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Abstract

Laboratory animals self-administer most, though not all, drugs of abuse. Recent evidence shows that with increased drug availability, most
laboratory rats develop all the major behavioral signs of addiction, including: 1) drug intake escalation, 2) increased motivation for the drug,
3) difficulty to abstain, 4) decreased reward function, and 5) inflexible drug use. The large prevalence of addicted rats may suggest that they
are particularly vulnerable to develop compulsive drug use. I review evidence showing that this apparent vulnerability results in large part
from the lack of positive (i.e., alternative non-drug rewards) and negative (i.e., costs) incentives capable of turning animals away from the
pursuit of drugs. In particular, most animals seem to take drugs and eventually become addicted, not because drugs are intrinsically addictive,
but more likely because drugs are the only significant sources of reward available in the laboratory. Laboratory animals would therefore
represent more of a model of high-risk human groups than of the general population. Consequently, they should be more suited for searching
factors that protect from, rather than predispose to, drug addiction. Reconsidering the environmental background of drug self-administration
experiments in laboratory animals raises intriguing implications for understanding the initial demand for drug consumption and the transition
to drug addiction, and for extrapolation from laboratory animals to humans.
© 2005 Elsevier B.V. All rights reserved.
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1. Drug addiction as compulsive drug use
1.1. Definition and behavioral criteria

Definitions of drug addiction have considerably evolved
over the past 40 years, as illustrated by the multiple revisions
of the Diagnostic and Statistical Manual (DSM) for Mental
Disorders of the American Psychiatric Association (for in-
teresting discussion, see Grant, 1989; Heather, 1998; Jaffe,
1992). Our views of drug addiction will probably continue
to change with further clinical and experimental advances
(Helmuth, 2003). Today, drug addiction or dependence (both
terms are used interchangeably in the text) is consensually
defined — at least within the biomedical community — as
compulsive drug use, as opposed to controlled drug use, such as,
for instance, episodic smoking in tobacco chippers (Shiffman,
1989; for other medical and non-medical cases of controlled
drug use, see Chapman and Hill, 1989; Sloan and Melzack,
1999; Zinberg, 1984). Several behavioral criteria have been
defined to distinguish compulsive from controlled drug use
(DSM-IV, American Psychiatric Association, 1994; ICD-10,
World Health Organization, 1992) (Table 1). The most important
diagnostic criteria — at least from a preclinical perspective —
include: 1) drug tolerance and/or escalation of drug dosage
to maintain the desired effects; 2) drug withdrawal whose
physiological and behavioral characteristics vary with the drug;
3) persistent (or overwhelming) desire to take the drug; 4)
neglect of alternative rewards; 5) difficulty to abstain or to curtail
drug use, despite the firm resolution to quit; 6) finally, and
perhaps the most perplexing aspect of drug addiction from a
rational choice perspective, indifference to the negative
consequences of drug use.

1.2. Experimental modeling of drug addiction in animals

A critical goal of the neuroscience of drug addiction is
to explain the neurobiological mechanisms underlying the
transition from controlled to compulsive drug use, with the hope
to discover more effective and durable treatments (Koob et al.,

Table 1
Behavioral distinction between controlled and compulsive drug use in humans
(left column) and laboratory animals (right column)

ShA vs. LgA rats

Controlled vs. compulsive drug users

Tolerance, escalation
Increased motivation
Resistance to extinction
Decreased reward function,
decreased demand elasticity
Increased risk-taking,
behavioral inflexibility

Tolerance, escalation
Persistent desire

Difficulty to abstain

Neglect of alternative rewards

Indifference to negative effects

1998). Despite tremendous advances in behavioral, cellular
and molecular neurobiology of drug reinforcement and drug-
induced neuroplasticity, the pathophysiology of compulsive
drug use is still poorly understood (Berke and Hyman, 2000;
Kalivas et al., 2005; Koob et al., 1998; Nestler, 2001;
Robbins and Everitt, 1999; Wise, 2000). This paradoxical
situation may have resulted in large part from the lack of
valid animal models of the differences between controlled and
compulsive drug use that permit invasive neurobiological
interventions not feasible in humans. Until rather recently,
most, though not all, preclinical researchers have tended to
conflate these different patterns of drug use. Mere drug use
by laboratory animals was and still is widely considered as
analogous to drug addiction in humans (Tecott and Nestler,
2004). As initially argued by Jochen Wolffgramm, however,
mere drug use is not sufficient evidence for addiction
(Ahmed and Koob, 1998; Wolffgramm, 1991; Wolffgramm
and Heyne, 1995). Animal drug users must satisfy to other
behavioral criteria before being considered as genuinely
dependent on a drug, such as, for instance, drug intake
escalation and relapse after abstinence (Ahmed and Koob,
1998).

In addition, in most previous studies, drug self-admi-
nistration has been studied in animals with restricted access to
drug self-administration, probably to prevent drug toxicity
associated with more prolonged access to the drug (see below).
Restrictions of drug accessibility do not, however, promote
escalating patterns of drug use characteristic of addiction, but
instead favor highly stable and regular patterns of drug
consumption (Koob et al., 1987; Pickens et al., 1978; Yokel,
1987). Most neurobiological findings related to drug addiction
have been gathered from animals with restricted access to the
drug, a fact that should considerably limit their relevance to
the pathophysiology of drug addiction. Thus, developing and
validating an animal model of the differences between controlled
and compulsive drug use seem indispensable to establish the
foundations of a “science of drug abuse”, and not merely of
drugs of abuse (Bloom, 1997).

Based on previous research on unlimited access to drug self-
administration in both animals and humans, we and others have
developed and begun to validate an animal model of the
transition from drug use to drug addiction (Ahmed and Koob,
1998; Liu et al.,, 2005; Mantsch et al., 2001; Paterson and
Markou, 2003; Roth and Carroll, 2004; Vanderschuren and
Everitt, 2004). Increasing drug access time precipitates a rapid
escalation of drug self-administration as opposed to the stable
pattern of drug self-administration classically seen in animals
with restricted access to the drug (Ahmed and Koob, 1998).
Additional investigations showed that most individuals with
prolonged drug exposure develop all the major behavioral signs
of addiction. The relatively high prevalence of addicted animals
probably results from the lack of alternative, non-drug rewards
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during prolonged access to the drug. We began to study the
neurobiological differences between individuals with escalating
drug use and those with stable drug use to discover cellular and
molecular markers specific to compulsive drug use. Overall, our
results indicate that prolonged drug use induces a profound
decrease in reward function that is mediated by a remodelling of
lateral hypothalamic circuitry (Ahmed et al., 2002, 2005). The
reduction or correction of this brain reward disruption would
drive the compulsion to take the drug in addicted individuals, as
was originally hypothesized by Koob and Le Moal (1997,
2001).

2. Inducing and assessing compulsive drug use in animals
2.1. Drug availability as a major risk factor

Genetic, developmental and environmental factors are thought
to contribute to the transition from drug use to drug addiction
(Altman et al., 1996; Glantz and Pickens, 1992; Higgins et al.,
2004; Koob and Le Moal, 2001; Uhl et al., 1995). Among
environmental factors, drug availability represents a major risk
factor. Increased drug availability can precipitate the transition to
addiction, especially, as we will discuss later, when no or little
non-drug rewards are concurrently available (Gawin and
Ellinwood, 1989; Kramer et al., 1967; Robins et al., 1975; Siegel,
1984; Wikler, 1952; White, 1988). Differences in drug
accessibility also explain why the prevalence of dependent
individuals in the general population is generally larger for
legal products, such as tobacco and alcohol beverages, than for
illegal substances (Pouletty, 2002; WHO, 2004). Interestingly,
availability of other non-drug commodities, such as energy-
dense foods, is also a major risk factor for other consumption-
related pathology, such as certain forms of obesity and type-2
diabetes (Hill and Peters, 1998; Zimmet et al., 2001).

Similarly, earlier experimental studies have shown that
increased accessibility to drug self-administration can induce
maladaptive patterns of drug use in laboratory animals. With
unlimited access to stimulant drugs, such as, for instance,
methamphetamine and cocaine, animals develop a binge-like
pattern of drug self-administration, with periods of heavy drug
intake alternating with periods of spontaneous abstinence
(Bozarth and Wise, 1985; Deneau et al., 1969; Johanson et al.,
1976). This periodic up-and-down pattern of stimulant use often
ends up, but not always, with death (Bozarth and Wise, 1985;
Deneau et al., 1969; Johanson et al., 1976). This lethal pattern of
stimulant use has been observed in several animal species,
including rats, dogs, cats and monkeys (Balster et al., 1976;
Bozarth and Wise, 1985; Deneau et al., 1969; Risner and Jones,
1976). In contrast, with unlimited access to opiates, animals
escalate drug intake but not to the point of serious ill effects or
death (Bozarth and Wise, 1985; Woods and Schuster, 1971).

Though these earlier studies suggested that laboratory
animals could develop maladaptive patterns of drug use with
unlimited access to the drug, most subsequent researches were
conducted in animals with drug access restricted to a few
hours per day (generally, less than 3 h) and/or to a few doses
per day, such as in intermittent schedules of drug reinforcement.

These conditions of drug accessibility are not favorable to
the development of escalating patterns of drug use charac-
teristic of drug dependence; on the contrary, they tend to
promote the development of highly stable and regular patterns
of drug use (Koob et al., 1987; Pickens et al., 1978; Yokel,
1987). Based on these initial studies from the literature, we
began to systematically examine the effects of different drug
access times on the pattern of drug self-administration in
laboratory rats, with the general aim to model the transition from
drug use to drug addiction.

2.2. General experimental procedure

Rats (young adult, male, Wistar strain, group-housed) were
prepared with a chronic catheter in the right jugular. After
recovery from surgery, they were allowed to self-administer
cocaine (or heroin) under a continuous schedule of reinforce-
ment whereby each bar press is rewarded by a fixed drug dose.
The delivery of each drug dose is signaled by a light and
initiates a short refractory period (no greater than 20 s) during
which bar pressing has no programmed effect. In these
conditions, there is virtually no external limitation on the
frequency of injections; the only limiting factor to drug intake is
the individual itself (Ahmed and Koob, 1999). Such conditions
of drug availability are admittedly artificial; nevertheless, they
uniquely allow the study of how animals regulate, and
eventually lose control over, drug intake (Ahmed and Koob,
1999).

It is also important to note that rats were supplied with a
relatively high unit dose of cocaine (about 0.75 mg/kg). Using a
high unit dose allows one to circumvent initial individual
differences in drug reward detection during acquisition of drug
self-administration. Previous studies have shown that the
proportion of animals that learns to self-administer cocaine
increases with the unit dose available (Carroll and Lac, 1997).
Even so-called addiction-resistant animals readily acquire the
self-administration behavior with a sufficiently high unit dose of
cocaine (Piazza et al., 2000). After acquisition of drug self-
administration, the size of the unit dose is less of a problem
because animals have learned to expect the rewarding effects of
the drug. As a result, they can adjust the frequency of injections
to changes in the dose to maintain the expected effects (Lynch
and Carroll, 2001; Yokel, 1987), even at very low doses that
non-trained animals would fail to learn to self-administer. In this
context, it is important to recall that in humans, naive drug users
have prior knowledge about drug effects before any drug
experience (generally from their peers) and thus they can choose
to increase the dose if the initial dose does not meet their
expectations (see also, Wise, 2000). In this respect, animals
trained with relatively high drug doses seem to better model
human drug beginners (as well as subsequent habitual drug
users) than drug-naive animals do.

2.3. Increased availability precipitates drug intake escalation

Using this general experimental procedure, we measured the
effects of differential access time to cocaine on the pattern of
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Fig. 1. Effects of access time to cocaine self-administration on the pattern of
drug consumption. Data represent the mean number+S.E.M. of cocaine
injections during the first hour of each daily self-administration session. Rats
had access to cocaine (unit dose=0.25 mg, i.v.) for either 1 h (ShA rats) or 6
h per day (LgA rats). In the first set of experiments (A), rats (57 ShA rats; 53
LgA rats) were initially trained to press a lever for food on a fixed-ratio 1
schedule of reinforcement before having differential access to cocaine self-
administration. In the second set of experiments (B), rats (28 ShA rats; 25 LgA
rats) were first allowed to self-administer cocaine during 1 or 2 h per day for at
least 10 days before having differential access to the drug. *Different from ShA
rats (P<0.05, Newman—Keuls test).

drug self-administration. As expected, with 1 h of access per
day (short access or ShA), drug intake is low and remains stable
over a long period of time (i.e., during at least 6 months; Ahmed
and Koob, 1998, 1999) (Fig. 1). In contrast, with 6 or more
hours of access per day (long access or LgA), cocaine intake
gradually escalates above control levels. Cocaine intake
escalation is observed regardless of the behavioral history of the
subjects before exposure to the drug (i.e., with [Fig. 1A] or
without [Fig. 1B] prior operant training with food as the
reinforcer). Escalation of cocaine intake in LgA rats is not
associated with changes in brain cocaine kinetics or metabolism
(Ahmed et al., 2003). Finally, once established, escalated levels
of drug consumption persist several weeks, despite reduced
drug availability (Ahmed and Koob, 1999).

A total of 163 rats were tested with differential access to
intravenous cocaine self-administration for at least 12 days
(corresponding to a total of 9 independent experiments). In ShA
rats (n=85), the distribution of cocaine injections is normal, as
shown in Fig. 2A by the fit with a Gaussian curve. This
distribution is shifted to the right in LgA rats (n=78) after
cocaine intake escalation, without changes in symmetry or
dispersion. This parallel shift suggests that most of the factors
that contribute to the random wvariation in cocaine self-
administration in outbred rats are homogenously altered during
prolonged drug exposure. To assess the prevalence of rats with
an excessive level of cocaine consumption, we counted the
number of individuals whose cocaine intake is above the mean
intake of ShA rats by at least one standard deviation. One
standard deviation corresponds to more than 6 cocaine doses
and to about 40% of the mean drug intake of ShA rats.
According to this statistical criterion, about 70% of LgA
animals develop an excessive level of drug intake compared to
less than 12% of ShA rats (Fig. 2B). In brief, increasing access
time to intravenous cocaine self-administration precipitates in

most individuals the development of an excessive level of
consumption.

The effects of drug availability on consumption have been
recently reproduced by other laboratories (Liu et al., 2005;
Mantsch et al., 2001; Roth and Carroll, 2004; Terry Robinson,
personal communication) and with other drugs of abuse, such as
heroin (Ahmed et al., 2000), methamphetamine (George Koob,
personal communication) and phencyclidine (Carroll et al.,
2005). In the latter case, experimental subjects were male and
female rhesus monkeys, suggesting that the effects of drug
accessibility on the pattern of drug use are generalizable
across sexes and animal taxa. Few recent studies suggest that
availability can also affect the pattern of other, non-drug
rewarding activities, such as sugar intake (Colantuoni et al.,
2002; Avena et al., 2005) and wheel-running (Lattanzio and
Eikelboom, 2003), a putative animal model of behavioral
addiction (Holden, 2001). Surprisingly, however, increasing
drug availability has an opposite effect on intravenous nicotine
self-administration (Paterson and Markou, 2004). Rats with a
long access to nicotine self-administration do not increase, but
decrease, their hourly intake of nicotine compared to rats with a
short access to the drug. This perplexing observation may
suggest that nicotine is not the main active alkaloid in tobacco
smoke and/or that it needs to act with a tobacco co-factor to
support drug intake escalation (Berlin and Anthenelli, 2001;
Fowler et al., 2003). Thus, studying the effects of drug
availability on the pattern of drug intake could represent an
additional means to assess the abuse liability of a psychoactive
substance.

2.4. Animals with increased drug access develop the major
signs of addiction

Additional behavioral investigations indicate that the
differences between stable and escalating patterns of drug
consumption parallel the differences drawn by clinicians
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Fig. 2. Effects of access time to cocaine self-administration on the prevalence of
excessive drug users. (A) Distribution of first hour cocaine consumption in both
ShA rats (n=85) and LgA rats (n=78). For each individual, first hour intake
corresponds to the average of the last 3 days (for other details, see legend of Fig.
1). In both groups, cocaine consumption followed a normal distribution, as
shown by the superimposed Gaussian curve. (B) Percentage of animals whose
first hour intake is 1 S.D. (i.e., 6.1 injections) above the mean cocaine intake of
ShA rats (i.e., 15.5 injections).
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between controlled and compulsive drug use in humans. First,
regardless of the dose tested, LgA rats are more motivated than
ShA rats to work to obtain cocaine, as shown by increased
breakpoints in a progressive ratio (PR) schedule of drug self-
administration (Paterson and Markou 2003; but see, Liu et al.,
2005). In a more recent experiment, we have extended this
observation to rats with differential access to intravenous heroin
self-administration. After heroin intake escalation in LgA rats,
all animals were tested under a PR3 schedule during 5 days.
LgA rats maintain higher breakpoints than ShA rats throughout
the duration of the experiment (Ahmed and Lenoir, in
preparation) (Fig. 3A). Further, the demand for heroin is less
elastic in LgA rats than in ShA rats, as assessed by within-
session increases in heroin unit price (i.e., fixed-ratio) (Fig. 3B).
Decreased price-elasticity of demand for drug consumption
has been hypothesized to distinguish dependent from non-
dependent drug users (Heyman, 1998; Heyman et al., 1999;
see also, Miron and Zwiebel, 1995). Together, these findings
indicate that LgA rats have an increased motivation to take the
drug and a decreased sensitivity to available substitutes.
Second, LgA rats have a greater difficulty to abstain from
seeking the drug than ShA rats during extinction. LgA rats
persist longer than ShA rats (4 versus 10 days) in responding on
the drug-paired lever despite the fact that this behavior is not
rewarded (i.e., they present a resistance to extinction; Ahmed et
al., 2000). Third, Vanderschuren and Everitt (2004) have
recently shown that after prolonged exposure to cocaine self-
administration, LgA rats become less sensitive to a danger
signal that normally deters animals from seeking the drug
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Fig. 3. Effects of access time to heroin self-administration on the motivation (A)
and demand (B) for drug consumption. The motivation to self-administer heroin
was assessed by measuring breakpoints under a progressive-ratio 3 schedule of
reinforcement. Breakpoints were measured every other day after escalation of
heroin self-administration in LgA rats. Between testing days, rats self-
administered the drug under a fixed-ratio 1 schedule of reinforcement (1 or 6 h,
depending on the group). LgA rats had greater breakpoints than ShA rats
(F1,17=6.43, P<0.05). The demand curve for heroin was established by
increasing heroin unit price (i.e., fixed-ratio or FR) every 30 min within a 3-
h self-administration session. Data represent mean heroin consumption+S.E.M.
(averaged over 3 testing sessions). A demand curve analysis using Hursh’s
equation (Hursh et al., 1988; see also, Lea, 1978) shows that elasticity of
demand for heroin consumption increases slowly in LgA rats (¢=0.09) than in
ShA rats (¢=0.18) with increasing price. In addition, the value of P, (the price
at maximum responding) was higher in LgA rats (11.0) than in ShA rats (5.6), a
result that confirms the PR data. Hursh’s equation accounted for about 70% of
the variance in both ShA and LgA rats.
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Fig. 4. Effects of access time to cocaine self-administration on cocaine-induced
reinstatement (A) and stimulation of locomotion (B). The effects of cocaine on
extinguished drug-seeking behavior and on locomotion were concurrently
assessed on three occasions (for other details, see Ahmed and Cador, in press).
For simplicity, data obtained during these 3 tests were averaged. During all tests,
rats passively received increasing doses of cocaine (0.125—1 mg, i.v.), one dose
every 45 min with the first 45-min interval corresponding to behavioral
extinction. Note that during testing, lever pressing had no programmed
consequence. *Different from ShA rats (P<0.05, Newman—Keuls test).

during extinction (see the contribution of these authors in this
special issue). This observation suggests that LgA rats accept to
take increased risks to seek the drug and that their drug-seeking
behavior has become inflexible. This conclusion concurs with
previous studies of oral drug self-administration showing that
rats with an escalating drinking pattern become indifferent to
the deterring effects of a bitter tasting compound (i.e.,
quinine) added to the drug solution (Wolffgramm, 1991; Heyne
and Wolffgramm, 1998). Overall, these data strongly suggest
that rats with prolonged access to drug self-administration
develop all the major behavioral signs of drug dependence (see
Table 1).

More recently, we discovered that rats with escalating
cocaine use respond considerably more to the motivational
effects of the drug, as assessed in a modified within-session,
reinstatement model of drug-induced craving (Ahmed and
Cador, in press; see also, Sutton et al., 2000; Mantsch et al.,
2004). In this model, after 45 min of extinction, both ShA and
LgA rats were challenged every 45 min with several doses of
cocaine (0.125—1 mg, i.v.). After each dose, lever responding
was recorded but had no programmed consequence. In most
ShA rats, cocaine fails to reinstate cocaine-seeking behavior,
regardless of the dose tested (Fig. 4A). In contrast, in LgA rats,
cocaine induces a dose-dependent reinstatement of drug-
seeking behavior. The responsiveness of LgA rats to the
motivational effects of cocaine is not due to an increased
behavioral sensitization to the drug, since LgA rats are not more
sensitive than ShA rats to the psychomotor effects of cocaine
(Fig. 4B). Similar results were observed in rats with different
access time to i.v. heroin self-administration (Ahmed and
Lenoir, in preparation). These findings suggest the existence of
some threshold duration below which most individuals readily
learn to take cocaine without becoming responsive to its
motivational effects and above which they become dependent
and responsive to these effects. Thus, responsiveness to the
motivational effects of the drug would represent a specific
behavioral marker of the transition to compulsive cocaine use
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(see also, Sutton et al., 2000). In humans too, the ability of
cocaine or cocaine-like compounds to induce craving appears to
constitute a specific marker of cocaine addiction (Jaffe et al.,
1989; Volkow et al., 2005).

3. Neurobiological disruptions in the transition to
compulsive drug use

Several different neurobiological mechanisms have been
proposed to explain the transition from controlled to compulsive
drug use in animals with extended access to the drug (Zernig
et al.,, 2004 and associated commentaries). According to the
hedonic allostasis hypothesis of drug addiction (Koob and
Le Moal, 1997), which is a neurobiological elaboration on
Solomon and Corbit’s (1974) classical opponent—process theory
of motivation, the precipitation of compulsive drug use would
result from a chronic decrease in reward system responsivity that
is produced by an overactivation of brain anti-reward processes.
The correction or reduction of this reward deficit would drive
escalation of drug consumption (Koob and Le Moal, 1997;
2001).

3.1. The reward allostasis hypothesis of drug addiction

Structurally, the brain reward system corresponds to the
neural circuitry involving the extended amygdala and its
anatomical links with the lateral hypothalamus (Koob and Le
Moal, 2001; Heimer, 2003). Functionally, this system is
hypothesized to assign positive or negative affective valences
to incoming sensory stimuli depending on the current state
and past experience of the subject. The responsivity of the
reward system to the environment would be regulated by
pro- and anti-reward neurotransmitters (Koob, 1996). Pro-
reward neurotransmitters increase while anti-reward neuro-
transmitters decrease reward system responsivity. It is the
dynamic equilibrium between these “rein control” neuro-
transmitters that would maintain hedonic stability (Ahmed and
Koob, 2005; Saunders et al., 1998). Dopamine is the most
studied pro-reward neuromodulator; anti-reward neuromo-
dulators are less studied but they may include corticotropin-
releasing factor (CRF), a major stress neuropeptide, and
probably dynorphin, an endogenous agonist of k-opioid
receptors (Koob and Le Moal, 2001).

By directly acting on dopamine transmission, cocaine would
boost reward system responsivity outside the normal range,
thereby increasing the hedonic impact of sensory stimuli. This
abnormal facilitation of brain reward function, however, would
be followed rapidly by an opposing reaction (Solomon and
Corbit’s b-process) that tends to slowly return the system to the
initial level of hedonic responsivity (Koob, 1996). Under
increasingly frequent drug demand, such as in animals with
prolonged access to cocaine, the counter-reaction fails to return
the system within the normal range of functioning before drug-
taking begins again, thereby gradually decreasing brain reward
function (residual hysteresis) (Koob and Le Moal, 2001). This
stabilized new level of reward system responsivity represents an
allostatic decrease in reward function (Koob and Le Moal,

1997, 2001). The correction or reduction of this reward deficit
would drive increased drug consumption which in turn would
aggravate the deficit. Thus, all the ingredients of a vicious cycle
seem to be mixed together.

3.2. Evidence for reward allostasis in animals with compulsive
cocaine use

Brain reward homeostasis is suggested by previous studies
that measured directly brain reward responsiveness by means of
the intracranial self-stimulation (ICSS) procedure (Kornetsky
and Esposito, 1979; Markou and Koob, 1992). Under normal
conditions, ICSS reward thresholds remain stable over a long
period of time, supporting the hypothesis that brain reward
systems are under homeostatic control (Markou and Koob,
1992). However, during acute drug withdrawal, ICSS thresholds
increase above baseline and then slowly return to baseline levels
hours afterward (Leith and Barrett, 1976; Markou and Koob,
1991; Schulteis et al., 1994, 1995; Wise and Munn, 1995;
Epping-Jordan et al., 1998). This after-reaction is opposite in
direction to the well-documented lowering effects of drugs of
abuse on ICSS thresholds (Gardner and Lowinson, 1993; Wise,
1996) and is associated with a dysphoric-like effect in both
animals (Ettenberg et al., 1999; Mutschler and Miczek, 1998)
and humans (Gawin, 1991; Uslaner et al., 1999). These
observations demonstrate that the reward-facilitating effects of
the drug are effectively counterbalanced by a slow-decaying
after-reaction.

More recently, we observed that this transient counter-
reaction fails to return to normal between days in LgA animals,
thereby producing a progressive and persistent elevation in
reward thresholds (i.e., decreased reward system responsivity;
Ahmed et al., 2002) (Fig. 5A). The establishment of this new
level of reward system responsivity precedes and is highly
correlated with escalation of cocaine use (Fig. 5B). No change
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Fig. 5. Effects of access time to cocaine self-administration on brain reward
function (A). Brain reward function was assessed by measuring intracranial self-
stimulation (ICSS) thresholds using a modified version of the psychophysical
method of limits (Markou and Koob, 1991). ICSS reward thresholds were
measured two times a day in rats with electrodes in the lateral hypothalamus: 1
h before and 3 h after each daily self-administration session. Only the first
measurement is shown here (for other information, see Ahmed et al., 2002). (B)
Correlation between the slope of cocaine intake escalation and the slope of ICSS
threshold elevation in LgA rats. *Different from ShA rats (P<0.05, Newman—
Keuls test).
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in reward thresholds is observed in ShA animals. According to
the reward allostasis hypothesis of drug addiction, this
escalation-selective elevation in brain reward threshold would
reflect the chronic overactivation of brain anti-reward neuro-
transmitters (Koob and Le Moal, 2001). The correction or
reduction of this chronic overactivation by drug-induced
facilitation of pro-reward processes would add a novel source of
negative reinforcement, thereby further increasing the moti-
vation to take cocaine (Koob, 1996). We have tested this
prediction by directly measuring dopamine levels in the nucleus
accumbens during cocaine self-administration. As predicted,
LgA animals maintain higher levels of dopamine than ShA rats
(Ahmed et al., 2003). Importantly, increased dopamine levels in
LgA rats are directly related to the amount of self-administered
cocaine, not to an increase in the neurochemical efficacy of the
drug (Ahmed et al., 2003).

An allostatic decrease in reward function also induces
tolerance to the rewarding effect of cocaine. Due to the
persistent elevation in basal reward threshold, cocaine fails to
lower thresholds — and thus facilitate reward function — to the
same level as prior to escalation (Ahmed et al., 2002). As a
result, more cocaine is needed to maintain the same level of
reward facilitation, thereby explaining drug intake escalation.
Similar baseline shifts also induce tolerance to the discri-
minative cues of amphetamine (Barrett et al., 2004) and
tolerance to the analgesic effects of heroin (Celerier et al.,
2001). Using a pharmacokinetic/pharmacodynamic model
of intravenous cocaine self-administration, we recently de-
monstrated that simulation of the baseline shift in reward system
responsivity seen in animals after prolonged cocaine exposure
suffices to induce a dramatic increase in the rate of drug self-
administration (Ahmed and Koob, 2005). Note that this
simulated effect was obtained without programmed changes in
pharmacokinetics (e.g., elimination rate) or pharmacodynamics
(e.g., drug potency or efficacy) parameters (Ahmed and Koob,
2005). Thus, an allostatic decrease in reward function appears to
provide a satisfactory and parsimonious explanation of tolerance
to, and increased motivation for, the rewarding effects of cocaine
associated with compulsive levels of cocaine consumption.

To begin to identify specific molecular markers of com-
pulsive drug use, Pietro Sanna and co-workers recently used
high-density oligonucleotide arrays to profile gene expression
in several reward-related brain regions of rats with prolonged
cocaine exposure (Ahmed et al., 2005). Of the numerous
gene transcripts responsive to cocaine self-administration, the
expression of only a small fraction (less than 10%) is specifically
modified in animals with compulsive cocaine intake. The lateral
hypothalamic area shows by far the largest transcriptional
response to cocaine intake escalation. Most escalation-selective
genes in this brain region are up-regulated and code for both pre-
and post-synaptic proteins (see Table 1 in Ahmed et al., 2005).
This latter finding suggests that the lateral hypothalamic area has
undergone a profound reorganization of its intrinsic circuitry that
would explain the reward deficit seen in animals with prolonged
cocaine exposure (Ahmed et al., 2002). We speculated that these
animals maintain higher levels of dopamine in the nucleus
accumbens during self-administration to somehow correct this

lateral hypothalamic dysfunction (Ahmed et al., 2003). The
lateral hypothalamus receives GABAergic inputs from nucleus
accumbens medium-spiny neurons (Heimer et al, 1991;
Mogenson et al., 1983; Usuda et al., 1999). Many of these
neurons are tonically inhibited during cocaine self-admi-
nistration, presumably by a self-sustained increase in dopamine
levels (Carelli and Deadwyler, 1994; Carelli and Deadwyler,
1996; Chang et al., 1998; Peoples et al., 1999; Nicola and
Deadwyler, 2000). This self-inhibition should in turn disinhibit
lateral hypothalamic neurons (Kelley, 2004), a phenomenon that
could contribute to the rewarding effects of the drug. This
complex dopamine-mediated disinhibition of lateral hypo-
thalamic function would become deficient during prolonged
drug exposure, thereby driving increased drug consumption.
Further studies are needed to test this hypothesis.

4. Origins of vulnerability to drug addiction in laboratory
animals

We have shown that below a certain level of drug
availability, most rats can repeatedly take cocaine without
developing brain reward dysfunction and without showing
signs of drug dependence. Above this level, however, the large
majority of rats (about 70%) develop alterations in brain reward
function that lead to compulsive drug use. This large prevalence
of drug-addicted rats associated with increased drug availability
seems excessive compared to current estimates in human drug
users. Though prevalence estimations are delicate in humans,
epidemiologists estimate that depending on the drug, 7% to
32% of those who experiment with drugs eventually become
dependent (Anthony, 2002). With legal products, such as
tobacco and alcohol beverages, whose availability more closely
approximates drug availability in laboratory experiments, the
lifetime prevalence of dependent individuals is lower than one
third of drug-exposed individuals. This crude cross-species
comparison suggests that laboratory rats would be at increased
risk to develop drug addiction (Alexander and Hadaway, 1982;
Ahmed and Koob, 2005), a conclusion that may have profound
implications for the interpretation of drug self-administration
data. A critical issue for future research will be to determine the
factors responsible for this apparent vulnerability to drug
addiction in laboratory animals.

4.1. Poorly evolved prefrontal inhibitory mechanisms

At least two broad, non-mutually exclusive, categories of
factors can be envisioned to account for the difference in
vulnerability to addiction between laboratory animals and drug-
exposed humans. First, this difference could result from
phylogenetic differences. Due to the divergent brain evolution
between the Rodentia family — to which the wild ancestor of all
laboratory rat strains belonged — and the Primates family — to
which humans belong, rats would not have evolved powerful
cortical (chiefly prefrontal) inhibitory mechanisms that allow
most humans today to resist the rewarding effects of drugs
(Allman, 1999; Preuss, 1995; Preuss and Kaas, 1999; but see,
Uylings et al., 2003). Inherited and/or acquired deficits in
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prefrontal inhibitory control are currently thought to contribute
to drug addiction in humans (Bechara and Damasio, 2002;
Bickel and Marsch, 2001; Bolla et al., 2003; Volkow and
Fowler, 2000; Garavan and Stout, 2005; Rogers and Robbins,
2001). In other words, the lack of strong prefrontal inhibitory
mechanisms in laboratory animals would explain why with
increased drug availability, most of them would self-expose to
the drug to the point of disrupting brain reward pathways and,
therefore, of losing control over drug use.

This evolutionary view fails, however, to consider large
differences in environmental backgrounds between laboratory
animals and drug-exposed humans. Contrary to ecological and/
or social environments, the laboratory environment generally
provides no positive (i.e., rewards and benefits) and negative
(i.e., punishments and costs) incentives capable of turning
animals away from the pursuit of drugs. In particular, and
contrary to human drug users who have access to a large
spectrum of social and non-social alternative reinforcers,
experimental animals have no other choice during drug access
but to take the available drug to obtain some level of satisfaction.
This lack of alternative, non-drug rewards would explain why
the demand for drug consumption is generally inelastic in
laboratory animals (see Heyman, 1998; Hursh, 1991; Lea, 1978)
and why most animals develop compulsive drug use with
increased drug availability (Ahmed and Koob, 2005). Thus,
even if laboratory rats had evolved sufficiently strong cortical
inhibitory capacities, they would not have the solicitations to
recruit them in the laboratory environment. Experimental
animals are probably more of a model of human populations at
increased risks to drug addiction than of the general population,
as commonly assumed (Ahmed and Koob, 2005). From this
perspective, laboratory animals appear particularly well-suited
for the study of factors that protect from, rather than predispose
to, drug dependence.

4.2. Imbalance between drug and non-drug reward availability

The above analysis suggests that the transition from drug use
to addiction would ultimately depend, not on drug availability
per se, but on an imbalance between drug and non-drug reward
accessibility (current and expected) (see also, Heyman, 1996;
Higgins, 1997; Hursh, 1991). This hypothesis predicts that
supplying non-drug reward during drug access should prevent
or reduce drug use and eventually drug addiction in naive
animals. Marylin Carroll and her co-workers were among the
first to directly test the effects of an alternative non-drug reward
on drug self-administration in laboratory animals (for review,
Campbell and Carroll, 2000). They showed that providing
concurrent access to a highly palatable drink (i.e., containing
glucose and saccharin) during drug access considerably reduces
the proportion of rats that learn to self-administer cocaine
(Carroll et al., 1989; Carroll and Lac, 1993). In addition,
supplying the same alternative reinforcer after animals had
acquired the self-administration behavior also decreases cocaine
intake, especially when the unit price of the drug is high (Carroll
et al., 1989; Carroll et al., 1995; Rodefer and Carroll, 1997).
Other non-food alternatives have also been shown to reduce

stimulant intake or preference, such as, for instance, access to a
wheel for running (Cosgrove et al., 2002; Kanarek et al., 1995)
or to pups in dams (Mattson et al., 2001). Finally, the discovery
that male subordinate animals take more drugs than dominant
ones may arise from their restricted access to non-drug rewards,
such as space, food resources and females (Wolffgramm, 1991;
Morgan et al., 2002).

In these experiments, the subject’s preference could not be
determined because both drug and non-drug rewards were
concurrently available, not mutually exclusive. Using a discrete-
trials choice procedure in which one choice excludes the other,
several researchers have demonstrated that an alternative
reinforcer can considerably decrease drug preference in non-
dependent monkeys (Nader and Woolverton, 1991, 1992;
Negus, 2003; Paronis et al., 2002). Due to the necessarily small
number of subjects used, however, these initial studies do not
allow an estimation of the impact of an alternative reward on the
prevalence of spontaneous drug preference. To begin to address
this issue, we recently developed a discrete-trials choice
procedure in rats similar to that validated in monkeys (Ahmed
and Lenoir, in preparation). Briefly, twenty-two drug-naive and
non-food-restricted rats were allowed to choose between a
sweet, but non-caloric, drink (water containing 0.2% saccharin)
and heroin at a dose (0.015 mg, i.v.) that is readily self-
administered by most rats under a continuous schedule of
reinforcement (Ahmed and Lenoir, in preparation). During
choice, less than 10% of rats prefers heroin over the sweet drink
(percent of heroin choices greater than 60%) (Fig. 6). In contrast,
when no alternative reward is available, most rats shift their
preference to the drug. Thus, providing an alternative to heroin
protects most, though not all, individuals from the progression
toward excessive drug choice, a finding that extends previous
results from the literature. These observations suggest that the

100 -————————————————— 100 -—————————————————
e —_
£ S
° <
° 8
o
§ B0 —————— & SO0 ————————— F——=
c ©
S e
()
2 o
—e— With —Oo— Without
o 0 NN .
1234567 8 910 With Without
Days Alternative

Fig. 6. Effects of an alternative, non-drug reward on heroin choice. Rats (n=22)
were allowed to choose between heroin (0.015 mg, i.v.) and a palatable, but non-
caloric, sweet drink (water containing 0.2% saccharin) on a discrete-trials choice
procedure. After an initial sampling period during which rats learned to associate
one lever to heroin delivery and the other to saccharin delivery, both levers were
presented concurrently and rats had to respond two times in a row on one of the
two levers to earn the corresponding reward. Immediately after the choice, both
levers simultaneously retracted during 15 min until the next choice trial. After
10 testing days with the alternative reward available, rats were tested during
10 additional days with no alternative reinforcer. (A) Mean percent drug
choice£S.E.M. (B) Proportion of rats that prefer heroin (i.e., frequency of
heroin choice greater than 60%).
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high prevalence of drug-addicted rats associated with increased
availability largely result from a lack of alternative non-drug
rewards. By extrapolation, these data imply that environmental
variations in non-drug reward availability may contribute to
variations in the prevalence of drug addiction within and across
human societies.

A critical issue for the treatment of drug addiction is to
determine the degree to which non-drug rewards conserve their
protective efficacy in addicted individuals (i.e., after the
transition to addiction in environments with no or little
alternatives to the drug). According to the reward allostasis
hypothesis of drug addiction, increasing the availability of
alternative non-drug rewards should only have a marginal
therapeutic effect in drug dependent individuals because they
have compromised brain reward function (Ahmed, 2004;
Ahmed et al., 2002; Ahmed and Koob, 2005; see also, Heyman,
1996). In support of this hypothesis, animals withdrawn from
prolonged drug exposure are less sensitive to the rewarding and/
or motivational effects of non-drug rewards, such as food
(Carroll and Lac, 1987; Harris and Aston-Jones, 2003; Lieblich
et al., 1991; Lynch and Taylor, 2005; Silva and Heyman, 2001).
Further, Spragg (1940) has shown in the first experiment
demonstrating “the presence of desire for the drug” in animals
that morphine-dependent chimpanzees (one female and one
male) prefer the drug over a normally highly palatable food,
even if hungry. In contrast, several clinical studies have shown
that alternative rewards can significantly increase the duration
of abstinence and thus retard relapse in drug addicts who want
to quit (Higgins et al., 2004). In these clinical studies, however,
non-drug rewards were made contingent upon voluntary
abstinence (i.e., upon negative urine tests). It is not clear at
present how such higher-order behavioral contingencies can
be applied to laboratory animals (i.e., rewarding voluntary
abstinence). Nevertheless, understanding the neurobehavioral
factors that influence the protective efficacy of alternative
reinforcers in dependent individuals may lead to the discovery of
more effective and durable treatments of drug addiction.

5. Summary

It is proposed that an environmental imbalance between drug
and non-drug reward availability represents a major causative
factor in drug addiction. The prevalence of drug addiction is
expected to be high in environments that do not provide enough
alternatives to drugs of abuse, such as in the environment of
laboratory animals with extended access to drug self-admi-
nistration, and low in environments that provide abundant non-
drug reinforcers. Thus, reducing drug availability together with
increasing access to non-drug reward should prove a powerful,
though difficult to implement, societal mean to contain drug
addiction (Heyman, 1996; Hursh, 1991; Jarvik, 1990).
Nevertheless, as suggested above, this strategy is unlikely to
reduce to zero the prevalence of drug addiction because few
vulnerable individuals (about 10% in our experiment) prefer to
take the drug despite the availability of a highly rewarding
alternative. Future studies are needed to study how alternative

reinforcers protect most individuals from drug addiction and
why few individuals escape this protection.
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