear whether patholog-
ical drug use (“addiction”) can be observed in species other than humans.
Here, we report that behaviors that resemble three of the essential diag-
nostic criteria for addiction appear over time in rats trained to self-
administer cocaine. As in humans, this addiction-like behavior is present
only in a small proportion of subjects using cocaine and is highly predictive
of relapse after withdrawal. These findings provide a new basis for devel-
oping a true understanding and treatment of addiction.

The voluntary intake of drugs of abuse is a
behavior largely conserved throughout phy-
logeny. Preferences for drug-associated en-
vironments or drug-reinforced learning of
tasks have been found in several species
(I-6). The possibility of studying these
behaviors in animals has helped us to un-
derstand the neurobiological basis of drug
taking (7—10) and, more generally, the
brain systems for reward (/7).

As important as the comprehension of
drug taking and reward is, however, the
major goal of drug abuse research is to
uncover the mechanisms of addiction. Ad-
diction is not just the taking of drugs but
compulsive drug use maintained despite ad-
verse consequences for the user (/2). This
pathological behavior appears only in a
small proportion (15 to 17%) of those using
drugs (/3) and has the characteristics of a
chronic disease (/2). Indeed, even after a
prolonged period of withdrawal, 90% of
addicted individuals relapse to drug taking
(14). Unfortunately, our knowledge of the
biological basis of addiction lags behind
our knowledge of the mechanisms of drug
taking, probably because convincing evi-
dence of addiction in animals is lacking.

We thus investigated whether addiction-
like behaviors can be observed in rodents.
Our experiments used intravenous self-
administration (SA), the most common pro-
cedure for the study of voluntary drug intake
in laboratory animals. Freely moving rats
learned to obtain intravenous infusions of
cocaine by poking their noses into a hole. To
allow for addiction-like behavior to appear,
we studied SA over a time frame of about 3
months, much longer than is typical in SA

INSERM U588, Laboratoire de Physiopathologie des
Comportements, Bordeaux Institute for Neuro-
sciences, University Victor Segalen—Bordeaux 2, Do-
maine de Carreire, Rue Camille Saint-Saéns, 33077
Bordeaux Cedex, France.

*To whom correspondence should be addressed. E-
mail: piazza@bordeaux.inserm.fr

experiments (i.e., between 10 and 30 days).
During this prolonged SA period, we repeat-
edly evaluated the intensity of three behav-
iors resembling those currently considered
the hallmarks of substance dependence in the
DSM-1V (12):

(1) The subject has difficulty stopping
drug use or limiting drug intake. We mea-
sured the persistence of cocaine seeking dur-
ing a period of signaled nonavailability of
cocaine. The daily SA session included three
40-min “drug periods” that were separated by
two 15-min “no-drug periods.” During the
drug periods, a standard FR5 reinforcement
schedule was in effect: Five nose-pokes re-
sulted in an infusion of 0.8 mg of cocaine per
kilogram of body weight (mg/kg). During the
no-drug periods, nose-pokes had no effect.
The two different periods of drug availability
were signaled by a change in the illumination
of the SA chamber (/5).

(i) The subject has an extremely high
motivation to take the drug, with activities
focused on its procurement and consumption.
We used a progressive-ratio schedule: The
number of responses required to receive one
infusion of cocaine (i.e., the ratio of respond-
ing to reward) was increased progressively
within the SA session. The maximal amount
of work that the animal will perform before
cessation of responding, referred to as the
breaking point, is considered a reliable index
of the motivation for the drug (/6).

(iii) Substance use is continued despite its
harmful consequences. We measured the per-
sistence of the animals’ responding for the
drug when drug delivery was associated with
a punishment. During these sessions, nose-
pokes on the standard FRS schedule resulted
in the delivery of both the drug and an elec-
tric shock. This shock punishment was sig-
naled by a new cue light that was turned on at
the time of the first nose-poke and off after
the delivery of the shock (75).

To provide further validity to the addiction-
like behaviors studied here, we analyzed their
development as a function of the propensity

of an individual to relapse to drug seeking.
This approach was chosen because, as men-
tioned above, in humans the most predictable
outcome of a first diagnosis of addiction is a
90% chance of relapse to drug use even after
long periods of withdrawal (/4). To study the
propensity to relapse, we used the “reinstate-
ment” procedure (/7). After a 5- or 30-day
period of withdrawal that followed the 3
months of SA, rats were exposed to stimuli
known to induce relapse in humans, such as
small amounts of the abused drug or a con-
ditioned stimulus associated with drug tak-
ing. These challenges induce high levels of
responding (reinstatement) on the device pre-
viously associated with drug delivery. The
rate of responding during the test for rein-
statement is considered a measure of the pro-
pensity to relapse.

In a first experiment, rats (n = 17) were
assigned to two groups on the basis of their
behavior on the test for reinstatement, in-
duced here by the infusion of small quantities
of cocaine given after 5 days of withdrawal
that followed 76 days of testing for SA (15).
The two groups (n = 7 each) contained the
rats with the 40% highest (HRein) and 40%
lowest (LRein) cocaine-induced reinstate-
ment of responding (Fig. 1D) (/5). HRein
and LRein differed profoundly on the occur-
rence of addiction-like behaviors (Fig. 1, A to
C) (15). HRein rats progressively increased
their drug-seeking behavior during the no-
drug periods (F,,, = 3.54, P < 0.05) and
after punishment (F, ¢ = 8.14, P < 0.05) and
also had higher breaking points on the
progressive-ratio schedule (F, , = 22.07,
P < 0.0005). In contrast, none of these
behaviors increased over time in LRein rats,
and in fact they tended to decrease. Finally,
correlation analyses revealed that each
addiction-like behavior strongly predicts the
propensity to reinstatement (persistence in
drug seeking, » = 0.96; resistance to punish-
ment, » = 0.67; motivation for the drug, r =
0.79; P < 0.001 in all cases). A regression
analysis including the three addiction-like
behaviors as independent variables showed a
multiple R equal to 0.82 (P < 0.001).

In a second experiment (n = 15), we
assessed whether addiction-like behaviors
could also be related to the propensity to
reinstatement after a longer period of with-
drawal (30 days). This time, reinstatement
of responding induced by both cocaine and
a cocaine-associated conditioned stimulus
(CS) was studied (/5). HRein rats (n = 6)
showed higher levels of reinstatement re-
sponding induced by cocaine (F; 5, = 4.07,
P < 0.01) and by the CS (F} |, = 4.62, P <
0.05) than did LRein rats (n = 6) (Fig. 2, D
and E) (15). Again (Fig. 2, A to C) (15),
HRein rats displayed higher levels of
addiction-like behaviors than did LRein
rats (group effect for each behavior,
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Fi 1o =7.09to 13.73, P < 0.05 to 0.005).

In humans, the diagnosis of addiction is
performed by counting the number of diag-
nostic criteria that are met by an individual
subject; a positive diagnosis is made when a
preestablished number of criteria are found
(12). We used a similar approach in rats by
scoring them for each of the three addiction-
like behaviors. For this analysis we added
rats from a third experiment (n = 26) to
increase the total number of subjects (n = 58)
that completed the SA procedure. An individ-
ual was considered positive for an addiction-
like criterion when its score for one of the
three addiction-like behaviors was in the 66th
to 99th percentile of the distribution (/5).
This allowed us to separate our sample of rats
into four groups according to the number of
positive criteria met (zero to three). The in-
tensity of the three addiction-like behaviors
was proportional to the number of criteria
met by the subject (criteria effect for each
behavior, F; s, = 16.99 to 30.7, P < 0.0001)
(Fig. 3, A to C) (/5). Strikingly, the group
that met all three positive criteria represented
17% of the entire sample (Fig. 3D), a per-
centage similar to that of human cocaine
users diagnosed as addicts (/3). Finally, de-
spite this profound difference in addiction-
like behavior scores, rats showing zero or

three addiction-like behaviors did not differ
on intake of cocaine during the entire SA
period (Fig. 3E) or on sensitivity to the un-
conditioned effects of the drug, as measured
by locomotion during SA (Fig. 3F) (15).

A factor analysis was then performed to
determine whether the three addiction-like
behaviors and the level of responding during
extinction (/5) were indices of two different
underlying constructs. Extinction conditions
allow for the measurement of persistence of
responding for the drug when it is no longer
available. Continued responding under these
conditions is considered a measure of impul-
sivity/disinhibition (/8), a general factor that
could influence addiction-like behaviors (79,
20). Remarkably, the factor analysis
showed that the three addiction-like behav-
iors loaded equally on one factor (» = 0.70
to 0.88) and extinction loaded on a second
independent factor (» = 0.94), with mini-
mal cross-loading (Fig. 4A) (tables S1 and
S2) (15). These findings indicate that the
three addiction-like behaviors are measures
of a single factor that may reflect compul-
sive drug use.

Finally, complementary behavioral tests
were performed in rats from a fourth ex-
periment (n = 44). These studies (/5) con-
firmed that other dimensions previously re-

REPORTS

lated to vulnerability to drugs (/9-24) do
not explain individual differences in addic-
tion-like behaviors. For example, rats with
zero or three positive criteria did not differ
(Fig. 4, B and C) (/5) with respect to
spontaneous motor activity (/9-22) and
anxiety-like behaviors (23, 24). Similarly,
a higher sensitivity to the unconditioned
effects of the drug did not seem to be
involved, because drug seeking persisted in
a drug-free state (/' ,; = 8.74, P < 0.005)
(Fig. 4D) (15). In contrast, as predicted by
DSM-IV criteria, addiction-like behaviors
were associated with difficulty in limiting
drug intake when access to the drug was
prolonged (F, ,; = 4.4, P < 0.05) (Fig. 4E).

These experiments show that after a
prolonged period of SA, addiction-like be-
haviors can be found in rats. Although it is
always difficult to translate findings from
rats to humans, our data show striking
similarities between the two species. Some
rats develop behaviors similar to the diag-
nostic criteria for addiction described in the
DSM-IV. Addiction-like behaviors are not
present after a short period of SA but
develop, as does addiction in humans, only
after a prolonged exposure to the drug.
Furthermore, as do human addicts, rats
showing an addiction-like behavior have a

Fig. 1. Development of addiction-like 400 80 800 - 250
behaviors over subsequent cocaine a0l A w | B 200l C 225+ D
SA sessions in rats showing high (®, s 200
. . . o 300 5 601 ~ 600 [
HRein) or low (O, LRein) cocaine- £ 2 £ L1751
induced reinstatement after 5 daysof & 20T £ g soor & 150
withdrawal. (A) Persistence in drug & 200 240 2 a00f 2 125
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cocaine self-infusions (expressed as
percentage of baseline SA) when co-
caine delivery was associated with an

electric shock. (C) Motivation for the drug, as measured by the breaking
point during a progressive-ratio schedule. (D) Drug-induced reinstatement,
as measured by number of nose-pokes in the drug-associated device as a

Fig. 2. Development of addiction-
like behaviors over subsequent co-
caine SA sessions in rats showing
high (HRein) or low (LRein) cocaine-
induced reinstatement after a 30-
day withdrawal period. (A) Persis-
tence in drug seeking, as measured
by number of nose-pokes in the
cocaine-associated device during
the no-drug period of the 54th SA o
session. (B) Resistance to punish-

ment, as measured by change in the
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number of cocaine self-infusions (expressed as percentage of baseline SA)
when cocaine delivery was associated with an electric shock during the
72nd SA session. (C) Motivation for the drug, as measured by the breaking
point during the progressive-ratio schedule conducted during the 60th SA
session. (D) Drug-induced reinstatement, as measured by number of
nose-pokes in the drug-associated device as a function of the priming
dose of cocaine. (E) Reinstatement induced by a conditioned stimulus
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lowest and highest reinstatement, respectively, induced by cocaine in-
fusion at 1.6 mg/kg. Tests for cocaine- and CS-induced reinstatements
were performed after 30 and 32 days of withdrawal, respectively, using
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Fig. 4. (A) Factor analysis of SA Factor 2 (25.8%)
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drug-related behaviors in rats positive for the presence of zero or three addiction-like criteria.
(B) Spontaneous horizontal motor activity, as measured by number of photocell beam breaks
exhibited during a 2-hour exposure to a novel environment. (C) Anxiety-related behavior, as
measured by the comparison of the time spent in the open versus the closed arms during a
5-min exposure to an elevated plus-maze. (D and E) Measure of drug seeking in a drug-free
state and of drug taking during extended access to cocaine in rats positive for the presence of
zero or three addiction-like criteria. (D) Persistence in drug seeking in a drug-free state, as
measured by the number of nose-pokes in the cocaine-associated device when a no-drug period
precedes the SA session (mean of five consecutive tests performed between the 47th and 58th SA
sessions). (E) SA during extended access to the drug. Cocaine was continuously accessible for 5
hours, and SA was estimated by the cumulated number of self-infusions over time.

Punishment
°

11.0

—
Motivation

@
=}

Time (sec)
8

Photocell counts
(4,
o

S}

450
400t D
350
300
250
200
150
100

O 0 criteria
@ 3criteria

Active nose-pokes

Cumulated infusions

high propensity to relapse even after a long
period of withdrawal. Finally, the percent-
age of rats (17%) that show a high score for
all three addiction-like criteria is similar to
the percentage (15%) of human cocaine
users diagnosed as addicts (/3).

It could seem surprising that the capacity
of drugs of abuse to induce addiction-like
behavior exists across species. As already
mentioned, however, voluntary intake of
drugs abused by humans is present in sev-
eral species (/-6). Drugs of abuse have
reinforcing effects by activating endoge-
nous reward systems that are similar in
different species. Thus, the mechanisms
mediating the neuroadaptations induced by
chronic drug exposure and their behavioral
consequences (addiction) may be similar in
different species. Indeed, preliminary re-
sults show similar changes in brain activity
between rats showing addiction-like behav-
iors and human addicts (75).

Our results allow us to propose a unified
vision of the origin of addiction that inte-
grates the experimental and clinical perspec-
tives. The major hypotheses driving experi-
mental research consider the degree of drug
exposure as the key factor leading to addic-
tion (7—10, 25). By contrast, clinical visions
of drug abuse have been progressively shift-
ing weight from the role of drug exposure to
the role of the higher vulnerability to drugs in
certain individuals (26-30). Our data indicate
that addiction results from the interaction of
these two variables: (i) the degree of expo-
sure to drugs (because addiction-like behav-
ior appears only after extended access to
cocaine), and (ii) the degree of vulnerability
in the exposed individual (because, despite a
similar drug intake in all subjects, addiction-

1016 13 AUGUST 2004 VOL 305 SCIENCE www.sciencemag.org

DAawnlaadad from wiana erinncaman nr nn Anril O S5NN7



like behavior appears only in a few). It is thus
the interaction between a long exposure to
drug and a vulnerable phenotype, not one or
the other factor in itself, that seems to deter-
mine the development of addiction.
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Drug Seeking Becomes
Compulsive After Prolonged
Cocaine Self-Administration

Louk J. M. ). Vanderschuren*{ and Barry ). Everitt

Compulsive drug use in the face of adverse consequences is a hallmark feature
of addiction, yet there is little preclinical evidence demonstrating the actual
progression from casual to compulsive drug use. Presentation of an aversive
conditioned stimulus suppressed drug seeking in rats with limited cocaine
self-administration experience, but no longer did so after an extended cocaine-
taking history. In contrast, after equivalent extended sucrose experience, su-
crose seeking was still suppressed by an aversive conditioned stimulus. Per-
sistent cocaine seeking in the presence of signals of environmental adversity
after a prolonged cocaine-taking history was not due to impaired fear condi-
tioning, nor to an increase in the incentive value of cocaine, and may reflect
the establishment of compulsive behavior.

Compulsive drug seeking and drug taking
distinguishes drug addicts from casual drug
users. Addicts display drug-dominated, in-
flexible behavior and are unable to shift their
thoughts and behavior away from drugs and
drug-related activities. Even with awareness
of the deleterious consequences of this drug-
centered behavior, addicts have enormous
difficulty in abstaining from drug seeking and
use (I, 2). Several hypotheses try to explain
the occurrence of compulsive drug use; it
may reflect the establishment of an automatic
stimulus-response habit (3, 4), drug-induced
loss of impulse control (5), sensitization of an
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incentive (“wanting”) system (6), or disrup-
tion of hedonic homeostasis (7). Remarkably,
there is little evidence from animal studies
demonstrating the actual progression from
casual to compulsive drug use, although drug
intake in rats escalates after weeks of pro-
longed drug self-administration (8). Model-
ing compulsive drug seeking in animals
would clarify our understanding of the neu-
ropsychology of drug addiction and may also
lead to the development of novel treatments.

Here, we tested the hypothesis that an
extended drug-taking history renders drug
seeking impervious to environmental adver-
sity (such as signals of punishment), captur-
ing one element of its compulsive nature (/).
Appetitive behavior for natural and drug re-
wards is readily suppressed by aversive en-
vironmental stimuli or outcomes, a phenom-
enon termed conditioned suppression (9—11).
We investigated whether the ability of a
footshock-paired conditioned stimulus (CS)
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to suppress cocaine-seeking behavior dimin-
ishes after a prolonged cocaine-taking history
and whether this reduced susceptibility to
conditioned suppression also followed a sim-
ilarly prolonged history of seeking sucrose, a
high-incentive natural reinforcer.

In experiment 1, 21 rats were trained to
self-administer cocaine under a heterogeneous
seeking-taking chain schedule (/2), in which
drug seeking and taking are separate acts (73).
Thus, meeting a response requirement on one
lever (the seeking lever) in an operant chamber
never resulted in drug, but instead gave access
to a second lever (the taking lever), responding
on which resulted in an intravenous infusion of
cocaine. Immediately after the rats reached
training criterion on this schedule—that is, after
a limited cocaine-taking history—12 rats re-
ceived tone-footshock pairings (the CS-shock
group), whereas the other nine rats received
presentations of the same tone not paired with
footshock (the control group). Several days lat-
er, conditioned suppression of drug seeking was
assessed in a session in which the rats had
access to the seeking lever only and the foot-
shock CS was presented for three 2-min periods
interspersed with three 2-min periods when no
CS was presented (/3). The CS-shock group
showed a profound conditioned suppression of
drug seeking during presentation of the CS
[F(CS) = 5.32, P < 0.05; F(CS X group) =
25.65, P < 0.001] (Fig. 1A). There was also a
marked increase in the time taken to make the
first seeking response (seeking latency) in the
CS-shock group [F(group) = 7.43, P < 0.01]
(Fig. 1B). Thus, in rats with limited cocaine
self-administration experience, drug seeking
was greatly suppressed by presentation of an
aversive CS, showing that it was sensitive to an
adverse outcome.

Next, we tested whether cocaine seeking
would become less susceptible to an aversive
CS after prolonged cocaine self-administration
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