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1. Introduction

The study of drug addiction integrates a broad range of research fields including social
sciences, psychology, psychiatry, behavioural neurosciences, pharmacology or genetics,
each of which being represented in the different chapters of this book. Preclinical studies
involving behaving animals have been pivotal for our increasing insights into the
psychobiological substrates of addiction and so for about 100 years. Even today, our
understanding and knowledge of addiction increase in parallel with the refinement of
animal models of this pathology.

1.1 Necessity for animal models in drug addiction research

Whilst animal models can never reproduce the complex social and often personal reasons
why people abuse drugs they nevertheless provide a rigorous means to precisely control
environmental context, drug exposure as well as assessing behavioural and cognitive
performance prior to drug administration. They also allow neural manipulations (e.g., using
selective ligands) and so establish the causal influences of putative neural loci and, in turn,
the cellular and molecular substrates, of drug addiction. Thus, to date, animal models
provide a valuable means to investigate the different stages of the drug addiction cycle
including especially the initiation of drug taking, the maintenance phase, which is often
accompanied by binges and escalation of drug intake, and finally the switch to compulsive
drug intake defined operationally by an increased motivation to take the drug, an inability
to inhibit drug seeking and continued dug use despite negative or adverse consequences.

1.2 Definition and validity criteria of animal models
1.2.1 Definition of an animal model

An animal model is a preparation in one organism that allows for the study of one or several
aspects of a human condition. Thus a model of drug addiction must provide insights into
the neurobiological, psychological or etiological mechanisms of the pathology in humans, at
least mimicking some aspects of the pathology.

Two strategies are generally used when designing animal models of drug addiction. Firstly,
the model can address a specific symptom, a neurobiological or psychological feature or
a behavioural / neurobiological construct associated with the pathology (figure 1).
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DSM-IV diagnostic criteria for
drug addiction

1 Need for markedly increased amounts of
a substance fo achieve intoxication or
desired effect, or markedly diminished
effect with continued use of the same
amount of the substance

2 The presence of a characteristic
withdrawal syndrome or use of a
substance (or a closely related substance)
to relieve or avoid withdrawal symptoms

3 Persistent desire to use drugs or onc or
more unsuccessful efforts to cut of control
substance use

1 Substance used in larger amounts or
over a longer period time than the person
intented

5 Important social, occupational, or
recreational activities given up or reduced
because of substance use

6A great deal of time spent in activities
necessary bo oblain, to use or fo recover

from the cffects of substance used

7 Conlinned
knowledge of having a persistent or
recurrent physical or psychological problem

substance usc despite

Psychobiological dimension

Pharmacological tolerance

Negative affect/ mood
depression, anheonia, anxicty

Impulsivity / compulsivity
behavioural control failure

Impulsivity / compulsivity
behavioural control failure

Impulsivity / compulsivity
behavioural control failure

Habit / compulsivity

Compulsivity

Reinstatement (1.4)
Relapse |5}

Escalation of drug intake {6-7}

Resistance to punishment {8)
Resistance to conditioned
suppression (9]

Progressive ratio
secking-taking and
second order schedule of
reinforcement [1013)

Resistance to punishment {8)
Resistance to conditioned
suppression {9}

1 criteria model of drug
addiction: imability to refrain
from drug-secking {14-16}

3.criteria model of drug
addiction: escalation of drug
intake during long access to
cocaine {14-16}

3.criteria model of drug
addiction: increased break
poinis in a progressive ratio
schedule of reinforcement
{14.16}

3 criteria model of drug
addiction: resistance lo
punishment or adverse

that is likely to be caused or exacerbated by
continued use

consequences [14-16)

Fig. 1. Animal models of drug addiction in reference to the DSM IV diagnostic criteria for
drug addiction (adapted from the DSM-1V [97]))
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These models have been widely developed the last 40 years and have provided substantial
informations about the molecular targets of addictive drugs as well as the neurobiological
and psychological adaptations resulting from either acute or chronic drug exposure. Indeed,
models that focus on defined features of drug addiction provide a powerful heuristic
framework for determining the brain mechanisms underlying the pathology. However, they
rarely address other clinical dimensions of the disorder such as behavioural predictive
factors or interactions between different symptoms of the pathology. Thus, the second type
of models are those that try to incorporate several symptoms of the pathology in humans,
thereby providing powerful tools for longitudinal studies or even testing pharmacological
treatments, but are somewhat limited in the identification of underlying mechanisms.
Indeed, the behavioural complexity of these models makes it difficult to implement causal
investigative studies where the end-point is well defined. We discuss the general utility and
application of both modelling approaches as complementary tools to investigate the
neurobiological and psychological mechanisms of drug addiction and its vulnerability.

1.2.2 Validity criteria of animal models

The validation of animal models of addiction is based upon the same principles that have
been established for models in general, namely fulfilling standard criteria amongst which
reliability and predictive validity are the most important [1]. However, there are other
criteria that have been used widely in validating animal models of drug addiction, including
face validity and construct validity [1]. Briefly, reliability refers to the consistency and
stability with which the independent and the dependent variables are measured. Thus a
reliable model of drug addiction must allow for a precise and reproducible manipulation of
the independent variable and an objective and reproducible measure of the dependent
variable in standard conditions. A further key criterion for the validation of an animal
model is its predictive validity. A valid animal model should predict either the therapeutical
potential of a compound in humans (pharmacological isomorphism) or a variable that may
influence both the dependent variable of the model and the process under investigation in
humans.

Face validity refers to the similarities between the dependent variable of the model, i.e.,
behaviour in the case of drug addiction, and the human condition, i.e. the symptoms of the
pathology. Thus face validity may be important in designing the model but is unlikely an
objective criterion to actually assess its validity. Indeed, it is very difficult, if not impossible,
to provide an objective criterion to evaluate the similarities between the behavioural output
of a rat preparation and drug addiction in humans when the behavioural repertoire of the
two species is so different.

Construct validity has been increasingly considered in animal models of drug addiction. It
refers to the ability of a model to take into account psychological or neurobiological
constructs that characterise the specific pathological processes in humans. Thus, incentive
sensitisation, habit formation or top-down prefrontal executive control failure are examples
of constructs which have been investigated in animal models.

2. Reinforcing effects of drugs of abuse, abuse liability

As previously mentioned all addictive substances show reinforcing properties in animals.
Indeed, the abuse liability of a substance is often measured by its ability to support self-
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administration and a conditioned place preference [2]. In this section are reviewed the
experimental designs that have been developed to investigate the reinforcing properties of
addictive drugs. These procedures, combined with molecular biology and pharmacology,
have been crucial in the identification and functional characterisation of the molecular
targets of addictive drugs.

The seminal discovery by Olds and Milner of intra-cranial self-stimulation (ICSS) in 1954
marked a major turning point for research on the neural mechanisms of addiction [3]. The
discovery that dopaminergic projections from the ventral tegmental area (VTA) to limbic
cortico-striatal structures (nucleus accumbens, Acb), olfactory tubercle, amygdala,
orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC) were effective substrates for
ICSS sparked considerable interest in the brain dopamine systems as neural substrates for
the rewarding properties of both natural [food] and drug reinforcers. A few years later
Weeks developed an operant procedure to deliver intravenous morphine infusions to
relatively unrestrained rats [4], a method still widely used in many pre-clinical research
laboratories today. That research continued on the opioid drugs morphine and heroin for
some considerable time thereafter was no surprise given the strong emphasis at that time in
the DSM-III on the symptomatology of opioid dependence and withdrawal [5].

Since then it has been established that addictive substances exert powerful effects on
primary and secondary (i.e. conditioned) reinforcement mechanisms. As instrumental
reinforcers they strongly encourage behaviours that lead to the availability of a drug, a
process subserved by stimulus-response associative mechanisms (instrumental
conditioning). Abused drugs also facilitate Pavlovian conditioning whereby previously
neutral stimuli in the environment become conditioned to the drug, and can predict it, or
even act as conditioned reinforcers.

In operational terms, a reinforcer is a stimulus that increases the probability of a response
consequent upon its presentation. Thus, all addictive drugs are reinforcers since they are
self-administered by animals and humans and support conditioned place preference (a form
of contextual Pavlovian conditioning). Pavlovian conditioned stimuli can act as conditioned
reinforcers when presented contingently. Then they can have powerful motivational effects
and support long sequences of instrumental drug-seeking behaviour by bridging delays to
future drug reinforcement [6-8].

2.1 Conditioned place preference

Conditioned place preference (CPP), has been used extensively to probe the psychological
[9] and neurobiological [10-11] mechanisms underlying the rewarding properties of
addictive drugs [10;12], as well as negative emotional states associated with drug
withdrawal [13-15]. Indeed, through Pavlovian conditioning, the negative affective state
caused by drug withdrawal can induce a reliable conditioned place aversion [13-15].

The first study based on the modern paradigm of CPP was reported by Rossi and Reid in
1976 [16] although earlier demonstration of preference for a drug paired environment was
published as early as the 1940’s [10]. In this procedure two different unconditioned stimuli
(US) are paired with two distinct environments. These contextual cues differ in their spatial
configuration, colour, flooring, and sometimes even olfactory cues. Briefly, the CPP
procedure involves injecting animals with either the drug in question or a control solution,
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each being administered in a different environment often over successive days. The
conditioning phase may combine several pairings, ideally according to a Latin square and
unbiased design such that every pairing does not predict subsequent pairings, and that any
spontaneous bias or preference for a compartment is initially controlled for. CPP is then
tested during a drug-free choice phase where subjects are given access to both
compartments. Preference for the drug-paired environment is indicative of the rewarding
properties of the drug. CPP can be established not only for addictive drugs but also for
natural rewards such as food, water, sexual partner and novelty [10]. Based on a plethora of
studies, it is widely accepted that increased dopamine transmission is necessary for the
establishment of CPP [17]. Although some authors suggest that CPP is a model of drug
seeking behaviour [or drug craving], being essentially dependent upon Pavlovian
associations, CPP alone cannot account for the instrumental nature of drug seeking and
drug taking behaviour, which is perhaps better modelled by drug self-administration
procedures.

2.2 Drug self-administration models

Drug self-administration procedures lie at the core of the most sophisticated preclinical
models of drug addiction that have been developed over the last twenty years, ranging from
relapse to drug taking [18-20], to loss of control over intake [21-22], compulsive drug taking
[23-25] and addiction-like behaviour [8;26-28].

Addictive drugs act as reinforcers, in that they increase the probability of a behavioural
response that leads to their presentation, through instrumental conditioning. Thus, animals
can readily detect the contingency between an instrumental response and the delivery of a
particular drug (e.g., an intravenous infusion of heroin, cocaine, nicotine or THC, or a small
volume of alcohol in a magazine) and respond in an instrumental manner to obtain such
drugs. The acquisition of drug self-administration is a behavioural marker of its reinforcing
properties and abuse liability [2]. Indeed, apart from LSD, all drugs abused by human are
self-administered by animals.

Drugs of abuse can be self-administered by a variety of routes across preclinical models,
including intramuscular, intranasal, oral, and intravenous [29].

Drug self-administration was initially developed in non human primates, however since the
pioneering work of Weeks (1962), rats have extensively been used to investigate the
psychological, neural and cellular mechanisms underlying drug self-administration.

Self-administration procedures can be arranged according to different schedules of
reinforcement [29]. In fixed ratio schedules, the drug is delivered after the completion of a
fixed number of responses by the animal, thereby providing a direct relationship between
the actual response and drug delivery. By contrast, in fixed interval schedules, the animal is
trained to seek the drug for prolonged periods of time.

Different schedules allow for the investigation of different processes of drug taking or drug
seeking behaviour which are beyond the scope of this chapter. However, insightful
descriptions of, and discussions about, these schedules can be found in [6;29-32].

The acquisition of drug self-administration is widely considered to depend on the functional
integrity of the olfactory tubercle and the shell of the nucleus accumbens (AcbS) [7]. An
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important role for mesolimbic dopamine in this process was inferred by findings in freely
moving rats that dopamine concentration is greatly increased in the striatum, and especially
the Acb, following the self-administration of drugs commonly abused by humans [33]. This
important study supported the influential hypothesis at that time that addictive drugs exert
their primary reinforcing effects and addictive properties through activation of the
mesolimbic dopamine system [34-37]. Although it is now clear that increased dopamine
release in the Acb does not provide a sufficient account for the addictive properties of drugs
such as cocaine, alcohol and heroin, dopamine still remains one of the most important
neurotransmitters in the aetiology and pathophysiology of drug addiction, a role
underscored by its proposed involvement in salience detection and learning [7;38-52].

In its classic form, the drug self-administration paradigm has provided valuable insights
into the brain substrates mediating drug taking behaviour, which differ somewhat
according to the particular drug under investigation [53-56]. Addictive drugs not only
influence the function of the mesolimbic dopamine system [33] they also trigger a variety of
between-systems anatomical [57-62] and functional neuroadaptations [63-66] as well as
changes in gene transcription and function in a number of brain systems including the
hypothalamus [67], the VTA [68], the amygdala [69-74], Acb [75-79], dorsal striatum [80],
orbital [81-82] and prefrontal cortices [83-85], with important effects on stress responsivity
[86-88] and epigenetic processes in the limbic system [77;89-92].

However, even though these data have increased our knowledge about the neurobiological
substrates of the reinforcing effects of addictive drugs and the neurobiological adaptations
to drug self-administration, they provide only limited insights into the neurobiology of drug
addiction. As very well brought to remembrance by Serge Ahmed [93], intravenous
(intrajugular) self-administration of saline had been demonstrated in water-deprived
monkeys [94] a year before the pioneer morphine self-administration work in rats of Weeks
(1962), thereby demonstrating that drug self-administration is a measure of instrumental
conditioning, but not really a model of drug addiction.

Thus, when one considers working on drug addiction one has to keep in mind that studying
drug taking behaviour is not a way of studying drug addiction. This was already stated long
ago by Wise and Bozart [95] and quoted by Robinson & Berridge [96]: “To assert that all
addictive drugs are reinforcers is to do little more than redefine the phenomenon of
addiction.”...”To identify a drug as reinforcing goes no further than to identify the drug as
addicting”; indeed, there is an obvious gulf between taking a drug on a social basis, as most
of us often do, at least when one considers a glass of wine, and compulsively taking drugs.
Nevertheless, even after the publication of the DSM-IV in 1994 [97] and the new diagnostic
criteria for compulsive drug use that now form the hallmark of the clinical features of drug
addiction many, if not all, of the early animal models focused on the “rewarding” properties
of addictive drugs and their acute and chronic neurobiological effects.

Thus, during the last ten years pre-clinical research in drug addiction has attempted to
better integrate one or more clinical features of the pathology according to the DSM-IV
diagnostic criteria. New phenotypes have been identified based on craving or either
reinstatement [20;98-99] or relapse to drug seeking [100], a loss of control over drug taking
[21-22], habitual / compulsive cocaine seeking and taking [6;23-25;101] and inter-individual
vulnerability to addiction-like behaviour [8;26-28].
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3. Monodimensional animal models of addiction
3.1 Craving and relapse

Drug addicts show a high propensity to relapse, even after protracted abstinence [102]. This
hallmark feature of addiction can be modelled in animals using two main procedures:
extinction-reinstatement, initially developed by Stewart and colleagues [18-19] and
abstinence-relapse [103]. Reinstatement of responding for drug can be induced by stress,
low doses of the drug itself and by the presentation of drug-associated cues [20;104-112]. In
the extinction-reinstatement procedure [18-19], animals experience a series of extinction
sessions following a short period of drug self-administration, leading to a progressive
decline in responding. Following extinction, responding for drug is reinstated by a stressful
stimulus, a priming injection of drug, a presentation of a conditioned stimulus (CS) or by
placing the animal in a drug-associated environment.

Reinstatement of drug seeking depends upon a broad neurobiological network which
subsets are recruited based on the nature of the trigger of reinstatement, be it stress, the
drug or drug associated cues and context [105]. Overall, reinstatement to drug seeking
depends upon the extended amygdala, prefrontal cortex and dopaminergic neurons
[105;113-114]. A large impetus has recently been put on the prominent role of glutamate
homeostasis in reinstatement to drug seeking, especially focusing on prefrontal - accumbens
pathways [111;115-116].

Interestingly, it has been shown that levels of reinstatement induced by contingent
presentations of drug-associated cues increase with prolonged time of withdrawal. This
observation suggests that drug craving increases with withdrawal duration [117-118], an
adaptation that was specifically related to increase dopamine transporter (DAT) and N-
Methyl-D-Aspartate receptor 1 (NMDA R1) protein levels in respectively the prefrontal
cortex and the mesolimbic system [118]. However, incubation process has also been
reported for food and fear, thereby suggesting that it is a common neurobehavioural
adaptation to cessation of stimulation, whatever the nature of the unconditioned stimulus,
rather than a specific neurobiological substrate of drug addiction.

In the abstinence-relapse procedure [103], animals are given a forced abstinence period after
a brief period of drug self-administration. They are then maintained in their home cage until
they are exposed again to the self-administration chamber where they are tested under
extinction.

Whereas the reinstatement procedure clearly involves the Acb and both its dopaminergic
and glutamatergic inputs, relapse to drug seeking depends upon the dorsolateral striatum
[100;103]. Thereby, this neurobiological dissociation suggests that parallel, not necessarily
mutually exclusive, neurobiological systems are involved in relapse to drug seeking.
However, their respective contribution to the human craving and relapse situation remains
unclear, especially the one of reinstatement since the situation in which human addicts go
through extinction before responding to drug-associated stimuli or stress is very unfrequent.

3.2 Escalation of drug taking

The first well-established animal model of loss of control over drug intake, namely
escalation of drug self-administration, is based on the fourth diagnostic criterion of drug
addiction and was developed by Serge Ahmed and George Koob in 1998 for cocaine [21]
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and 2000 for heroin [22]. Short access (“ShA”) to addictive drugs generally results in stable
levels of self-administration such that plasma drug levels are controlled within an optimal
level of reinforcement [119]. As mentioned previously, this pattern of self-administration
does not account for the clinical features of drug addiction in humans. Ahmed and Koob
thus gave extended access to cocaine to a group of animals (“LgA”, or long access) following
a period of moderate exposure (ShA, fixed ratio 1, one hour a day). A second group of rats
received short access to cocaine throughout the experiment.

Introduction of the long access was immediately associated with higher drug intake, as
compared to ShA rats. In other words, the LgA rats escalated their rate of cocaine self-
administration compared with ShA rats, which maintained a constant level of cocaine intake.
LgA rats also exhibited higher rates of cocaine self-administration during the first hour of each
session. Escalation of cocaine intake has been associated with an upward shift in the
intracranial self-administration threshold (ICSS), indicative of reward dysfunction [21] that has
been postulated by the hedonic allostasis theory [2;86-88]. However, escalation of cocaine self-
administration is not associated with psychomotor sensitisation but, instead, with a
sensitization of the incentive motivational properties of cocaine [120], thereby suggesting a
dissociation between loss of control over drug intake and behavioural sensitisation.

Escalation of drug intake has also been associated with higher resistance to shock-induced
suppression of drug self-administration and conditioned suppression [24;121], and therefore
might contribute to the instantiation of addiction.

However, all rats subjected to extended access to heroin do not necessarily escalate their
intake [122]. Thus, when the upper and lower quartile of a population of Lister-Hooded rats
are selected on the basis of the escalation slope (a direct measure of the magnitude of
escalation of drug intake over time), marked differences can be observed [122]. Whereas low
escalation (LE) rats show a marked increase in their intake when extended access is
introduced and then reach a plateau in their daily drug intake, high escalation (HE) rats
tend to show a slower adaptation to extended access, in that they do not increase their
intake as quickly as LE rats, but progressively lose control over heroin self-administration
(figure 2). This first formal description of inter-individual differences in the propensity to
escalate heroin intake lead to the investigation of the behavioural markers of loss of control
over heroin and cocaine intake (see “Vulnerabilities to drug addiction” section). This
observation may resonate well with the demonstration that escalation of drug intake does
not necessarily render rats insensitive to alternative reinforcers, i.e., despite escalation of
cocaine self-administration rats have been reported to prefer a saccharine solution when
given the choice between this reinforcer and the drug [123]. This suggests that schedule-
induced escalation of drug intake, when considered without the individual dimension, does
capture one criterion of drug addiction, namely, drug is used in larger amounts, but not
necessarily extends to other criteria. However, inter-individual differences can also be
observed in the resistance to alternative reinforcers after extended access to cocaine [93].

3.3 Animal models of drug seeking: The distinction between drug seeking and drug
taking behaviour: Second-order and two-link heterogeneous chained schedules of
reinforcement

Drug addiction does not involve only taking drugs, drug addicts spend most of their time
foraging for the drug. It is therefore vital to dissociate drug taking from drug seeking. In
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trying to separate drug seeking from drug taking, schedules of reinforcement must be
implemented in which operant responding for the drug during the drug seeking phase is
not affected by the drug itself, i.e., so that drug seeking behaviour can be measured without
interference by stimulant or sedative actions of the self-administered drug.
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Fig. 2. Inter-individual propensity to lose control over heroin intake, after (122)
Marked inter-individual differences were revealed when the upper (high-escalation rats, HE, n=5) and
lower quartile (low-escalation rats, LE, n=5) of a population of lister hooded rats were selected based on
the slope of drug intake over all 18 days of the LgA phase [group: Fis = 59.44, P < 0.001]. Thus, HE and
LE rats displayed a different profile both in terms of heroin intake (A) and escalation ratio (B) [group x
session interaction: Fxa7 = 8.26, P < 0.001 and Fie128 = 10.20, P < 0.001, respectively]. Post-hoc analysis
confirmed that HE rats displayed a daily increase in both intake and escalation ratio from the 4th and
6th day of extended access, respectively (vs. LgA d1, all Ps < 0.05), whereas LE rats showed no
escalation at all.

Two-link heterogeneous chained schedules of reinforcement aim to dissociate spatially,
temporally, and instrumentally drug seeking from drug taking behaviour. Second-order
schedules of reinforcement allow the investigation of cue-controlled drug seeking over
prolonged periods of time.

3.3.1 Two-link heterogeneous chain schedules of reinforcement

In this procedure completion of the first link of the chain, designated as the seeking link,
results in access to the second link, or taking link, which permits, once performed, the delivery
of the reinforcer. Acquisition of the chain schedule is achieved through successive steps of
increasing complexity which start with introduction of the taking lever. A lever press is then
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reinforced under a fixed ratio (FR) 1 schedule so that each lever press produces drug
reinforcement accompanied by the withdrawal of the taking lever. After several sessions of
stable responding, the seeking lever is introduced while the taking lever is retracted. The first
press on the seeking lever initiates a random interval (RI) schedule with the first seeking lever
press occurring after the RI has elapsed terminating the first link of the chain; this results in
retraction of the seeking lever and insertion of the taking lever to initiate the second link. One
press on the taking lever results in the presentation of the reinforcer followed by a time-out
period. Thereafter, the seeking lever is reinserted to start the next cycle of the schedule. The
effects of experimental manipulation can thus be assessed through measures of seeking
responding (latency, number or response rate) as well as taking responding (latency). The
interest in dissociating seeking and taking behaviour is obvious when considering that the two
instrumental components are influenced by dissociable processes since they are differentially
sensitive to devaluation, incentive learning or Pavlovian manipulations [124]. In addition,
cocaine seeking performance is monotonically related to the dose of drug with a relatively
long time out [125]. Whereas early cocaine seeking performance is profoundly affected by
extinction of the taking link [126-127] but not by inactivation of the dorsolateral striatum [127],
after extended training it becomes automatic, i.e., insensitive to extinction of the taking lever
and sensitive to inactivation of the dorsolateral striatum [127], thereby suggesting a shift in
both the psychological and neurobiological mechanisms governing drug seeking when it
becomes well established [128].

3.3.2 Second-order schedule of cocaine reinforcement

In the street, drug seeking behaviour is stimulus-bond in that drug addicts forage for their
drug under the control of stimuli in the environment, acting as conditioned reinforcers, that
support long sequences of behaviour in the absence of the outcome. More formally,
conditioned reinforcers are stimuli that have themselves acquired rewarding properties after
repeated associations with unconditioned rewards. Conditioned reinforcers bridge delays
between seeking and obtaining the drug. Psychostimulants, opiates, speedball, cannabis, or
nicotine-associated CSs act as powerful conditioned reinforcers since they greatly enhance
drug seeking behaviour when presented contingently, but not non-contingently, upon
instrumental responding during, usually, interval schedules of reinforcement [6;30;32;129-
130]. Conditioned reinforcers can also support the acquisition of a new instrumental
response [131-132]. Such properties are clearly demonstrated in procedures where animals
work to obtain presentation of a conditioned stimulus, often in the absence of the
unconditioned reward.

In second-order schedules of reinforcement, the CS is presented response-contingently
usually under a fixed ratio schedule, during an overall fixed interval or fixed ratio schedule
for the primary reinforcer, and markedly enhances and maintains responding for long
periods of time (figure 3). Thus, under a second-order schedule of reinforcement, a strong
contingency exists between the instrumental response and the presentation of the CS (under
a fixed ratio) as well as the relatively weaker contingency that is arranged between
instrumental performance and the outcome (the drug) that is reinforced only after
completion of the first ratio after each interval has elapsed. Such schedules therefore
facilitate the development of stimulus-response (S-R) control over instrumental responding.
In addition, it has been shown that omission of CS presentation in second-order schedules of
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reinforcement disrupts cocaine seeking more than food seeking behaviour [130], suggesting
that prolonged psychostimulant seeking is particularly dependent upon conditioned
reinforcement.

Thus, instrumental responding during the first interval of a second-order schedule of
reinforcement shows face and construct validity with regards to the behavioural features of
drug seeking in humans: stimulus-bound, somewhat dissociated from the unconditioned
effects of the drug and long lasting.

Active lever presses

Daily sessions, training schedule

Fig. 3. Acquisition of cocaine seeking under a second-order schedule of reinforcement.
Instrumental performance of a population of 24 Lister Hooded rats during the first interval of a FI15
and FI15(FR10:S) schedule of reinforcement (see text for explanation). Once animals have acquired self-
administration under continuous reinforcement, the reinforcement schedule is switched to fixed
intervals, with daily increments: FI1 min, FI2 min, FI14 min, FI8 min, FI10 min, and FI15 min. After 3
days of training under the FI15 schedule (left part of the figure), contingent presentations of the CS are
introduced under a FR10 schedule such that rats are now trained under a FI15(FR10:S) second-order
schedule of reinforcement. This acquisition procedure provides a direct measure of the potentiation of
responding during interval schedules by the contingent presentation of the CS since they are introduced
only once responding under fixed interval has stabilized. Thus, although the average response rate is 50
during the first interval of a FI15 schedule, it reaches 90-100 when the CS is contingently presented
(Belin-Rauscent & Belin, unpublished).

Second-order schedules of cocaine and heroin self-administration were initially developed
by Goldberg and colleagues in non human primates to assess the influence of environmental
stimuli upon drug self-administration [30;129-130]. Everitt and colleagues have also
established second-order schedules of drug reinforcement in rats [133]. In the study by
Arroyo and colleagues (1998), rats were initially required to learn cocaine to self-administer
under continuous reinforcement, i.e., FR1. After stabilisation of responding, (5 to 7 daily 2
hours sessions), a second-order schedule with fixed ratio components of the type FRx(Fry:S)
was introduced, with initial values of x and y set to 1, so that each active lever press resulted
in the presentation of the CS and and the delivery of 0.25 mg of cocaine. Then x and y values
were progressively increased with increments in response requirements starting with x i.e.,
FR5(FR1:S) and FR10(FR1:S), then vy, i.e., FR10(FR2:S), FR10(FR4:S), FR10(FR7:S) and
FR10(FR10:S). After stabilisation of responding under this FR10(FR10:S) schedule of
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reinforcement which therefore requires 100 active lever presses and 10 one second
presentations of the CS to obtain a cocaine infusion, a final fixed interval schedule
FI15(FR10:S) was introduced such that a cocaine infusion was delivered only following the
tenth active lever press that occurred when the 15 min interval had elapsed. Finally rats
were allowed to perform cocaine seeking behaviour under this schedule for ten days. This
acquisition procedure produces robust and stable CS-dependent rates of responding [133]
and has been used extensively to probe the neural mechanisms involved in the acquisition,
and the performance of, cue-controlled cocaine-seeking [101;134-135].

It is also possible to decrease the acquisition period to 11 days [101;136] (figure 3). In this
case the training phase consists of three days of FR1 training, 2 hour daily sessions, 30
infusions (0.25 mg cocaine / infusion) followed by the introduction of interval schedules,
with daily increments: FI1 min, FI2 min, FI4 min, FI 8 min, FI10 min, FI15 min. After three
days of training under the FI15 schedule, contingent presentations of the CS are introduced
under a FR10 schedule such that rats are now trained under a FI15(FR10:S) second-order
schedule of reinforcement. This acquisition procedure provides a direct measure of the
potentiation of responding during interval schedules by the contingent presentation of the
CS since they are introduced only once responding under fixed interval has stabilised.

Thus, although the average response rate is 50-70 during the first interval of a FI15 schedule,
it reaches 100-150 when the CS is contingently presented (figure 3), as described in several
studies from Everitt’s laboratory [101;137-138]. Indeed, short and long-term training under
second-order schedules of reinforcement for cocaine have been very useful for investigating
the neural mechanisms involved in the transition from newly acquired to well established or
habitual cue-controlled cocaine seeking. Thus, acquisition of cue-controlled cocaine seeking
depends upon the core of the Acb (AcbC) and its functional relationships with the
basolateral amygdala [139] as well as dopamine transmission into the posterior dorsolateral
striatum [137]. However, when it is well established, or habitual, cue-controlled cocaine
seeking rather depends upon dopamine transmission into the dorsolateral striatum and its
functional relationship with the AcbC, as demonstrated by functional disconnections
between these two structures [101].

A dorsomedial to dorsolateral striatal shift in the control over drug seeking has recently
been demonstrated to occur in alcohol self-administration after eight weeks of training
[140a] and cocaine seeking after two weeks of training under an FI15(FR10:S) schedule of
reinfocement [140b], a stage at which alcohol seeking was shown to be impervious to
devaluation, i.e., was habitual. Thus addiction to both stimulants and alcohol may be
dependent upon a shift from goal-directedness to habits that parallels, at the neural systems
level, a progressive recruitment of the dorsolateral striatum. These data obtained in
preclinical models resonate well with the recent demonstration of dorsal striatum
implication cue-induced in alcohol [141] or cocaine [142] craving in humans.

3.4 Animal models of compulsive drug seeking and drug taking

As emphasised previously, addicted individuals not only consume large amounts of drugs
but are also unable to repress their drug use regardless its consequences. Thus addiction
shares common features with other compulsive disorders which are characterised as the
uncontrollable and irresistible urge to performance an act, often to relieve anxiety or stress,
but regardless of the rationality of the motivation.
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The compulsive aspect of drug use in addicted subjects is even more obvious when
similarities between addiction and obsessive compulsive disorder (OCD) are considered.
Indeed, compulsive behaviour in the 4th version of the DSM [97] as a criterion for OCD is
defined by the repetitive behaviours or mental acts that the person feels driven to perform
in response to an obsession, or according to rules that must be applied rigidly aiming at
preventing or reducing distress or some dreaded event or situation; but are either not
connected to the issue or are excessive. Similarities between addiction and OCD have led,
based on a modified version of the Yale-Brown Obsessive Compulsive Scale (Y-BOCS-hd)
[143-144], to the development of the Obsessive Compulsive Drinking Scale (OCDS), a self-
rated questionnaire which is able accurately to discriminate between alcoholic out-patients
and social drinkers with high sensitivity and specificity [145], suggesting that obsessionality
and compulsivity are key features of the heavily addicted individual [145].

Clinical data on abstinence from cocaine use suggest that the negative consequences directly
related to use are a major reason for cessation [146]. Indeed, drug use is a high risk
behaviour as it often compromised health, work and social relationships [147-148].

Preclinical models of drug addiction might therefore attempt to resemble in several respects
the human conditions of compulsivity and fulfil some important features of the pathology in
order to meet the necessary requirements of construct, face and predictive validity essential
for the clinical application of data obtained from animal studies [1]. Of course, in animals it
is extremely difficult to exactly reproduce compulsive drug seeking and taking as seen in
human drug addicts because of obvious limitations including the absence of direct personal
costs such as family or society problems associated with drug abuse, or limited alternative
reinforcement choices.

However, despite such limitations, compulsivity in preclinical models of drug addiction
should and must be defined as an inability to cease drug seeking and taking under
conditions in which the drug is constantly available but its obtainment is associated with
adverse consequences.

In recent years, progress has been made in an attempt to mimic human conditions of
compulsive drug use.

3.4.1 Maintained drug use despite adverse consequences
1. Resistance to devaluation / adulteration

In addition to their reinforcing properties, most addictive drugs have toxic effects, which
after repeated use can lead to severe health complications. Such aversive properties would
normally progressively devalue any reinforcer, and facilitate the engagement of the subject
in alternative responses, incompatible with the pursuit of the initial reinforcer. However,
despite often acknowledging the deleterious outcome of drug use, addicts rarely achieve
spontaneous voluntary abstinence, and when they manage to do so, often relapse to
compulsive drug use.

Similarly, rats differentially respond to devaluation of drugs of abuse and natural
reinforcers. Performance for food is markedly affected by pairing its ingestion with illness
produced by injection of lithium chloride. In contrast, devaluation of orally administered
alcohol and cocaine does not greatly decrease drug seeking performance [140;149-150].
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Similarly, extended access to free choice between drug solutions and water interrupted by
periods of withdrawal in rats results in high levels of drug intake even when solutions are
adulterated with bitter tasting quinine, evidencing the compulsive pattern of alcohol
drinking after protracted exposure to the drug [151-153].

2. Conditioned suppression

Until drug users explicitly experience the aversive consequences of drug use, drug taking is
mainly moderated through warnings rather than actual punishment. Once experienced,
aversive stimuli temporally distant from drug intake can appear, thereby rendering aversive
contingencies less distinguishable. Moreover, the aversive consequences of drug use are
counter-conditioned by previously extended drug presentation, which has been described as
retarding the development of the conditioned emotional response [154]. All these processes
may facilitate the attribution of aversive consequences to irrelevant stimuli. Adding a
stimulus previously associated with an aversive outcome to the training context should
normally reduce the frequency of a conditioned response. Indeed, although the aversive
stimuli are not directly associated with drug use itself, a conditioned suppressor may be
viewed as ‘devaluing’ the drug reinforcer since subjects would be required to respond for
the drug in a state of conditioned fear [121].

However, Vanderschuren and Everitt (2004) found that the presentation of a Pavlovian
conditioned fear stimulus after an extended self-administration training history failed to
suppress cocaine self-administration, whereas after a brief cocaine taking history it did.
These data support the view that while instrumental behaviour directed at obtaining drugs
is initially a flexible, goal-directed form of behaviour, following prolonged drug exposure,
drug seeking becomes insensitive to signals of punishment, thereby indicating its
compulsive nature. However, it remains unclear whether in the multi-operant environment
that drug addicts are normally exposed to, presentation of aversive conditioned stimuli may
favour avoidance rather than abstinence.

4. Punishment

Aversive stimuli might eventually be perceived as directly associated with drug use.
Punishment has often been debated as a treatment procedure, both in terms of its ethical
acceptability and its efficacy. Nevertheless, it remains an undoubtedly important component
of the every day life of drug addicts.

In animals, even though differing in many procedural parameters such as the locus or
intensity of punishment, foot shock-induced punishment has been used in several recent
models of compulsive drug seeking and drug taking behaviour. Thus we will focus here on
this punisher, although foot shock-induced suppression may not easily be generalised to the
human condition.

In most of the studies on drug taking despite adverse consequences, mild foot shocks, set at
a constant intensity, are applied contingently upon a response reinforced by a constant dose
of drug. In this case resistance to punishment is assessed through the persistence of the
instrumental response despite contingent delivery of the punisher. Alternatively, the degree
of response suppression is both dependent upon the magnitude of the reinforcer, the
intensity of the punishment event, the schedule of their respective presentation and the
delay between the instrumental responses and their consequences [155].
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Consequently, Cooper et al. [156] increased daily by 0.04 mA the intensity of a shock that
was initially set to 0.25 mA until rats stopped responding (lever pressing) during the 30 min
daily sessions for three consecutive days. Whereas such a procedure has the advantage of
assigning for each rat the final shock intensity that led to self-imposed abstinence, it
constrains the opportunity for repeated testing when required.

The punishment contingency has been used at different loci of the instrumental drug taking
action. Thus taking [157] or seeking behaviour [24] have been specifically punished. Since
preparatory and consummatory responses have been shown to be under the influence of
dissociable processes [158], it is conceivable they are differentially sensitive to punishment.
In order to assess the sensitivity of seeking and taking responses to punishment Pelloux et
al. used punishment in the seeking taking task that spatially and temporally dissociates the
“preparatory” and “consummatory” behaviours [125]. Pelloux et al. conducted a study
where either 50% of the seeking sequences where associated with the delivery of a shock
instead of the activation of the taking lever or 50% of the instrumental responses on the
taking lever were punished. With this probabilistic schedule of punishment both types of
punishment induced a progressive suppression in performance but punishment of the
taking response resulted in less suppression than punishment of the seeking response.

Finally, the efficacy of the punishment of drug seeking or taking seems to greatly depend on
drug history. After short exposure to amphetamine or an opiate (remifentanil) punishment
produces robust suppression of self-administration that resumed for the opiate in all
subjects approximately 5 days after punishment was discontinued [159]. However, the
punishment effect obtained for amphetamine lasted much longer [157]. After extended
access to cocaine, punishment produced suppression of a seeking response except in a
subgroup of animals (about 25%). Thus, compulsive drug seeking appears, as in humans,
only after extended exposure to the drug in a small proportion of subjects conferring on
these models good predictive validity.

5. Multidimensional animal model of drug addiction: addiction-like behaviour

As previously presented, there are two main strategies when developing preclinical models
of drug addiction. The first category refers to models developed to understand the
psychobiological, neurological, cellular and molecular processes involved in a particular
aspect of the pathology. Therefore, these models specifically address one aspect of the
pathology, whether a diagnostic criterion, such as escalation of intake, resistance to
punishment, high motivation for the drug, habitual instrumental performance, vulnerability
to relapse, or impaired cognitive flexibility. They may also be relevant to influential theories
such as behavioural sensitisation [44;96;160-161] and hedonic allostasis [2;86-88]. Such
models generally assume that drug exposure triggers rather similar behavioural, neural or
molecular effects in all the subjects tested.

However, these models cannot address other crucial aspects of drug addiction, such as inter-
individual differences in the vulnerability to develop the pathology and their behavioural
and biological correlates. They also fail to capture the multi-symptomatic nature of drug
addiction. Thus, the second category of animal models of drug addiction takes into accounts
both inter-individual differences and the complementary strategy of meeting diagnostic
criteria of the pathology in humans according to the DSM-IV. Thus, to be diagnosed as
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‘addicted” an individual must fulfil three out of seven diagnostic criteria of drug addiction
over the last 12 months. This approach forms the basis of a new pre-clinical animal model
based on vulnerability to addiction-like behaviour in the rat [26].

In this model, three diagnostic criteria, namely [i] an inability to refrain from drug seeking,
[ii] high motivation for the drug, and [iii] maintained drug use despite negative
consequences, have been operationalised by, respectively, [i] drug seeking during periods
when the drug is not available and signalled as so, [ii] break points during progressive ratio
schedules of reinforcement, and [iii] persistence of self-administration despite punishment
by contingent electric foot-shocks.

When the population is large enough, as it has been the case in several of our studies [26;28],
a systematic analysis of the distributions of each of the three addiction-like behaviours
revealed that the distribution of the motivation for the drug and the persistence of drug
seeking (n=40) were best fitted by a log-normal regression (Khi? and K-S: p>0.05, R2 = 0.96
and 0.99, respectively) (figure 4, left and middle panel). In contrast the distribution of
resistance to punishment was bimodal, composed of a first log-normal distribution (n=27 or
67.5% of the total population, K-S: d = 0.22451, p>0.1), and a second normal sub-distribution
(n=13 or 32.5% of the total population, K-S: d = 0.15604 p>0.1) (figure 4, right panel) which
general regression fit can be described as a 3 order polynomial equation y=3.24x3 + 37.33x2
+130.86x +146.67 [28].
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Fig. 4. Distribution of each of the addiction-like criteria, after (28)

The distribution of motivation for the drug and persistence of drug seeking (left and middle panel,
respectively) (n=40) were best fitted by a log-normal regression (Khi2 and K-S: P>0.05). In contrast the
distribution of resistance to punishment was bimodal, composed of a first log-normal distribution (n=27
or 67.5% of the total population, K-S: d=0.22451, p> 0.1) , and a second normal sub-distribution (n=13 or
32.5% of the total population, K-S: d=0.15604, p>0.1) (right panel) which general regression fit can be
described as a 3 order polynomial equation: y=3.24x3+37.33x2+130.86x+146.67

The bimodal nature of the distribution of resistance to punishment we demonstrated in this
study is in agreement with the observation of Pelloux et al. [24]. Bimodal distributions are
very common in life science literature, especially during speciation process [162] whereby
one whole population is somehow giving birth to two independent populations [163]. Rare
in behavioural neuroscience, bimodal distributions have however been observed for drug-
induced behaviours [164], suggesting that the neurobiological substrates of behavioural
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inter-individual differences need in some cases to be challenged in order to reveal bimodal
distribution. Our results suggest that a specific subpopulation in the rat has diverged so that
it has become specifically more vulnerable to maintain drug use despite averse
consequences, as measured as resistance to punishment, when chronically exposed to the
drug. This hypothesis, although speculative, when transferred to the human situation may
actually resonate well with the Nesse and Berridge’s suggestion that the vulnerability to
drug addiction is a matter of evolution [165].

In practical terms, this bimodal distribution is particularly handy because it provides us
with an objective criterion to determine a threshold in the population in order to carry out a
dichotomous, categorial, strategy to identify animals that show addiction-like behaviour,
i.e.,, 30-40% highest part of the population, depending on the study. Thus, for each of these
three addiction-like criteria animals are ranked according to their score. If a rat’s score is
included in the 30-40% highest percentile of the distribution, this rat is considered positive
for that addiction-like criterion and is given an arbitrary criterion score of 1. Then the
arbitrary criteria scores for each of the three addiction-like criteria are added, and
consequently four distinct groups are identified according to the number of positive scores:
0 criteria, 1 criterion, 2 criteria and 3 criteria rats (figure 5).
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Fig. 5. Selection strategy of rats addicted (3crit rats) and rats resistant (Ocrit rats) to cocaine
Data analysed from (11). For each of these three addiction-like criteria animals are ranked according to
their score. If a rat’s score is included in the 30-40% highest percentile of the distribution, this rat is
considered positive for that addiction-like criterion and is given an arbitrary criterion score of 1. Then
the arbitrary criteria scores for each of the three addiction-like criteria are added, and consequently four
distinct groups are identified according to the number of positive scores: 0 criteria, 1 criterion, 2 criteria
and 3 criteria rats

Behaviourally, the categorial selection is associated with a criteria-dependent magnitude in
each of the addiction-like criteria (figure 6). Our model is based on the comparison of three
criteria (3crit) and O criteria (Ocrit) rats. 3crit rats show high scores for each of the three
addiction-like criteria and are therefore considered “addicted”, whereas Ocrit rats are
considered resistant to addiction. 3crit rats represent approximately 20% of the population
exposed to cocaine, an incidence observed in several independent studies with Lister-
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Hooded or Sprague-Dawley rats as well as either nose-poke or lever press as instrumental
response [26,;28;101;166], that is remarkably similar to that reported in humans [167].
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Fig. 6. Behavioural characterisation of addiction-like behaviour in the rat

A dichotomous approach to the diagnosis of addiction-like behaviour can be implemented in preclinical
models of addiction on the understanding that some, but not all, animals chronically exposed to drug
self-administration eventually develop one or more behavioural features resembling a clinical criterion
for drug addiction as defined in the DSM-IV (see table 13.1). Thus we have operationally defined three
addiction-like criteria, namely, (i) an inability to refrain from drug seeking (A), (ii) maintained drug use
despite aversive consequences (B) and (iii) increased motivation to take the drug (C). Rats positive for
none of the three criteria (0 criteria rats) are resistant to addiction, whereas rats that have three
addiction-like criteria (3 criteria rats) are considered “addicted,” and represent 15 to 20% of the
population initially exposed to cocaine (D). Importantly these behavioural differences are not
attributable to differential levels of cocaine intake, since throughout protracted exposure 3 criteria and 0
criteria rats do not differ in this measure (E). Although selected on three addiction-like criteria, 3criteria
rats display complementary features of drug addiction, such as inability to limit drug intake when
offered extended access to cocaine (F) and high vulnerability to relapse, as measured by reinstatement
of cocaine seeking behaviour by increasing doses of non contingent cocaine infusions (G). A-E: after
(11), F: after (8)

Although 3crit rats do not differ significantly from Ocrit rats in terms of cocaine self-
administration [26;28;166], 3crit rats eventually develop higher motivation for the drug, an
inability to refrain from drug-seeking, and resistance to punishment [8;26;28;101;166].

More importantly, although selected on three addiction-like behaviours, 3crit rats also
display enhanced escalation of cocaine self-administration as compared to Ocrit rats (figure
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6F). 3crit rats therefore fulfil a fourth criterion of addiction, namely an inability to control
drug intake [26] classically established after extended access to the drug [21]. This results
demonstrate that loss of control over drug intake does not necessarily follow extended
access to the drug, but instead develops in some vulnerable subjects exposed to cocaine self-
administration for prolonged periods of time.

The predictive validity of the model is further supported by de demonstration that 3crit rats
also show a high vulnerability to relapse in response to non-contingent infusions of cocaine
(figure 6G) [8] or contingent presentations of a drug-associated stimulus [26]. Thus, even
though selected on three addiction-like criteria, after chronic exposure to cocaine, 3crit rats
display important features of clinical addiction as defined in the DSM-IV. These
observations provide the model with both construct and predictive validities.

Moreover, since addiction-like behaviour emerges in three criteria rats only after extended
exposure to the drug, i.e., after at least 50 daily self-administration sessions, these results
highlight the importance of the interaction between a vulnerable phenotype and chronic
drug exposure in the development of compulsive drug self-administration.

6. Vulnerabilities to drug addictions

Like many other psychiatric disorders, we are not all equally vulnerable to develop drug
addiction. Epidemiological studies have revealed that between 15 to 35% of the population
exposed to addictive drugs will develop compulsive drug use [167]. The results described in
the previous section illustrate very well that inter-individual differences in vulnerability to
develop compulsive cocaine self-administration can also be observed in rats. Thus, in any
given population of rats exposed to cocaine only some develop addiction-like behaviour,
thereby demonstrating that animal models provide a realistic estimate of risk for addiction
in humans [41;166;169].

As already discussed, the underlying aetiology of the different pathways to addiction are
likely to involve interactions between a vulnerable phenotype, environmental influences
and drug exposure itself [170-171]. It is therefore important to identify the psychobiological
substrates of vulnerability to develop compulsive drug use both in drug naive subjects and
drug experienced individuals, thereby being able to develop preventive and therapeutic
strategies at different stages of drug use history.

6.1 Psychobiological factors of vulnerability to drug addiction: contribution of
behavioural traits

Epidemiological studies in human populations have revealed striking associations between
drug use [172-173b], and certain behavioural traits [174-189] such as anxiety [190-193],
impulsivity [187;194-195] and sensation-seeking [176;183;196-199]. The relevance of these
traits for animal models of addiction is discussed below.

6.1.1 Anxiety

Anxiety can be assessed in preclinical models using various procedures which include the
elevated plus maze (EPM) [200-201]. During the classic 5-min test session on the EPM a
variety of behaviours are measured including the ratio of open and closed arms entries, time
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spent in the open and closed arms, as well as self-grooming which are all indices of anxiety.
High levels of anxiety including high grooming behaviour and a low percentage of time
spent in the open arms of the EPM have been associated with an enhanced propensity to
acquire cocaine CPP [202] as well as an increased motivation to self-administer cocaine
[203], but see [204]. Trait anxiety has also been associated with an enhanced preference for
alcohol [205-206], consistent with the notion that alcohol use may self-medicate underlying
mood disorders related to anxiety and stress [207-208].

We have recently established that high anxiety in the EPM predicts escalation of cocaine, but
not heroin self-administration in the rat (figure 7) [209].
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Fig. 7. High anxiety trait predicts loss of control over cocaine, but not heroin, self-
administration in the rat, after (122)

High anxious (HA) and low anxious (LA) rats were selected in the upper and lower 33% of a Lister
Hooded population (A & D). Whereas HA did not differ from either LA and the overall population in
their escalation of heroin intake throughout 12 sessions of 6 h extended access to the drug (B) HA rats
showed a marked increase in their cocaine intake as compared to LA or the overall population (E).
Thus, high anxiety is related to the magnitude of cocaine escalation (F) whereas it is not related to the
slope of escalation of heroin intake (C).

These data suggest that if high anxiety trait may contribute to the choice of the drug used,
i.e.,, preference for alcohol or opiates [210], it does not necessarily contribute to the
development of compulsive use when the drug is initially used as a self-medication [211].
However, the striking relationship between high anxiety levels in the EPM and subsequent
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vulnerability to escalate cocaine intake suggest that high anxiety may facilitate a tolerance to
anxiogenic properties of cocaine [212] perhaps because of a ceiling effect, or, instead
enhance the potential anxiolytic properties of cocaine that have been suggested for low
doses of the drug [213].

6.1.2 Sensation seeking / Novelty-seeking

Sensation- and novelty-seeking traits have been the focus of a large number of pre-clinical
studies on addiction vulnerability (for review, see [12]).

In preclinical studies, sensation/novelty seeking trait has been suggested to be modelled
both by high locomotor reactivity to a new inescapable environment (high responder
phenotype, HR) [214-215], and high propensity to visit a new environment in a free-choice,
novelty-induced CPP, paradigm (high novelty preferring phenotype, HNP) [12;216].

Piazza and colleagues were the first to investigate the role of sensation-seeking in this
context by measuring the locomotor response of rats to an inescapable novel environment
[217]. In this model, rats are placed for two hours in a new environment and their horizontal
activity is monitored. Based on inter-individual differences in locomotor response animals
are either selected as high (HR) or low responders (LR) according to a median division [217].
HR rats show a greater propensity to acquire psychostimulant self-administration [217]
since they more readily self-administer low doses of amphetamine than LR rats [2;217].
Moreover, HR rats show a greater propensity for drug-induced neural plasticity [218-219]
and increased stress-evoked dopamine release in the Acb than LR rats [220].

However, sensation seeking does not predict the acquisition of CPP for addictive drugs,
which instead is predicted by novelty-seeking [12;216;221-223], the latter being a
behavioural trait dissociable from the former [9;28;224].

Novelty-seeking is normally assessed by measuring the preference of rats for a novel versus
familiar compartment using a procedure quite similar to CPP [225], although broad
methodological differences are observed in the literature that can impact onto the nature of
the behavioural construct one is investigating. Indeed, depending on the study, novelty
preference has been measured as (1) the number and time duration of visits of a new arm in
a Y-maze during the first 2 or 5 min, respectively, of a test session taking place 30 min after
the habituation to the other two arms of the set-up [226], (2), novelty-induced place
preference tested for 15 min on the third day of a protocol during which animal were
exposed 30 min daily to one compartment of a CPP box [223-224] whereas locomotor
reactivity to novelty has been measured in (1) circular corridors [226-227], playground maze
[228] or (2) activity chambers [216;229], each environment differing from one other in terms
of light intensity, openness and area.

Overall, animals selected as novelty-seekers, or novelty-preferring (HNP), are those that fall in
the upper quartile range. Unlike animals selected from the lower quartile of the population,
high novelty seekers readily develop a conditioned place preference to amphetamine [224;228]
and self-administration of cocaine under an autoshaping procedure [230].

Thus, although both traits are dependent upon the dopaminergic system [12], they are
mutually exclusive [12;216], but see [231] and therefore may predict different dimensions of
vulnerability to drug addiction [12].



42 Addictions — From Pathophysiology to Treatment

We have investigated the respective role of HR and HNP phenotypes in inter-individual
vulnerability to switch from controlled to compulsive cocaine SA. A cohort of rats were
tested for their locomotor response to inescapable novelty and, subsequently for their
preference propensity to express novelty-induced CPP.

After extended cocaine self-administration these rats were tested for each of the three
addiction-like criteria. Whereas LR and HR rats were highly represented in the 0 and 1crit
populations, 60% of the LNP rats were included in the Ocrit population as opposed to 70% of
the HNP rats that showed 2 or 3 addiction-like criteria, none belonging to the Ocrit
population (figure 8A). This asymmetric distribution specific to LNP and HNP rats was
further investigated, as illustrated in figure 8B-D which depict the representativity of LR,
HR, LNP and HNP rats within the distributions for each of the addiction-like criteria.
Importantly, HNP rats, as opposed to LNP rats, represented the great majority of the
subpopulation resistant to punishment (figure 8D).
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Fig. 8. High novelty preference (HNP) and sensation seekers (HR) rats are not equally
distributed within the different addiction-like criteria.

A. Addiction score.The great majority of HNP rats are represented in the 2 and 3crit subgroups of the
population whereas HR rats are equally distributed throughout the different groups. B-C. HNP and
LNP rats are distributed asymmetrically within the population relative to persistence of drug seeking
(B) and motivation for the drug (C). LNP rats are clustered on the right side of the distribution whereas
HNP rats are also represented in the right part of the distribution. Such asymmetry is not observed for
LR and HR rats which are equally distributed throughout the overall population for these two criteria.
D. Distribution of LNP, HNP, LR and HR rats for compulsive cocaine self-administration. Whereas LR
and HR rats did not show any difference in their distribution throughout the population, HNP rats
were highly clustered in the compulsive subpopulation as emphasised by the encircling square. Thus

HNP rats may be highly vulnerable to compulsive cocaine self-administration. Analysis of data from
(28)

Thus although no differences were observed between HR and LR rats for their scores in
each of their addiction-like criteria, HNP rats displayed higher scores than LNP rats in each
of the addiciton-like criteria, namely resistance to punishment, inability to refrain from
cocaine-seeking even if the drug is not available since they persisted, responded, more on
the active nose-poke than LNP rats during “no-drug” periods and motivation for cocaine
(figure 9D).
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Fig. 9. Novelty Preference, but not locomotor reactivity to novelty predicts the switch to
compulsive cocaine self-administration.

ANOVAs with HNP/LNP groups as between-subject factors revealed that HNP rats showed higher
addiction score than LNP rats [F1,15=10.59, p<0.01] (A). Compared to LNP rats, HNP rats developed
compulsive cocaine SA as measured by high level of resistance to punishment [F1,15=11.16, p<0.01] (B)
and were unable to stop seeking cocaine when it was not available and signaled as so [F1,1s=9.03, p<0.01]
(C). HNP rats tend to show higher motivation for cocaine than LNP though this difference did not reach
statistical significance (D). These behavioral differences between HNP and LNP rats could not be
attributable to differential cocaine intake since the two groups have been exposed to the same amount
of cocaine throughout the experiment [F1,15<1] (E). When compared to LR rats, HR rats showed no
difference in the addiction-like behavioral measures. These two groups had behavioral scores similar to
those of LNP rats, thereby illustrating that locomotor reactivity to novelty, as opposed to novelty
preference, doesn’t predict addiction-like behavior for cocaine.

The relationship between high novelty preference trait and vulnerability to switch to
compulsive cocaine SA was further supported by a clear relationship assessed with a non
parametric Spearman correlation analysis R=0.32, p<0.05, with the percentage of time spent
in the new environment of the novelty-induced place preference procedure and the
percentage of infusions compared to baseline when punished contingently by electric foot
shocks as variables. However, no relationship was observed between locomotor reactivity to
novelty and resistance to punishment (Spearman R=-0.15, p=0.36). Importantly, the
behavioural differences observed between HNP and LNP rats cannot be attributed to a
difference in the total amount of cocaine intake since the two groups did not differ for their
total cocaine intake during the 60 days preceding the assessment of the addiction-like
criteria [Fq18<1] (figure 9E).

Since a great majority of the HNP, and none of the LNP, rats was clustered in the
compulsive subpopulation, HNP rats, even though identified from a normally distributed
population, may represent a specific sub-population vulnerable to compulsive cocaine
intake after protracted exposure to the drug. Thereby the high novelty preference trait in the
rat, as identified as the upper quartile of the population tested with the present paradigm is
a promising behavioural tool for the study of the neurobiological substrates of vulnerability
to compulsive cocaine intake.

While providing the first evidence for a causal relationship between novelty preference and
compulsive cocaine use, this study confirms that locomotor reactivity to novelty does not
predict the vulnerability to develop cocaine addiction, but does rather predict the
propensity to self-administer drugs [27;217]. Altogether, these data suggest that the HR
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phenotype and its underlying neurobiological mechanisms may be involved in facilitating
cocaine use, but not in the transition to switch from controlled to compulsive cocaine use,
the hallmark of cocaine addiction [97].

Thus two different behavioural measures suggested to reveal a putative sensation/novelty
seeking trait in rats [12], namely novelty-induced locomotor activity and novelty preference,
are differentially predictive of inter individual propensity to self-administer cocaine and to
switch from controlled to compulsive cocaine use, respectively.

These preclinical data suggest that the correlates of the increased propensity shown by
human sensation seekers to use addictive drugs [175] should be dissociated from those
associated with the transition from controlled to compulsive drug use. Indeed, not only is
sensation seeking a heterogeneous, multifaceted, construct [232] but it is quantified
according to different, not necessarily overlapping [233], personality scales including the
Zuckerman, Eysenck, Arnett and Cloninger’s scales. A factorial analysis of the different
items of the sensation seeking scale developed by Zuckerman [197] revealed four
dimensions [234] namely Thrill and Adventure Seeking [TAS], Experience Seeking [ES],
Disinhibition [Dis], and Boredom Susceptibility [BS], of which the TAS and DIS sub-scales
have been suggested to refer to sensation seeking whereas the ES and BS sub-scales would
refer to novelty seeking [234-235]. Further research is needed to investigate which of these
sub-scales is the most predictive of the vulnerability to switch to compulsive cocaine use,
thereby clearly refining the relationships between sensation seeking trait and vulnerability
to cocaine addiction.

6.1.3 Impulsivity

A popular paradigm used to assess impulsivity in rodents is the 5-choice serial reaction time
task (5-CSRTT), which was developed originally as an analogue of the human continuous
performance task of sustained attention [236]. The 5-CSRTT requires animals to detect brief
flashes of light presented pseudo-randomly in one of five holes and to make a nose-poke
response in the correct spatial location in order to receive a food reward. The rat is thus
required to monitor a horizontal array of apertures and to withhold from responding until
the onset of the stimulus. Generally, the accuracy of stimulus discrimination provides an
index of attentional capacity, while premature responses - made before the presentation of
the stimulus - are regarded as a form of impulsive behaviour and hence a failure in impulse
control [237-238]. The neural and neurochemical basis of impulsivity on the 5-CSRTT has
been extensively investigated, involving important contributions from the anterior cingulate
cortex (ACC), infralimbic cortex, Acb, medial striatum and by the ascending monoaminergic
systems [239-240].

More recently, the 5-CSRTT has been used to screen for spontaneously high levels of
impulsivity in rats, a phenotype associated with increased cocaine, sucrose and nicotine self-
administration [241-243]. Interestingly, Dalley and colleagues have recently shown using
microPET brain imaging that high impulsive rats have lower dopamine D2/3-binding levels
in the ventral striatum as compared to low impulsive littermates [241], thereby suggesting
that alteration of dopamine D2/3-receptors in the Acb may contribute to high impulsivity
and vulnerability to drug addiction.
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We have used the animal model of addiction-like behaviour for cocaine described in
previous sections to investigate whether high impulsivity trait predicts the switch to
compulsive cocaine SA.

A cohort of 40 Lister Hooded rats was screened in the 5-CSRTT for their impulse control.
These rats were then tested for their locomotor response to a new, inescapable environment.
Thus, prior to cocaine exposure, rats were identified as high (HI) and low (LI) impulsive or
HR and LR (figure 10).

® 80 80

W

c

)

%GD I LI {n=10} “““““““““““““““““““““““ GD

@ —@— HI (n=10)

@ 40 40

= ~H- LR (n=10) % E

(4] =

£ 20 - HR(n=10) ; \"i \ =

2 O L4 VA

5 U b b

e 0 hr 0

° b bUTIb bUTIb bUTI b bUTIb bITIb bUTI
Schedule

o

§ 200 o 200

= 160 Q Q 160

£ 120 - Eﬂ L - 120

g I;_f ? EH;H_F @ . &)D —

2 g m ? | \fY\Q\ . .? L

3 u gﬁi‘vz,_tg

S 4 Lm LR(n=10) ".’!"".—!lr—-, —@- LIn=9) Q 40

o . -~ HR (n=10) " —0 HI(n=10) .

o 10 20 30 50 60 70 80 90 100110120 10 20 30 50 60 70 80 90 100110120

Time (10min bins)

Fig. 10. Impulsivity and novelty-induced locomotor activity: two distinct phenotypes. After
(27)

On two baseline days (B), premature responses in the 5_CSRTT were measured. (A and B) During long
intertrail intervals (LITIS), HI rats showed more premature responses than LI rats (Group: Fs36 = 144,
p<0.01; scedule: Fsass = 130.22, p<0.01; Schedule x Group: Fasss = 7.01, p<0.01) (***p<0,001) (A) and HR
(p<0.01) or LR rats (p<0.05) (B). HR rats did not differ from LR rats or from LI subjects (B). (C and D)
HR rats were more reactive to novelty tha LR rats (Fs35 = 17.63, p<0.01). HI and LI subjects never
differed from each other. *Comparison with HR: *p<0.05, **p<0.01, ***p<0.001. (D) Pink and blue dotted
lines represent the average premature responses during the last two intertrial intervals for HI and LI
rats, respectively.

High impulsivity trait and locomotor response to novelty were demonstrated to be
independent behavioural traits. We then tested whether high locomotor response to novelty
and high impulsivity traits predicted higher propensity to acquire cocaine self-
administration. We allowed animals to acquire cocaine SA with daily increasing doses of the
drug. We demonstrated that HR rats acquire cocaine self-administration at doses at which
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LR rats do not, thereby confirming that HR rats are more prone to acquire stimulants self-
administration than LR animals [217]. However, HI rats did not differ from LI in their
propensity to acquire cocaine SA (figure 11).
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Fig. 11. Novelty-induced locomotor activity predicts the propensity to acquire cocaine self-
administration, after (27)

(A) HR rats showed an upward shift of the cocaine dose-response curve compared with LR littermates
(Group: Fi,16 = 4.9, p<0.05; Dose: Fs96 = 11.73, p<0.01; Group x Dose: Fe,9 = 4.39, p<0.01). HR rats infused
more cocaine at the lowest three doses than vehicle (p<0.01). (B) HI and LI subjects did not differ in the
number of self-administered cocaine infusions (Group: F1,16<1; Dose: Fs9 =10.79, p<0.01; Group x Dose:
Fs,06<1)

When subsequently exposed to protracted cocaine self-administration and tested for their
addiction-like behaviour, rats were identified as 0, 1, 2 and 3crit rats and each animal was
given an addiction score (figure 12). We then retrospectively compared HI vs LI and HR vs
LR rats for their addiction score and revealed that HI rats had higher addiction score than LI
whereas HR did not differ from LR rats.

This increased addiction score observed in HI rats was specifically attributed to the
development of compulsive cocaine SA in these rats since they maintained cocaine SA
despite punishment to the same extent as 3crit rats did. However, HR and LR rats did not
differ in this behavioural criterion. The specific relationship between high impulsivity and
compulsivity was further demonstrated by a correlational analysis between the percentage
of premature responses in the 5-CSRTT and resistance to punishment, as assessed by a non
parametric correlation analysis (figure 12).

This evidence suggests that the predisposition to initiate drug use is independent of the
vulnerability to shift from controlled to compulsive drug taking, and therefore provides
new insights into the various behavioural and psychological factors that influence the
pathways to addiction. In particular, the demonstration that the high impulsive trait
predicts the shift to compulsive drug taking behaviour is of major interest since a shift from
impulse control failure to compulsivity has been suggested to play a major role in the
development of drug addiction in humans [87;244] (figure 13).
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Together with the demonstration that novelty preference predicts addiction-like behaviour
for cocaine [28] the present data suggest that further investigations should focus on the
additive or interactive contribution of high impulsivity and novelty seeking traits to the
vulnerability to switch to compulsive cocaine SA.

This suggestion is timely since we [245] have recently demonstrated that high impulsive
rats, as identified in the 5-CSRTT, prefer a novel compartment in a novelty-induced CPP
procedure [245] (figure 14).

Thus both novelty preference and impulsivity, but not locomotor response to novelty,
contribute to inter-individual propensity to switch from controlled to compulsive cocaine SA.

However, this conclusion may be taken with caution since it might be true only for stimulants.
Indeed, we [122] have recently demonstrated that high impulsivity trait does not predict inter-
individual differences in escalation of heroin self-administration (figure 15). This propensity
was instead predicted by pharmacological flexibility in response to extended access to heroin,
i.e,, increased titration in response to increased availability of the drug.
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Fig. 12. Impulsivity predicts the transition to compulsivity

After extended exposure to cocaine SA 0, 1, 2 and 3crit rats were identified and were distributed
similarly to previously described (A) in that 3 crit rats represented 20% of the overall population. When
ranked on a linear addiction scale (R?= 0.99, Group: F3,19=34.43, p<0.01), three-criteria rats had addiction
scores (2.8 £ 0.6) above the standard deviation (2.1), and higher than all the other groups (B). (C) Hl rats
displayed higher addiction score than LI rats (F1,0 = 7.55, *p<0.05), whereas HR rats did not differ from
LR rats. (D) HI rats (n=5) displayed higher resistance to punishment than LI rats (n=6) (F1,0 = 12.79,
p<0.01), whereas HR (n=5) rats did not differ from LR rats (n=5). (E) Impulsivity predicts compulsive
cocaine self-administration (R= 0.42, p<0.05). Gray and black shadings represent LI and HI rats,
respectively.
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Fig. 13. Impulsivity and compulsivity in drug addiction.

It has been suggested that a shift occurs from impulsivity to compulsivity in the control over drug seeking
during the development of drug addiction (left). According to this theoretical framework, drug use is
initially controlled by the positive reinforcing properties of drugs. However, when addiction develops
drug taking is no longer controlled by positive reinforcement but, instead, is controlled by negative
reinforcement and the need to avoid the negative consequences of withdrawal. Other theoretical
frameworks suggest a contribution of both impulsivity and compulsivity to different stages of the
addiction cycle (right). Impulsivity might then be associated with drug taking and relapse, whereas
compulsivity might be associated with craving, bingeing and insensitivity to negative feedback.
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Fig. 14. High impulsive rats seek novelty

HI rats explored the novel compartment of the CPP apparatus for significantly longer period of time
compared with the familiar compartment, a preference that was not observed in LI rats (group x
compartment interraction: F124 = 6.53, p=0,017; post hoc t-test p=0.031). Howerver, there was no
significant difference between HI and LI rat in the total time spent in the novel compartment. LI rats
showed a trend increase in time spent in the familiar compartment compared with HI rats (p=0.059).
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Fig. 15. High impulsivity trait does not predict a greater propensity to escalate heroin SA.
After (122)

Extended access to heroin resulted in escalation of heroin SA over time in both HI and LI rats (a-d).
After 5 days of 1-hour access to heroin, an 18-day 6-hour daily self-administration period was
introduced. Following initiation of the LgA sessions, HI rats (n=5) and LI rats (n=5) did not differ in
their time-dependent increase in active lever presses (a), heroin infusion (b), and intake (calculated as
the amount of heroin self-administered by each rat in milligrammes per kilogramme bidy weight) (c). A
dimentional analysis based on the overall population tested (n=19) did not reveal any correlation
between the individual level of impulsivity (percentage of premature responses during the last two 7 s-
LITI sessions) and the propensity to escalated heroin SA (escalation score; calculated as the slope of
intake over 18 days od LgA for each subject) (d). Consequently, HI and LI rats differed neither in their
escalation slope (e) not in the increase of their ER (intake for each LgA day divided by intake for day 1)
over the 18 LgA sessions (f).

This observation is of interest since it suggests that pharmacological flexibility in response to
changes in drug availability and individual propensity to titrate drug intake according to
drug availability may protect against loss of control over heroin SA. Nevertheless, the
marked dissociation between high impulsivity trait and individual propensity to lose
control over heroin intake is in marked contrast with the demonstration that high
impulsivity predicts increased vulnerability to lose control over cocaine SA [241]. Such
dissociation suggests that heroin and cocaine addiction may not necessarily share common
etiological factors, or, since impulsivity is a multifaceted construct [246], that other forms of
impulsivity predict vulnerability to opiates addiction.
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7. Conclusions

Major advances in the understanding of the neurobiological substrates of addictive drugs
and their short and long-term consequences on the brain have been provided by CPP or self-
administration models. Refined preclinical models, that go beyond drug reinforcement or
neurobiological adaptations to repeated exposure to addictive drugs, hence with heuristic
value with regards to the compulsive nature of drug seeking in drug addicts, have provided
new insights into the aetiology and pathophysiology of drug addiction. Nevertheless, to
date several critical behavioural aspects of drug addiction remain under-investigated,
including the influence of alternative reinforcers during self-administration sessions and the
role of environmental conditions, and especially environmental enrichment in inter-
individual vulnerability to switch to compulsive drug use. Additionally, the recent data we
have acquired on inter-individual differences in loss of control over heroin intake and the
marked dissociation between high impulsivity trait and escalation of heroin SA reveal the
necessity to develop preclinical models of addiction-like behaviour for other classes of drugs
than stimulants. Only then will we be able to determine whether drug addiction is one
pathology characterised by common etiological and pathophysiological factors or whether it
should instead be considered as multifaceted, with different etiological and
pathophysiological pathways, depending, at least, on the drug [56].

8. Acknowledgements

This work was supported by the INSERM AVENIR program, the IREB, the Fondation pour
la recherche Médicale (FRM) and the University of Poitiers. Aude Belin-Rauscent was
supported by the AXA research fund and an INSERM post-doctoral fellowship. The authors
would like to thank Drs Yann Pelloux, Daina Economidou and Pr Barry Everitt for previous
work on contents of this chapter.

9. References

[1] Geyer MA, Markou A, Bloom FE, Kupfer DJ. Animal models in psychatric disorders.
1995. p. 787-798.

[2] Koob G, Le Moal M. Plasticity of reward neurocircuitry and the ‘dark side’ of drug
addiction. Nat Neurosci. 2005; 8: 1442-1444.

[3] Olds J, Milner P. Positive reinforcement produced by electrical stimulation of septal area
and other regions of rat brain. Jcomp Physiol Psychol. 1954; 47: 419-427.

[4] Weeks JR. Experimental Morphine Addiction: Method for Automatic Intravenous
Injections in Unrestrained Rats. Science. 1962; 138: 143-144.

[5] DSMIIL. Diagnostic and Statistical Manual of Mental Disorders [Third Edition].
American Psychiatric Association.; 1985

[6] Everitt BJ, Robbins TW. Second-order schedules of drug reinforcement in rats and
monkeys: measurement of reinforcing efficacy and drug-seeking behaviour.
Psychopharmacology. 2000; 153: 17-30.

[7] Everitt BJ, Robbins TW. Neural systems of reinforcement for drug addiction: from
actions to habits to compulsion. Nat Neurosci. 2005; 8: 1481-1489.



Animal Models of Drug Addiction 51

[8] Belin D, Balado E, Piazza PV, Deroche-Gamonet V. Pattern of intake and drug craving
predict the development of cocaine addiction-like behavior in rats. Biol Psychiatry.
2009; 65: 863-868.

[9] Pelloux Y, Costentin J, Duterte-Boucher D. Differential effects of novelty exposure on
place preference conditioning to amphetamine and its oral consumption.
Psychopharmacology. 2004; 171: 277-285.

[10] Bardo M, Bevins RA. Conditioned place preference: what does it add to our preclinical
understanding of drug reward? Psychopharmacology [Berl]. 2000; 153: 31-43.

[11] Kusayama T, Watanabe S. Reinforcing effects of methamphetamine in planarians.
Neuroreport. 2000; 11: 2511-2513.

[12] Bardo M, Donohew RL, Harrington NG. Psychobiology of novelty seeking and drug
seeking behavior. Behavioural Brain Research. 1996; 77: 23-43.

[13] Frenois F, Cador M, Caille S, Stinus L, Le Moine C. Neural correlates of the motivational
and somatic components of naloxone-precipitated morphine withdrawal. Eur ]
Neurosci. 2002; 16: 1377-1389.

[14] Frenois F, Le Moine C, Cador M. The motivational component of withdrawal in opiate
addiction: role of associative learning and aversive memory in opiate addiction
from a behavioral, anatomical and functional perspective. Rev Neurosci. 2005; 16:
255-276.

[15] Frenois F, Stinus L, Di Blasi F, Cador M, Le Moine C. A specific limbic circuit underlies
opiate withdrawal memories. ] Neurosci. 2005; 25: 1366-1374.

[16] Rossi NA, Reid LD. Affective states associated with morphine injections [dissertation].
Bradley University.; 1976.

[17] Tzschentke T. Behavioral pharmacology of buprenorphine, with a focus on preclinical
models of reward and addiction. Psychopharmacology. 2002; 161: 1-16.

[18] De Wit H, Stewart ]J. Reinstatement of cocaine-reinforced responding in the rat.
Psychopharmacology [Berl]. 1981; 75: 134-143.

[19] De Wit H, Stewart J. Drug reinstatement of heroin-reinforced responding in the rat.
Psychopharmacology [Berl]. 1983; 79: 29-31.

[20] Bossert JM, Ghitza UE, Lu L, Epstein DH, Shaham Y. Neurobiology of relapse to heroin
and cocaine seeking: an update and clinical implications. Eur ] Pharmacol. 2005;
526[1-3]:36-50.

[21] Ahmed SH, Koob G. Transition from Moderate to Excessive Drug Intake: Change in
Hedonic Set Point. Science. 1998; 282: 298-300.

[22] Ahmed SH, Walker JR, Koob G. Persistent Increase in the Motivation to Take Heroin in
Rats with a History of Drug Escalation. Neuropsychopharmacology. 2000; 22: 413-
421.

[23] Vanderschuren L, Everitt B]. Behavioral and neural mechanisms of compulsive drug
seeking. European Journal of Pharmacology. 2005; 526: 77-88.

[24] Pelloux Y, Everitt B], Dickinson A. Compulsive drug seeking by rats under punishment:
effects of drug taking history. Psychopharmacology [Berl]. 2007; 194: 127-137.

[25] Economidou D, Pelloux Y, Robbins TW, Dalley JW, Everitt B]. High Impulsivity
Predicts Relapse to Cocaine-Seeking After Punishment-Induced Abstinence. Biol
Psychiatry. 2009; 65: 851-856.

[26] Deroche-Gamonet V, Belin D, Piazza P. Evidence for addiction-like behavior in the rat.
Science. 2004; 305: 1014-1017.



52 Addictions — From Pathophysiology to Treatment

[27] Belin D, Mar A, Dalley ], Robbins TW, Everitt B] High Impulsivity Predicts the Switch
to Compulsive Cocaine-Taking. Science. 2008; 320: 1352-1355.

[28] Belin D, Berson N, Balado E, Piazza PV, Deroche-Gamonet V. High-Novelty-Preference
Rats are DPredisposed to Compulsive Cocaine  Self-administration.
Neuropsychopharmacology. 2011; 36: 569-579.

[29] Spealman RD, Goldberg SR. Drug Self-Administration by Laboratory Animals: Control
by Schedules of Reinforcement. Annual Reviews in Pharmacology and Toxicology.
1978; 18: 313: 339.

[30] Goldberg SR, Kelleher RT, Morse WH. Second-order schedules of drug injection. Fed
Proc. 1975; 34: 1771-1776.

[31] Stafford D, LeSage MG, Glowa JR. Progressive-ratio schedules of drug delivery in the
analysis of drug self-administration: a review. Psychopharmacology. 1998; 139:
169-184.

[32] Schindler CW, Panlilio LV, Goldberg SR. Second-order schedules of drug self-
administration in animals. Psychopharmacology [Berl]. 2002; 163: 327-344.

[33] Di Chiara G, Imperato A. Drugs abused by humans preferentially increase synaptic
dopamine concentrations in the mesolimbic system of freely moving rats.
ProcNatlAcadSciUSA. 1988; 85: 5274-5278.

[34] Bozarth MA, Wise RA. Intracranial self-administration of morphine into the ventral
tegmental area in rats. Life Sci. 1981; 28: 551-555.

[35] Bozarth MA, Wise RA. Neural substrates of opiate reinforcement. Prog
Neuropsychopharmacol Biol Psychiatry. 1983; 7: 569-575.

[36] Bozarth MA, Wise RA. Anatomically distinct opiate receptor fields mediate reward and
physical dependence. Science. 1984; 224: 516-517.

[37] Bozarth MA, Wise RA. Toxicity associated with long-term intravenous heroin and
cocaine self-administration in the rat. JAMA. 1985; 254: 81-83.

[38] Di Chiara G, Tanda G, Bassareo V, Pontieri F, Acquas E, Fenu S, Cadoni C, Carboni E.
Drug addiction as a disorder of associative learning. rdle of nucleus accumbens
shell/extended amygdala dopamine. Ann N'Y Acad Sci. 1999; 877: 461-485.

[39] Everitt BJ, Parkinson JA, Olmstead M, Arroyo M, Robledo P, Robbins TW. Associative
processes in addiction and reward. The role of amygdala-ventral striatal
subsystems. Ann NYAcadSci. 1999; 877: 412-438.

[40] Everitt BJ, Dickinson A, Robbins TW. The neuropsychological basis of addictive
behaviour. Brain Research Reviews. 2001; 36: 129-138.

[41] Everitt BJ, Belin D, Dalley J, Robbins TW. Dopaminergic mechanisms in drug-seeking
habits and the vulnerability to drug addiction. In: Leslie Iversen SI, Stephen
Dunnett, and Anders Bjorklund, editor. Dopamine Handbook. New York: Oxford
University Press; 2010.

[42] Robbins TW, Everitt BJ. Drug addiction: bad habits add up. Nature. 1999; 398: 567-570.

[43] Robbins TW, Everitt BJ. Limbic-Striatal Memory Systems and Drug Addiction.
Neurobiology of Learning and Memory. 2002; 78: 625-636.

[44] Robinson T, Berridge K. Incentive-sensitization and addiction. Addiction. 2001; 96: 103-
114.

[45] Everitt BJ, Wolf ME. Psychomotor Stimulant Addiction: A Neural Systems Perspective.
Journal of Neuroscience. 2002; 22: 3312-3320.



Animal Models of Drug Addiction 53

[46] Jones S, Bonci A. Synaptic plasticity and drug addiction. Curr Opin Pharmacol. 2005; 5:
20-25.

[47] Hyman SE, Malenka RC, Nestler EJ. Neural mechanisms of addiction: the role of
reward-related learning and memory. Annu Rev Neurosci. 2006; 29: 565-598.

[48] Schultz W. Multiple Dopamine Functions at Different Time Courses. Annu Rev
Neurosci. 2007; 30: 259-288.

[49] Schultz W. Behavioral dopamine signals. Trends in Neurosciences. 2007; 30: 203-210.

[50] Faure A, Reynolds SM, Richard JM, Berridge KC. Mesolimbic dopamine in desire and
dread: enabling motivation to be generated by localized glutamate disruptions in
nucleus accumbens. ] Neurosci. 2008; 28: 7184-7192.

[61] Thomas M]J, Kalivas P, Shaham Y. Neuroplasticity in the mesolimbic dopamine system
and cocaine addiction. Br ] Pharmacol. 2008; 154: 327-342.

[52] Berridge KC, Robinson TE, Aldridge JW. Dissecting components of reward: ‘liking’,
‘wanting’, and learning. Curr Opin Pharmacol. 2009; 9[1]:65-73.

[53] Ettenberg A, Pettit HO, Bloom FE, Koob GF. Heroin and cocaine intravenous self-
administration in  rats: Mediation by separate neural systems.
Psychopharmacology. 1982; 78: 204-209.

[54] Kelly PH, Roberts DC. Effects of amphetamine and apomorphine on locomotor activity
after 6-OHDA and electrolytic lesions of the nucleus accumbens septi. Pharmacol
Biochem Behav. 1983; 19: 137-143.

[55] Pettit HO, Ettenberg A, Bloom FE, Koob GF. Destruction of dopamine in the nucleus
accumbens selectively attenuates cocaine but not heroin self-administration in rats.
Psychopharmacology [Berl]. 1984; 84: 167-173.

[56] Badiani A, Belin D, Epstein D, Calu D, Shaham Y. Opiate versus psychostimulant
addiction: the differences do matter. Nat Rev Neurosci. 2011; 12: 685-700.

[57] Robinson T, Kolb B. Persistent structural modifications in nucleus accumbens and
prefrontal cortex neurons produced by previous experience with amphetamine. J
Neurosci. 1997; 17: 8491-8497.

[58] Robinson T, Kolb B. Morphine alters the structure of neurons in the nucleus accumbens
and neocortex of rats. Synapse. 1999; 33: 160-162.

[59] Robinson T, Kolb B. Alterations in the morphology of dendrites and dendritic spines in
the nucleus accumbens and prefrontal cortex following repeated treatment with
amphetamine or cocaine. Eur ] Neurosci. 1999; 11: 1598-1604.

[60] Robinson T, Kolb B. Structural plasticity associated with exposure to drugs of abuse.
Neuropharmacology. 2004; 47 Suppl 1: 33-46.

[61] Robinson TE, Leung AN, Northway WH, Blankenberg FG, Bloch DA, Oehlert JW, Al-
Dabbagh H, Hubli S, Moss RB. Spirometer-triggered high-resolution computed
tomography and pulmonary function measurements during an acute exacerbation
in patients with cystic fibrosis. ] Pediatr. 2001; 138: 553-559.

[62] Li Y, Kolb B, Robinson T. The location of persistent amphetamine-induced changes in
the density of dendritic spines on medium spiny neurons in the nucleus accumbens
and caudate-putamen. Neuropsychopharmacology. 2003; 28: 1082-1085.

[63] Wolf ME, Sun X, Mangiavacchi S, Chao SZ. Psychomotor stimulants and neuronal
plasticity. Neuropharmacology. 2004; 47 Suppl 1: 61-79.

[64] Schmidt K, Krishnan B, Xia Y, Sun A, Orozco-Cabal L, Pollandt S, Centeno M, Genzer
K, Gallagher JP, Shinnick-Gallagher P, Liu J. Cocaine withdrawal enhances long-



54 Addictions — From Pathophysiology to Treatment

term potentiation induced by corticotropin-releasing factor at central amygdala
glutamatergic synapses via CRF, NMDA receptors and PKA. Eur ] Neurosci. 2006;
24:1733-1743.

[65] Fu Y, Pollandt S, Liu J, Krishnan B, Genzer K, Orozco-Cabal L, Gallagher JP, Shinnick-
Gallagher P Long-term potentiation [LTP] in the central amygdala [CeA] is
enhanced after prolonged withdrawal from chronic cocaine and requires CRF1
receptors. ] Neurophysiol. 2007; 97: 937-941.

[66] Bonci A, Borgland S. Role of orexin/hypocretin and CRF in the formation of drug-
dependent synaptic plasticity in the mesolimbic system. Neuropharmacology.
2009; 56 Suppl 1: 107-111.

[67] Ahmed SH, Lutjens R, van der Stap LD, Lekic D, Romano-Spica V, Morales M, Koob
GF, Repunte-Canonigo V, Sanna PP. Gene expression evidence for remodeling of
lateral hypothalamic circuitry in cocaine addiction. Proc Natl Acad Sci U S A. 2005;
102: 11533-11538.

[68] Belin D, Deroche-Gamonet V, Jaber M. Cocaine-induced sensitization is associated with
altered dynamics of transcriptional responses of the dopamine transporter, tyrosine
hydroxylase, and dopamine D2 receptors in C57Bl/6] mice. Psychopharmacology
[Berl]. 2007; 193: 567-578.

[69] Nestler E]. Common molecular and cellular substrates of addiction and memory.
Neurobiol Learn Mem. 2002; 78: 637-647.

[70] Koob G. Neuroadaptive mechanisms of addiction: studies on the extended amygdala.
European Neuropsychopharmacology. 2003; 13: 442-452.

[71] Befort K, Filliol D, Ghate A, Darcq E, Matifas A, Muller ], Lardenois A, Thibault C,
Dembele D, Le Merrer ], Becker JA, Poch O, Kieffer BL. Mu-opioid receptor
activation induces transcriptional plasticity in the central extended amygdala. Eur J
Neurosci. 2008; 27: 2973-2984.

[72] Feltenstein MW, See RE. The neurocircuitry of addiction: an overview. Br ] Pharmacol.
2008; 154: 261-274.

[73] Corominas M, Roncero C, Casas M. Corticotropin releasing factor and neuroplasticity in
cocaine addiction. Life Sci. 2009

[74] Marcinkiewcz CA, Prado MM, Isaac SK, Marshall A, Rylkova D, Bruijnzeel AW.
Corticotropin-releasing factor within the central nucleus of the amygdala and the
nucleus accumbens shell mediates the negative affective state of nicotine
withdrawal in rats. Neuropsychopharmacology. 2009; 34: 1743-1752.

[75] Nestler E]. The neurobiology of cocaine addiction. Sci Pract Perspect. 2005; 3: 4-10.

[76] Nestler EJ. Epigenetic mechanisms in psychiatry. Biol Psychiatry. 2009; 65: 189-190.

[77] Renthal W, Nestler E]. Epigenetic mechanisms in drug addiction. Trends Mol Med.
2008; 14: 341-350.

[78] Maze I, Covington HE 3rd, Dietz DM, LaPlant Q, Renthal W, Russo SJ, Mechanic M,
Mouzon E, Neve RL, Haggarty SJ, Ren Y, Sampath SC, Hurd YL, Greengard P,
Tarakhovsky A, Schaefer A, Nestler E]. Essential role of the histone
methyltransferase G9a in cocaine-induced plasticity. Science. 2010; 327: 213-216.

[79] Russo SJ, Dietz DM, Dumitriu D, Morrison JH, Malenka RC, Nestler EJ. The addicted
synapse: mechanisms of synaptic and structural plasticity in nucleus accumbens.
Trends Neurosci. 2010



Animal Models of Drug Addiction 55

[80] Jedynak ], Uslaner ], Esteban J, Robinson T. Methamphetamine-induced structural
plasticity in the dorsal striatum. Eur ] Neurosci. 2007; 25: 847-853.

[81] Schoenbaum G, Shaham Y. The role of Orbitofrontal Cortex in Drug Addiction: A
Review of Preclinical Studies. Biological Psychiatry. 2008; 63: 256-262.

[82] Winstanley CA, Green TA, Theobald DE, Renthal W, LaPlant Q, DiLeone R],
Chakravarty S, Nestler EJ. DeltaFosB induction in orbitofrontal cortex potentiates
locomotor sensitization despite attenuating the cognitive dysfunction caused by
cocaine. Pharmacol Biochem Behav. 2008

[83] Kolb B, Gorny G, Li Y, Samaha AN, Robinson T. Amphetamine or cocaine limits the
ability of later experience to promote structural plasticity in the neocortex and
nucleus accumbens. Proc Natl Acad Sci U S A. 2003; 100: 10523-10528.

[84] Kolb B, Pellis S, Robinson T. Plasticity and functions of the orbital frontal cortex. Brain
Cogn. 2004; 55: 104-115.

[85] Crombag H, Gorny G, Li Y, Kolb B, Robinson T. Opposite effects of amphetamine self-
administration experience on dendritic spines in the medial and orbital prefrontal
cortex. Cereb Cortex. 2005; 15: 341-348.

[86] Koob G, Le Moal M. Drug Abuse: Hedonic Homeostatic Dysregulation. Science. 1997;
278: 52-58.

[87] Koob G, Le Moal M. Drug addiction, dysregulation of reward, and allostasis.
Neuropsychopharmacology. 2001; 24: 97-129.

[88] Koob GF, Le Moal M. Review. Neurobiological mechanisms for opponent motivational
processes in addiction. Philos Trans R Soc Lond B Biol Sci. 2008; 363: 3113-3123.

[89] Tsankova N, Renthal W, Kumar A, Nestler E]J. Epigenetic regulation in psychiatric
disorders. Nat Rev Neurosci. 2007; 8: 355-367.

[90] McClung CA, Nestler EJ. Neuroplasticity mediated by altered gene expression.
Neuropsychopharmacology. 2008; 33: 3-17.

[91] Renthal W, Nestler EJ. Chromatin regulation in drug addiction and depression.
Dialogues Clin Neurosci. 2009; 11: 257-268.

[92] Renthal W, Nestler EJ. Histone acetylation in drug addiction. Semin Cell Dev Biol. 2009;
20: 387-394.

[93] Ahmed SH. Validation crisis in animal models of drug addiction: beyond non-
disordered drug use toward drug addiction. Neurosci Biobehav Rev. 2010; 35: 172-
184.

[94] Clark R, Schuster CR, Brady JV. Instrumental conditioning of jugular self-infusion in the
rhesus monkey. Science. 1961; 133: 1829-1830.

[95] Wise RA, Bozarth MA. A psychomotor stimulant theory of addiction. Psychol Rev.
1987; 94: 469-492.

[96] Robinson T, Berridge K. The neural basis of drug craving: an incentive-sensitization
theory of addiction. Brain Research Reviews. 1993; 18: 247-291.

[97] APA. Diagnostic and Statistical Manual of Mental Disorders fourth edition, Text
revision [DSM-IV TR]. Washington DC: American Psychiatric Association; 2000

[98] Shaham Y, Miczek K. Reinstatement?toward a model of relapse. Psychopharmacology.
2003; 168: 1-2.

[99] Shaham Y, Shalev U, Lu L, De Wit H, Stewart J. The reinstatement model of drug
relapse: history, methodology and major findings. Psychopharmacology. 2003; 168:
3-20.



56 Addictions — From Pathophysiology to Treatment

[100] Fuchs RA, Branham RK, See RE. Different neural substrates mediate cocaine seeking
after abstinence versus extinction training: a critical role for the dorsolateral
caudate-putamen. ] Neurosci. 2006; 26: 3584-3588.

[101] Belin D, Everitt B]. Cocaine-Seeking Habits Depend upon Dopamine-Dependent Serial
Connectivity Linking the Ventral with the Dorsal Striatum. Neuron. 2008; 57: 432-
441.

[102] O’Brien CP. A Range of Research-Based Pharmacotherapies for Addiction. Science.
1997; 278: 66-70.

[103] See RE, Elliott JC, Feltenstein MW. The role of dorsal vs ventral striatal pathways in
cocaine-seeking behavior after prolonged abstinence in rats. Psychopharmacology
[Berl]. 2007; 194: 321-331.

[104] Fuchs R, Tran-Nguyen LT, Specio SE, Groff RS, Neisewander JL. Predictive validity of
the extinction/reinstatement model of drug craving. Psychopharmacology [Berl].
1998; 135: 151-160.

[105] Shalev U, Grimm JW, Shaham Y. Neurobiology of Relapse to Heroin and Cocaine
Seeking: A Review. Pharmacological Reviews. 2002; 54: 1-42.

[106] Capriles N, Rodaros D, Sorge RE, Stewart ]J. A role for the prefrontal cortex in stress-
and cocaine-induced reinstatement of cocaine seeking in rats. Psychopharmacology
[Berl]. 2003; 168: 66-74.

[107] Fuchs RA, Evans KA, Parker MP, See RE. Differential involvement of orbitofrontal
cortex subregions in conditioned cue-induced and cocaine-primed reinstatement of
cocaine seeking in rats. ] Neurosci. 2004; 24: 6600-6610.

[108] Fuchs RA, Ramirez DR, Bell GH. Nucleus accumbens shell and core involvement in
drug context-induced reinstatement of cocaine seeking in rats.
Psychopharmacology [Berl]. 2008; 200: 545-556.

[109] Torregrossa MM, Tang XC, Kalivas PW. The glutamatergic projection from the
prefrontal cortex to the nucleus accumbens core is required for cocaine-induced
decreases in ventral pallidal GABA. Neurosci Lett. 2008; 438: 142-145.

[110] Zhou W, Kalivas P. N-Acetylcysteine Reduces Extinction Responding and Induces
Enduring Reductions in Cue- and Heroin-Induced Drug-Seeking. Biological
Psychiatry. 2008; 63: 338-340.

[111] Knackstedt LA, Kalivas PW. Glutamate and reinstatement. Curr Opin Pharmacol.
2009; 9: 59-64.

[112] Rocha A, Kalivas PW. role of the prefrontal cortex and nucleus accumbens in
reinstating methamphetamine seeking. Eur ] Neurosci. 2010; 31: 903-909.

[113] Kalivas P, Mcfarland K. Brain circuitry and the reinstatement of cocaine-seeking
behavior. Psychopharmacology [Berl]. 2003; 168: 44-56.

[114] Kalivas P. Glutamate systems in cocaine addiction. Current Opinion in Pharmacology.
2004; 4: 23-29.

[115] LaLumiere RT, Kalivas PW. Glutamate release in the nucleus accumbens core is
necessary for heroin seeking. ] Neurosci. 2008; 28: 3170-3177.

[116] Kalivas PW. Perspective: the manifest destiny of cocaine research.
Neuropsychopharmacology. 2009; 34: 1089-1090.

[117] Grimm JW, Hope BT, Wise RA, Shaham Y. Neuroadaptation. Incubation of cocaine
craving after withdrawal. Nature. 2001; 412: 141-142.



Animal Models of Drug Addiction 57

[118] Lu L. Incubation of cocaine craving after withdrawal: a review of preclinical data.
Neuropharmacology. 2004; 47: 214-226.

[119] Zernig G, Ahmed S, Cardinal R et al. Explaining the Escalation of Drug Use in
Substance Dependence: Models and Appropriate Animal Laboratory Tests.
Pharmacology. 2007; 80: 65-119.

[120] Ahmed S, Cador M. Dissociation of Psychomotor Sensitization from Compulsive
Cocaine Consumption. Neuropsychopharmacology. 2006; 31: 563-571.

[121] Vanderschuren L, Everitt BJ. Drug Seeking Becomes Compulsive After Prolonged
Cocaine Self-Administration. Science. 2004; 305: 1017-1019.

[122] McNamara R, Dalley JW, Robbins TW, Everitt B], Belin D. Trait-like impulsivity does
not predict escalation of heroin self-administration in the rat. Psychopharmacology.
2010; 212: 453-464.

[123] Lenoir M, Ahmed S. Heroin-Induced Reinstatement is Specific to Compulsive Heroin
Use and  Dissociable from  Heroin Reward and  Sensitization.
Neuropsychopharmacology. 2007; 32: 616-624.

[124] Corbit LH, Balleine B. The role of prelimbic cortex in instrumental conditioning.
Behavioural Brain Research. 2003; 146: 145-157.

[125] Olmstead M, Parkinson J, Miles F, Everitt B], Dickinson A. Cocaine-seeking by rats:
regulation, reinforcement and activation. Psychopharmacology. 2000; 152: 123-131.

[126] Olmstead M, Lafond M, Everitt BJ, Dickinson A. Cocaine seeking by rats is a goal-
directed action. Behavioral Neuroscience. 2001; 115: 394-402.

[127] Zapata A, Minney VL, Shippenberg TS. Shift from goal-directed to habitual cocaine
seeking after prolonged experience in rats. ] Neurosci. 2010; 30: 15457-15463.

[128] Belin-Rauscent A, Everitt BJ, Belin D. Intrastriatal shifts mediate the transition from
drug seeking actions to habits. Biological Psychiatry. 2012; In Press

[129] Goldberg SR, Spealman RD, Kelleher RT. Enhancement of drug-seeking behavior by
environmental stimuli associated with cocaine or morphine injections.
Neuropharmacology. 1979; 18: 1015-1017.

[130] Goldberg SR, Kelleher RT, Goldberg DM. Fixed-ratio responding under second-order
schedules of food presentation or cocaine injection. J] Pharmacol Exp Ther. 1981;
218: 271-281.

[131] Parkinson JA, Roberts AC, Everitt B], Di Ciano P. Acquisition of instrumental
conditioned reinforcement is resistant to the devaluation of the unconditioned
stimulus. QJExpPsycholB. 2005; 58: 19-30.

[132] Di Ciano P, Benham-Hermetz J, Fogg AP, Osborne GE. role of the prelimbic cortex in
the acquisition, re-acquisition or persistence of responding for a drug-paired
conditioned reinforcer. Neuroscience. 2007; 150: 291-298.

[133] Arroyo M, Markou A, Robbins TW, Everitt BJ. Acquisition, maintenance and
reinstatement of intravenous cocaine self-administration under a second-order
schedule of reinforcement in rats: effects of conditioned cues and continuous access
to cocaine. Psychopharmacology [Berl]. 1998; 140: 331-344.

[134] Ito R, Dalley ], Robbins TW, Everitt B]. Dopamine release in the dorsal striatum during
cocaine-seeking behavior under the control of a drug-associated cue. ] Neurosci.
2002; 22: 6247-6253.

[135] Ito R, Robbins TW, Everitt B]. Differential control over cocaine-seeking behavior by
nucleus accumbens core and shell. Nat Neurosci. 2004; 7: 389-397.



58 Addictions — From Pathophysiology to Treatment

[136] Lee ], Di Ciano P, Thomas K, Everitt B]. Disrupting Reconsolidation of Drug Memories
Reduces Cocaine-Seeking Behavior. Neuron. 2005; 47: 795-801.

[137] Murray ], Belin D, Everitt B]. Double dissociation of the dorsomedial and dorsolateral
striatal control over the acquisition and performance of cocaine seeking.
Neuropsychopharmacology. 2012; In Press

[138] Murray JE, Everitt BJ, Belin D. N-Acetylcysteine reduces early- and late-stage cocaine
seeking without affecting cocaine taking in rats. Addict Biol. 2012; 17: 437-440.

[139] Di Ciano P, Everitt BJ. Direct Interactions between the Basolateral Amygdala and
Nucleus Accumbens Core Underlie Cocaine-Seeking Behavior by Rats. Journal of
Neuroscience. 2004; 24: 7167-7173.

[140] Corbit LH, Nie H, Janak PH. Habitual Alcohol Seeking: Time Course and the
Contribution of Subregions of the Dorsal Striatum. Biol Psychiatry. 2012

[141] Murray ], Belin D, Everitt B]. Double dissociation of the dorsomedial and dorsolateral
striatal control over the acquisition and performance of cocaine seeking.
Neuropsychopharmacology. 2012; In Press

[142] Vollstadt-Klein S, Wichert S, Rabinstein J, Biithler M, Klein O, Ende G, Hermann D,
Mann K. Initial, habitual and compulsive alcohol use is characterized by a shift of
cue processing from ventral to dorsal striatum. Addiction. 2010; 105: 1741-1749.

[143] Volkow ND, Wang GJ, Telang F, Fowler ]S, Logan ], Childress AR, Jayne M, Ma Y,
Wong C. Cocaine Cues and Dopamine in Dorsal Striatum: Mechanism of Craving
in Cocaine Addiction. Journal of Neuroscience. 2006; 26: 6583-6588.

[144] Goodman WK, Price LH, Rasmussen SA, Mazure C, Fleischmann RL, Hill CL,
Heninger GR, Charney DS. The Yale-Brown Obsessive Compulsive Scale. II.
Validity. Arch Gen Psychiatry. 1989; 46: 1012-1016.

[145] Goodman WK, Price LH, Rasmussen SA, Mazure C, Fleischmann RL, Hill CL,
Heninger GR, Charney DS. The Yale-Brown Obsessive Compulsive Scale. I.
Development, use, and reliability. Arch Gen Psychiatry. 1989; 46: 1006-1011.

[146] Anton RF. Obsessive-compulsive aspects of craving: development of the Obsessive
Compulsive Drinking Scale. Addiction. 2000; 95 Suppl 2: S211-7.

[147] Waldorf D, Reinarman C, Murphy S. Cocaine Changes: The Experience of Using and
Quitting. Temple University Press; 1991

[148] Burman BD. The nonreimbursed patient. Rehab Manag. 1997; 10: 48-51.

[149] Cunningham JA, Lin E, Ross HE, Walsh GW. Factors associated with untreated
remissions from alcohol abuse or dependence. Addict Behav. 2000; 25: 317-321.

[150] Dickinson A, Wood N, Smith ]. Alcohol seeking by rats: Action or habit? The
Quarterly Journal of Experimental Psychology: Section B. 2002; 55: 331-348.

[151] Miles F, Everitt BJ, Dickinson A. Oral cocaine seeking by rats: Action or habit?
Behavioral Neuroscience. 2003; 117: 927-938.

[152] Heyne A, Wolffgramm ]. The development of addiction to d-amphetamine in an
animal model: same principles as for alcohol and opiate. Psychopharmacology
[Berl]. 1998; 140: 510-518.

[153] Spanagel R, Holter SM. Long-term alcohol self-administration with repeated alcohol
deprivation phases: an animal model of alcoholism? Alcohol Alcohol. 1999; 34: 231-
243.

[154] Heyne A, May T, Goll P, Wolffgramm ]. Persisting consequences of drug intake:
towards a memory of addiction. ] Neural Transm. 2000; 107: 613-638.



Animal Models of Drug Addiction 59

[155] Pearce JM, Dickinson A. Pavlovian counterconditioning: changing the suppressive
properties of shock by association with food. ] Exp Psychol Anim Behav Process.
1975; 1: 170-177.

[156] Azrin NH, Holz WC. Punishment. Operant behavior: Areas of research and
application. 1966; 380-447.

[157] Cooper A, Barnea-Ygael N, Levy D, Shaham Y, Zangen A. A conflict rat model of cue-
induced relapse to cocaine seeking. Psychopharmacology [Berl]. 2007; 194: 117-125.

[158] Smith SG, Davis WM. Punishment of amphetamine and morphine self-administration
behavior. Psychol Rec. 1974; 24: 477-480.

[159] Corbit L, Balleine B. Instrumental and Pavlovian incentive processes have dissociable
effects on components of a heterogeneous instrumental chain. Journal of
Experimental Psychology: Animal Behavior Processes. 2003; 29: 99-106.

[160] Panlilio LV, Thorndike EB, Schindler CW. Reinstatement of punishment-suppressed
opioid self-administration in rats: an alternative model of relapse to drug abuse.
Psychopharmacology [Berl]. 2003; 168: 229-235.

[161] Robinson T, Berridge K. The psychology and neurobiology of addiction: an incentive-
sensitization view. Addiction. 2000; 95: S91-S117.

[162] Robinson TE, Berridge KC. Review. The incentive sensitization theory of addiction:
some current issues. Philos Trans R Soc Lond B Biol Sci. 2008; 363: 3137-3146.

[163] Dieckmann U, Doebeli M. On the origin of species by sympatric speciation. Nature.
1999; 400: 354-357.

[164] Hasegawa M, Yahara T, Yasumoto A, Hotta M. Bimodal distribution of flowering time
in a natural hybrid population of daylily [Hemerocallis fulva] and nightlily
[Hemerocallis citrina]. Journal of Plant Research. 2006; 119: 63-68.

[165] Ellenbroek BA, Cools AR. Apomorphine susceptibility and animal models for
psychopathology: genes and environment. Behav Genet. 2002; 32: 349-361.

[166] Nesse RM, Berridge K. Psychoactive Drug Use in Evolutionary Perspective. Science.
1997; 278: 63-66.

[167] Belin D, Economidou D, Pelloux Y, Everitt B]. Habit Formation and Compulsion. In:
Olmstead MC, editor. Animal models of drug addiction. Humana Press; 2010. p.
337-378.

[168] Anthony JC, Warner LA, Kessler RC Comparative epidemiology of dependence on
tobacco, alcohol, controlled substances, and inhalants: Basic findings from the
National comorbidity Survey. Exp Clin Psychopharmacol. 1994; 2: 244-268.

[169] Kasanetz F, Deroche-Gamonet V, Berson N, Balado E, Lafourcade M, Manzoni O,
Piazza PV. Transition to addiction is associated with a persistent impairment in
synaptic plasticity. Science. 2010; 328: 1709-1712.

[170] Everitt BJ, Belin D, Economidou D, Pelloux Y, Dalley ], Robbins TW. Neural
mechanisms underlying the vulnerability to develop compulsive drug-
seeking habits and addiction. Philos Trans R Soc Lond B Biol Sci. 2008; 363: 3125-
3135.

[171] Kreek M, Laforge K, Butelman E. Pharmacotherapy of addictions. Nat Rev Drug
Discov. 2002; 1: 710-726.

[172] Kreek M, Nielsen D, Butelman E, Laforge K. Genetic influences on impulsivity, risk
taking, stress responsivity and vulnerability to drug abuse and addiction. Nat
Neurosci. 2005; 8: 1450-1457.



60 Addictions — From Pathophysiology to Treatment

[173] Teichman M, Barnea Z, Rahav G. Sensation seeking, state and trait anxiety, and
depressive mood in adolescent substance users. IntJAddict. 1989; 24: 87-99.

[174] Teichman M, Barnea Z, Ravav G. Personality and substance use among adolescents: a
longitudinal study. BrJAddict. 1989; 84: 181-190.

[175] Zuckerman M. The sensation seeking motive. Prog Exp Pers Res. 1974; 7: 79-148.

[176] Zuckerman M. Sensation seeking and the endogenous deficit theory of drug abuse.
NIDA Res Monogr. 1986; 74: 59-70.

[177] Zuckerman M. Sensation seeking and behavior disorders. Arch Gen Psychiatry. 1988;
45: 502-504.

[178] Kilpatrick DG, Sutker PB, Roitzsch JC, Miller WC. Personality correlates of polydrug
abuse. PsycholRep. 1976; 38: 311-317.

[179] Pomerleau CS, Pomerleau OF, Flessland KA, Basson SM. Relationship of
Tridimensional Personality Questionnaire scores and smoking variables in female
and male smokers. ] Subst Abuse. 1992; 4: 143-154.

[180] Schinka JA, Curtiss G, Mulloy JM. Personality variables and self-medication in
substance abuse. JpersAssess. 1994; 63: 413-422.

[181] Wills TA, Vaccaro D, McNamara G. Novelty seeking, risk taking, and related
constructs as predictors of adolescent substance use: an application of Cloninger’s
theory. ] Subst Abuse. 1994; 6: 1-20.

[182] Wills TA, Windle M, Cleary SD. Temperament and novelty seeking in adolescent
substance use: convergence of dimensions of temperament with constructs from
Cloninger’s theory. ] Pers Soc Psychol. 1998; 74: 387-406.

[183] Scourfield J, Stevens DE, Merikangas KR. Substance abuse, comorbidity, and sensation
seeking: gender differences. Compr Psychiatry. 1996; 37: 384-392.

[184] Sarramon C, Verdoux H, Schmitt L, Bourgeois M. [Addiction and personality traits:
sensation seeking, anhedonia, impulsivity]. Encephale. 1999; 25: 569-575.

[185] Sher K], Bartholow BD, Wood MD. Personality and substance use disorders: a
prospective study. ] Consult Clin Psychol. 2000; 68: 818-829.

[186] Skinstad AH, Swain A. Comorbidity in a clinical sample of substance abusers. Am
Jdrug Alcohol Abuse. 2001; 27: 45-64.

[187] Conway K, Swendsen JD, Rounsaville B], Merikangas KR. Personality, drug of choice,
and comorbid psychopathology among substance abusers. Drug Alcohol Depend.
2002; 65: 225-234.

[188] Moeller FG, Dougherty DM, Barratt ES, Oderinde V, Mathias CW, Harper RA, Swann
AC. Increased impulsivity in cocaine dependent subjects independent of antisocial
personality disorder and aggression. Drug Alcohol Depend. 2002; 68: 105-111.

[189] Adams JB, Heath AJ, Young SE, Hewitt JK, Corley RP, Stallings MC. Relationships
between personality and preferred substance and motivations for use
among adolescent substance abusers. Am ] Drug Alcohol Abuse. 2003; 29: 691-
712.

[190] Conway K. Personality, substance of choice, and polysubstance involvement among
substance dependent patients. Drug and Alcohol Dependence. 2003; 71: 65-75.

[191] O'Leary TA, Rohsenow DJ, Martin R, Colby SM, Eaton CA, Monti PM. The
relationship between anxiety levels and outcome of cocaine abuse treatment. Am
Jdrug Alcohol Abuse. 2000; 26: 179-194.



Animal Models of Drug Addiction 61

[192] Roberts A. Psychiatric comorbidity in white and African-American illicit substance
abusers: evidence for differential etiology. ClinPsycholRev. 2000; 20: 667-677.

[193] Forsyth JP, Parker JD, Finlay CG. Anxiety sensitivity, controllability, and experiential
avoidance and their relation to drug of choice and addiction severity in a
residential sample of substance-abusing veterans. Addictive Behaviors. 2003; 28:
851-870.

[194] Zilberman ML, Tavares H, Hodgins DC, el-Guebaly N. The impact of gender,
depression, and personality on craving. ] Addict Dis. 2007; 26: 79-84.

[195] Petry NM. Discounting of delayed rewards in substance abusers: relationship
to antisocial personality disorder. Psychopharmacology [Berl]. 2002; 162: 425-
432.

[196] Hanson KL, Luciana M, Sullwold K. Reward-related decision-making deficits and
elevated impulsivity among MDMA and other drug users. Drug Alcohol Depend.
2008; 96: 99-110.

[197] Franques P, Auriacombe M, Tignol ]. [Addiction and personality]. Encephale. 2000; 26:
68-78.

[198] Zuckerman M, Neeb M. Sensation seeking and psychopathology. Psychiatry Res. 1979;
1: 255-264.

[199] Zuckerman M. The psychophysiology of sensation seeking. ] Pers. 1990; 58: 313-345.

[200] Chandra PS, Krishna VA, Benegal V, Ramakrishna J. High-risk sexual behaviour
& sensation seeking among heavy alcohol users. Indian ] Med Res. 2003; 117: 88-
92.

[201] Pellow S, Chopin P, File SE, Briley M. Validation of open: closed arm entries in an
elevated plus-maze as a measure of anxiety in the rat. JneurosciMethods. 1985; 14:
149-167.

[202] Pellow S, File SE. Anxiolytic and anxiogenic drug effects on exploratory activity in an
elevated plus-maze: a novel test of anxiety in the rat. PharmacolBiochemBehav.
1986; 24: 525-529.

[203] Pelloux Y, Costentin ], Duterte-Boucher D. Anxiety increases the place conditioning
induced by cocaine in rats. Behav Brain Res. 2009; 197: 311-316.

[204] Homberg JR, van den Akker M, Raasg HS, Wardeh G, Binnekade R, Schoffelmeer AN,
de Vries TJ. Enhanced motivation to self-administer cocaine is predicted by self-
grooming behaviour and relates to dopamine release in the rat medial prefrontal
cortex and amygdala. Eur ] Neurosci. 2002; 15: 1542-1550.

[205] Bush D, Vaccarino F. Individual differences in elevated plus-maze exploration
predicted progressive-ratio cocaine self-administration break points in Wistar rats.
Psychopharmacology. 2007; 194: 211-219.

[206] Spanagel R, Montkowski A, Allingham K, Stohr T, Shoaib M, Holsboer F, Landgraf R.
Anxiety: a potential predictor of vulnerability to the initiation of ethanol self-
administration in rats. Psychopharmacology [Berl]. 1995; 122: 369-373.

[207] Henniger MS, Spanagel R, Wigger A, Landgraf R, Holter SM. Alcohol self-
administration in two rat lines selectively bred for extremes in anxiety-related
behavior. Neuropsychopharmacology. 2002; 26: 729-736.

[208] Stewart SH, Karp J, Pihl RO, Peterson RA. Anxiety sensitivity and self-reported
reasons for drug use. JsubstAbuse. 1997; 9: 223-240.



62 Addictions — From Pathophysiology to Treatment

[209] Chakroun N, Doron J, Swendsen J. [Substance use, affective problems and personality
traits: test of two association models.]. Encephale. 2004; 30: 564-569.

[210] Dilleen R, Pelloux Y, Mar AC, Molander A, Robbins TW, Everitt B], Dalley JW, Belin
D. High anxiety is a predisposing endophenotype for loss of control over cocaine,
but not heroin, self-administration in rats. Psychopharmacology [Berl]. 2012

[211] Conrod PJ, Pihl RO, Stewart SH, Dongier M. Validation of a system of classifying
female substance abusers on the basis of personality and motivational risk factors
for substance abuse. Psychol Addict Behav. 2000; 14: 243-256.

[212] Khantzian EJ. The self-medication hypothesis of substance use disorders:
a reconsideration and recent applications. HarvRevPsychiatry. 1997; 4: 231-
244

[213] Paine TA, Jackman SL, Olmstead MC. Cocaine-induced anxiety: alleviation by
diazepam, but not buspirone, dimenhydrinate or diphenhydramine. Behav
Pharmacol. 2002; 13: 511-523.

[214] Miiller CP, Carey R]J, Wilkisz M, Schwenzner S, Jocham G, Huston JP, De Souza Silva
MA. Acute anxiolytic effects of cocaine: the role of test latency and activity phase.
Pharmacol Biochem Behav. 2008; 89: 218-226.

[215] Dellu F, Mayo W, Vallée M, Maccari S, Piazza PV, Le Moal M, Simon H. Behavioral
reactivity to novelty during youth as a predictive factor of stress-induced
corticosterone secretion in the elderly--a life-span study in rats.
Psychoneuroendocrinology. 1996; 21: 441-453.

[216] Blanchard MM, Mendelsohn D, Stamp JA. The HR/LR model: Further evidence as
an animal model of sensation seeking. Neurosci Biobehav Rev. 2009; 33: 1145-
1154.

[217] Cain M, Saucier D, Bardo M. Novelty seeking and drug use: Contribution of an animal
model. Experimental and Clinical Psychopharmacology. 2005; 13: 367-375.

[218] Piazza PV, Deminiere JM, Le Moal M, Simon H. Factors that predict
individual vulnerability to amphetamine self-administration. Science. 1989; 245:
1511-1513.

[219] Hooks MS, Jones GH, Smith AD, Neill DB, Justice JB. Individual differences
in locomotor activity and sensitization. PharmacolBiochemBehav. 1991; 38: 467-
470.

[220] Hooks MS, Jones GH, Smith AD, Neill DB, Justice JB. Response to novelty predicts the
locomotor and nucleus accumbens dopamine response to cocaine. Synapse. 1991; 9:
121-128.

[221] Piazza PV, Rouge-Pont F, Deminiere JM, Kharoubi M, Le Moal M, Simon H.
Dopaminergic activity is reduced in the prefrontal cortex and increased in the
nucleus accumbens of rats predisposed to develop amphetamine self-
administration. Brain Res. 1991; 567: 169-174.

[222] Misslin R, Cigrang M. Does neophobia necessarily imply fear or anxiety? Behavioural
processes. 1986; 12: 45-50.

[223] Bevins RA, Klebaur JE, Bardo M. Individual differences in response to novelty,
amphetamine-induced activity and drug discrimination in rats. Behav Pharmacol.
1997; 8: 113-123.



Animal Models of Drug Addiction 63

[224] Cain ME, Smith C, Bardo M. The effect of novelty on amphetamine self-administration
in rats classified as high and low responders. Psychopharmacology [Berl]. 2004;
176: 129-138.

[225] Klebaur JE, Bevins RA, Segar TM, Bardo M. Individual differences in behavioral
responses to novelty and amphetamine self-administration in male and female rats.
Behavioural Pharmacology. 2001

[226] Bardo M, Neisewander JL, Pierce R. Novelty-induced place preference behavior in
rats: effects of opiate and dopaminergic drugs. Pharmacol Biochem Behav. 1989; 32:
683-689.

[227] Dellu F, Mayo W, Piazza PV, Le Moal M, Simon H. Individual differences
in behavioral responses to novelty in rats. Possible relationship with the
sensation-seeking trait in man. Personality and Individual Differences. 1993; 15:
411-411.

[228] Piazza PV, Ferdico M, Russo D, Crescimanno G, Benigno A, Amato G. Circling
behavior: ethological analysis and functional considerations. Behav Brain Res. 1989;
31: 267-271.

[229] Klebaur JE, Bardo M. Individual differences in novelty seeking on the playground
maze predict amphetamine conditioned place preference. Pharmacol Biochem
Behav. 1999; 63: 131-136.

[230] Kabbaj M. The search for the neurobiological basis of vulnerability to drug abuse:
using microarrays to investigate the role of stress and individual differences.
Neuropharmacology. 2004; 47: 111-122.

[231] Beckmann JS, Marusich JA, Gipson CD, Bardo MT. Novelty seeking, incentive
salience and acquisition of cocaine self-administration in the rat. Behav Brain Res.
2010

[232] Dellu F, Piazza PV, Mayo W, Le Moal M, Simon H. Novelty-seeking in rats--
biobehavioral characteristics and possible relationship with the sensation-seeking
trait in man. Neuropsychobiology. 1996; 34: 136-145.

[233] Zuckerman M, Eysenck S, Eysenck HJ. Sensation seeking in England and
America: cross-cultural, age, and sex comparisons. ] Consult Clin Psychol. 1978; 46:
139-149.

[234] Cloninger CR. A wunified biosocial theory of personality and its role in the
development of anxiety states: a reply to commentaries. Psychiatr Dev. 1988; 6: 83-
120.

[235] Arnett ]J. Sensation seeking: a new conceptualization and a new scale. Personality and
Individual Differences. 1994; 16: 289-296.

[236] Wohlwill JE. What are sensation seekers seeking. Behavioral and Brain Sciences. 1984;
7: 453.

[237] Beck LH, Bransome ED, Mirsky AF, Rosvold HE, Sarason I. A continuous performance
test of brain damage. ] Consult Psychol. 1956; 20: 343-350.

[238] Robbins TW. The 5-choice serial reaction time task: behavioural pharmacology and
functional neurochemistry. Psychopharmacology. 2002; 163[3-4]:362-380.

[239] Bari A, Dalley ], Robbins TW. The application of the 5-choice serial reaction time task
for the assessment of visual attentional processes and impulse control in rats.
Nature Protocol. 2008; 3[5]:759-767.



64 Addictions — From Pathophysiology to Treatment

[240] Dalley ], Cardinal R, Robbins TW. Prefrontal executive and cognitive functions in
rodents: neural and neurochemical substrates. Neuroscience & Biobehavioral
Reviews. 2004; 28: 771-784.

[241] Dalley J, Mar A, Economidou D, Robbins TW. Neurobehavioral mechanisms of
impulsivity: Fronto-striatal systems and functional neurochemistry. Pharmacology
Biochemistry and Behavior. 2008; 90: 250-260.

[242] Dalley JW, Fryer TD, Brichard L, Robinson ES, Theobald DE, Liddne K, Pefia Y,
Murphy ER, Shah Y, Probst K, Abakumova I, Aigbirhio FI, Richards HK, Hong Y,
Baron JC, Everitt BJ, Robbins TW. Nucleus Accumbens D2/3 Receptors Predict
Trait Impulsivity and Cocaine Reinforcement. Science. 2007; 315: 1267-1270.

[243] Diergaarde L, Pattij T, Poortvliet I, Hogenboom F, de Vries W, Schoffelmeer AN, De
Vries T]. Impulsive Choice and Impulsive Action Predict Vulnerability to Distinct
Stages of Nicotine Seeking in Rats. Biological Psychiatry. 2008; 63: 301-308.

[244] Diergaarde L, Pattij T, Nawijn L, Schoffelmeer ANM, De Vries T]. Trait impulsivity
predicts escalation of sucrose seeking and hypersensitivity to sucrose-associated
stimuli. Behavioral Neuroscience. 2009; 123: 794-803.

[245] Jentsch JD, Taylor JR. Impulsivity resulting from frontostriatal dysfunction in drug
abuse: implications for the control of behavior by reward-related stimuli.
Psychopharmacology. 1999; 146: 373-390.

[246] Molander AC, Mar A, Norbury A, Steventon S, Moreno M, Caprioli D, Theobald DE,
Belin D, Everitt BJ, Robbins TW, Dalley JW. High impulsivity predicting
vulnerability to cocaine addiction in rats: some relationship with novelty
preference but not novelty reactivity, anxiety or stress. Psychopharmacology [Berl].
2011; 215: 721-731.

[247] Evenden ], Meyerson B. The behavior of spontaneously hypertensive and Wistar
Kyoto rats under a paced fixed consecutive number schedule of reinforcement.
Pharmacol Biochem Behav. 1999; 63: 71-82.



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




