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Drug Addiction, Dysregulation of Reward,
and Allostasis
George F. Koob, Ph.D., and Michel Le Moal, M.D., Ph.D.

This paper reviews recent developments in the
neurocircuitry and neurobiology of addiction from a
perspective of allostasis. A model is proposed for brain
changes that occur during the development of addiction that
explain the persistent vulnerability to relapse long after
drug-taking has ceased. Addiction is presented as a cycle of
spiralling dysregulation of brain reward systems that
progressively increases, resulting in the compulsive use and
loss of control over drug-taking. The development of
addiction recruits different sources of reinforcement,
different neuroadaptive mechanisms, and different
neurochemical changes to dysregulate the brain reward
system. Counteradaptive processes such as opponent-process
that are part of normal homeostatic limitation of reward
function fail to return within the normal homeostatic range
and are hypothesized to form an allostatic state. Allostasis
from the addiction perspective is defined as the process of

maintaining apparent reward function stability by changes
in brain reward mechanisms. The allostatic state represents
a chronic deviation of reward set point and is fueled not only
by dysregulation of reward circuits per se, but also by the
activation of brain and hormonal stress responses. The
manifestation of this allostatic state as compulsive drugtaking and loss of control over drug-taking is hypothesized
to be expressed through activation of brain circuits involved
in compulsive behavior such as the cortico-striatal-thalamic
loop. The view that addiction is the pathology that results
from an allostatic mechanism using the circuits established
for natural rewards provides a realistic approach to
identifying the neurobiological factors that produce
vulnerability to addiction and relapse.
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toire toward excessive drug intake, and a loss of control
in limiting intake (American Psychiatric Association
1994; World Health Organization 1992). An important
challenge for neurobiological research is to understand
the neuroadaptive differences between controlled drug
use and loss of control, and by extension, the molecular,
cellular and system processes that lead to addiction
(Koob and Le Moal 1997).
Animal models are critical for understanding the
neuropharmacological mechanisms involved in the development of addiction. While there are no complete
animal models of addiction, animal models do exist for
many elements of the syndrome. These elements can be
derived from symptoms or diagnostic criteria for addiction or conceptual frameworks such as different sources
of reinforcement (American Psychiatric Association
1994; World Health Organization 1992). Linking neu-
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ropharmacological events to animal models can occur
at multiple levels of analysis — molecular, cellular and
system — and it will only be the integration of these
changes across dimensions of analysis that will allow a
full understanding of the neurobiology of drug addiction.
Advances in neuroscience research are rapidly unraveling the complexity of processes underlying addiction in general and of drug abuse in particular. Assuming that the reductionist approach is useful in bringing
about precise knowledge concerning biologic aspects of
addiction, new conceptual frameworks will be required
to understand what has been labeled as “the quintessential biobehavioral disorder” (Leshner 1999), a disorder deeply imbedded with psychosocial vulnerability
as well as genetic vulnerability (Koob and Le Moal
1997). Such an integrated pathogenic view of addiction
has profound implications for the treatment of drug
abuse, and the best therapeutic approaches include social, behavioral and biological aspects, in combination
with pharmacotherapies (Baxter et al. 1992, 1996; McLellan et al. 1993; O’Brien 1997; Project MATCH Research
Group 1997; Schwartz 1999).
Drugs of abuse act at local cellular-membrane sites,
within neurochemical systems that are part of a reward
system neurocircuitry. These systems include the
dopamine and opioid peptide networks which have
many different projection sites. The midbrain dopamine systems have critical roles not only in the reward
and motor systems but also in higher-order functions,
including cognition and memory (Grant et al. 1996).
Opioid peptides have been implicated in pain and emotional processing throughout the neuraxis.
The mechanisms and processes leading from an initial
cellular action of drugs of abuse to an action within reward circuits and beyond require a psychobiological integration that parallels the processes leading from use, to
misuse, to abuse and dependence and vulnerability to relapse. Addicted patients are gripped by unusual emotional states, they compulsively have urges to abuse and
they are remarkably unencumbered by the memory of
negative consequences of drug-taking (Childress et al.
1999). These clinical states are hypothesized to be mirrored by a “brain signature” (Nestler and Aghajanian
1997), and modern imaging technologies help to see how
such complex constructs, as compulsion to use drugs or
compulsion to engage in repetitive dysfunctional behaviors, are implemented into brain networks including
large and complex circuitries of the brain reward and
emotional systems (Childress et al. 1999; Volkow et al.
1999). Other areas of psychobiological integration include the translation of animal research advances in the
neurobiology of addiction to useful clinical studies and
the development of conceptual frameworks that integrate both domains. The present review will examine the
neurobiological mechanisms of addiction with a focus on
dysregulation of the brain reward system and allostasis
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(Koob and Le Moal 1997). Emphasis will be placed on integrating across the different levels of analysis in an attempt to identify what is known and what remains to be
elucidated.

ADDICTION CYCLE
Drug addiction is not a static phenomenon, and as with
other biobehavioral dysregulation, such as compulsive
gambling and binge eating, there are different components that constitute a cycle or circle of ever-growing
pathology (Baumeister et al. 1994). Derived from social
psychology and conceptualized as sources of self-regulation failures, the addiction cycle has been described as
having three components: preoccupation-anticipation,
binge-intoxication, and withdrawal-negative affect (Koob
and Le Moal 1997). Spiralling distress describes how, in
some cases, the first self-regulation failure can lead to
emotional distress, which sets up a cycle of repeated
failures to self-regulate, and where each violation
brings additional negative affect (Baumeister et al.
1994). Spiralling distress also has been described as the
progressive dysregulation of the brain reward system
within the context of repeated addiction cycles (Figure
1). Psychiatric and experimental psychological constructs address the same addiction cycle, and animal
models have been established and validated for different symptoms or constructs associated with elements of
the addiction cycle, addiction criteria, and sources of reinforcement associated with addiction (American Psychiatric Association 1994; Koob 1995; Koob et al. 1998a;
Markou et al. 1993).
Superimposed on the addiction cycle are multiple
sources of reinforcement that can contribute to compulsive use of drugs of abuse during the course of drug addiction. Positive reinforcement occurs when presentation of the drug increases the probability of a response
to obtain the drug again. The positive reinforcing effects of drugs when described in the context of reward
often are equated with the pleasurable effects of drugs
in the absence of a deficit state. Negative reinforcement,
in contrast, occurs with alleviation of an existing aversive state or alleviation of a drug-generated aversive
state (e.g., withdrawal) (Wikler 1973). Secondary positive reinforcing effects can be obtained through conditioned positive reinforcement (e.g., pairing of previously neutral stimuli with acute positive reinforcing
effects of drugs). Secondary negative reinforcing effects
can be obtained through removal of the conditioned
negative reinforcing effects of conditioned abstinence.
Positive reinforcement as a construct is associated
largely with the binge intoxication stage outlined in
Figure 1, and the construct of negative reinforcement is
associated largely with the negative affect/withdrawal
stage. Conditioned positive reinforcement and condi-
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Figure 1. Diagram describing the spiralling distress/addiction cycle from a psychiatric perspective with the different criteria for substance dependence from the Diagnostic and
Statistical Manual of Mental Disorders, 4th edition, incorporated
at different stages. There are three major components of the
addiction cycle: preoccupation-anticipation, binge-intoxication, and withdrawal-negative affect. From an experimental
psychology perspective, different sources of reinforcement
correspond to different components of the addiction cycle
with the binge-intoxication component largely associated with
positive reinforcement and the withdrawal-negative affect
component largely associated with negative reinforcement.
Conditioned positive and conditioned negative reinforcement
would be hypothetically associated with the preoccupationanticipation component. The theoretical constructs of psychomotor sensitization and counteradaptation also vary with the
stage of the cycle, with psychomotor sensitization probably
having a greater role in the preoccupation-anticipation stage
and counteradaptation having a greater role in the withdrawal-negative affect component (Koob and Le Moal 1997).
Similarly, the hypothetical role of different neurochemical/
endocrine systems in the addiction cycle would fall into different components. The binge-intoxication component is
reflected by activation of dopaminergic and opioid peptide
systems, and the withdrawal-negative affect component is
dominated by decreases in dopamine and opioid peptide
function and increases in brain stress systems such as CRF.
Note that the addiction cycle is conceptualized as a spiral that
increases in amplitude with repeated experience, ultimately
resulting in the pathological state known as addiction. (Taken
with permission from Koob and Le Moal 1997.)

tioned negative reinforcement can be conceptualized to
contribute to the preoccupation/anticipation stage.
The neurobiological bases for the acute positive reinforcing effects of drugs of abuse, the negative reinforcing effects imparted by the dependent state, and the
conditioned reinforcing effects associated with protracted abstinence (defined as a state of residual reward
dysregulation after acute withdrawal) and relapse have
provided significant insight into the building blocks of
addiction (Koob et al. 1993). However, linking the animal models to the different components of the criteria
used to diagnose substance dependence in humans requires a conceptual framework that will have heuristic
value for explaining compulsive use and loss of control
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that are not inherent components of any one source of
reinforcement. A transition occurs between limited access, controlled drug use (e.g., social drinking), and the
loss of control and compulsive use of alcohol that constitutes alcoholism and to date few conceptual frameworks have bridged that gap. The hypothesis under exploration here is that drug addiction not only involves
changes in the neural substrates of positive reinforcement but that other neuroadaptive systems are recruited, notably in the domains of reward and stress to
produce changes in motivational systems. Such changes
are hypothesized to contribute to an allostatic state that
renders the organism vulnerable to the spiralling distress and pathology of addiction (see below).

STRESS
Stress has been defined historically as responses to demands (usually noxious) upon the body (Selye 1936), or
in a definition more focused on the central nervous system, as alterations in psychological homeostatic processes (Burchfield 1979). A state of stress is associated
with various external and internal challenges to the
body and brain, usually termed stressors, and the construct of stress may represent the extreme pathological
continuum of overactivation of the normal activational
(arousal) or emotional systems of the body (Hennessy
and Levine 1979). Such arousal-activational mechanisms trigger biological and behavioral strategies of
coping and control that mobilize many organismic and
central nervous system mechanisms, whose failure
leads to illness (McEwen 1998a; Schulkin et al. 1994;
Sterling and Eyer 1981). The state of stress is reflected
biologically by various physiological changes that include an activation of the pituitary-adrenal axis and release of glucocorticoids into the bloodstream (Stanford
and Salmon 1993), activation of the sympathetic nervous system, and activation of brain emotional systems.
Pituitary-adrenal axis activation is triggered by the
release of adrenocorticotropic hormone (ACTH) from
the pituitary. ACTH release is in turn controlled by the
liberation of hypothalamic corticotropin-releasing factor (CRF) into the pituitary portal system of the median
eminence. Extrahypothalamic CRF systems are involved in the adaptive autonomic nervous system, and
behavioral changes are another major component of the
response to bodily demands or challenges to homeostasis (Koob et al. 1993). Evidence demonstrating a neurotropic role for CRF in the central nervous system outside the pituitary-adrenal axis suggests a parallel
means for mediating autonomic and behavioral responses to stressors and a contribution to the behavioral state of stress in addition to the classic activation
of adrenal steroids (Figures 2A, and 2B; for a more integrated review, see below and Figure 3).
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Figure 2. Diagrams illustrating the central role
of corticotropin-releasing factor in the (A) hypothalamic-pituitary-adrenal stress axis, and (B)
the brain stress systems. The functional interactions between glucocorticoids, CRF and stress
represent an exquisitely balanced stress system.
(A) Hypothalamic-pituitary-adrenal stress system. Stressful stimuli increase CRF which in
turn stimulates ACTH release from the pituitary
which results in enhanced release of glucocorticoids from the adrenal gland. High levels of glucocorticoids, through negative feedback, decrease
CRF synthesis at the level of the PVN but activate CRF activity at the level of the central
nucleus of the amygdala. (B) Extrahypothalamic
CRF stress system. Stressful stimuli also activate
CRF systems in the basal forebrain, notably the
bed nucleus of the stria terminalis and the central nucleus of the amygdala to help mediate
behavioral responses to stressors and to mediate
sympathetic activation associated with stressors. Glucocorticoids, instead of exerting a feedback suppression of CRF synthesis in the central
nucleus of the amygdala, actually increase synthesis of CRF providing a means for extending
the contribution of the brain stress systems to
allostasis (see text). ACTH, adrenocorticotropic
hormone; AMYG, amygdala; BNST, bed nucleus
of the stria terminalis; CRF, corticotropin-releasing factor; HPC, hippocampus; NE, norepinephrine; PIT, pituitary gland; PFC, prefrontal
cortex; PVN, paraventricular nucleus.
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Figure 3. Circuit diagram illustrating the hypothesized extended amygdala reward system as a focal point for allostasis in
addiction and the interaction of two major brain circuits that help perpetuate the allostatic states in the brain reward system.
Elements of the nucleus accumbens, bed nucleus of the stria terminalis and central nucleus of the amygdala have cytoarchitectual, circuit and functional similarities that have been hypothesized to form a key component of what has been conceptualized as a brain reward circuit. Critical, but not exclusive, modulatory neurochemical components of the brain reward
circuit include the mesolimbic dopamine system and opioid peptides. Fueling dysregulation within the brain reward circuit
are the HPA stress axis and brain stress systems, and expressing and perpetuating the dysregulation of reward in the form
of compulsive behavior is the cortico-thalamic-striatal loop circuit (Swerdlow and Koob 1987). BNST, bed nucleus of the
stria terminalis; DA, dopamine; N. Acc., nucleus accumbens; PVN, paraventricular nucleus; VTA, ventral tegmental area.

As noticed since the beginning of the stress concept
(Selye 1976), as the process goes along (as coping, adjustment and successful adaptations fail), more and
more neuroendocrine and neurobiological systems are
recruited. The hormones that are beneficial when contained within the homeostatic range are a source of
pathophysiological cascades when they remain persistently elevated due to a breakdown of negative feedback or a failure of feedback regulation of CRF and
ACTH secretion. Ultimately, various peripheral and
central pathological effects are hypothesized to ensue,
such as an imbalance in noradrenergic systems which
may enhance anxiety (Chrousos and Gold 1992), neural
atrophy in the hippocampal CA3 region with cognitive
consequences, and various endocrine and systemic disorders (e.g., elevated insulin, increased blood pressure,
and so on) (for review see McEwen 1995).

ALLOSTASIS
Homeostasis, in principle, corresponds to the mechanisms that maintain stability within the physiological
systems and hold all the parameters of the organisms

internal milieu within limits that allow an organism to
survive (Bernard 1865; Cannon and Rosenblueth 1933;
Sterling and Eyer 1988). It implied originally that i) deviations from normal set points are automatically corrected by local negative feedbacks, and ii) bodily organs
are considered as functioning autonomously. Subsequently, homeostasis has been described as a self-regulating process for maintaining body parameters around
a set point critical for survival (McEwen 2000). This includes multi-system coordination of the organism’s response to an acute challenge, including the brain, pituitary, autonomic system, and skeleto-motor systems.
However, while some of the parameters of the internal
milieu are held constant (like body temperature), other
parameters like stress hormones are varied within a
wide range in an attempt to maintain homeostasis.
In contrast, the principle of allostasis proposes maintenance of stability outside of the normal homeostatic
range, where an organism must vary all the parameters
of its physiological systems to match them appropriately to chronic demands (e.g., reset the system parameters at a new set point) (Sterling and Eyer 1988). Allostasis refers to the integrative adaptive processes
maintaining stability through change, a stability that is
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not within the normal homeostatic range. It implies that
many, if not all, physiological functions are mobilized
or suppressed, as reflected in a cascade of brain-organism interactions overriding local regulation. By controlling all the mechanisms simultaneously, the brain can
enforce its command and introduce experience, memories, anticipation and re-evaluation of needs in anticipation of physiological requirements.
The allostatic model, because it involves the whole
brain and body instead of simply local feedbacks, is far
more complex than homeostasis. All parameters of a
given domain (e.g., blood pressure, or in the central
nervous system reward function) are controlled by numerous mutually interacting signals. When demands
become chronic, the brain-body system tonically adapts
at essentially all levels of organization implying widespread changes in set points, and entry into a relaxed
condition may create an unpleasant state of withdrawal
from one’s physiological regulation. Such changes in
hormones, opioids, transmitters, and so on, provide a
physiological basis for the individual to continue to
seek a condition of high demand (Sterling and Eyer
1988), and a stabilized new level of activity far from homeostatic equilibrium. However, when chronic arousal,
repeated stress and negative affective states impose
prolonged regulations far from normality, there is no
margin left for responding to additional challenges, no
opportunity for relaxation, and no capacity for more responsiveness. This stabilized new level of activity far
from homeostatic equilibrium forms an allostatic state.
An allostatic state can be defined as a state of chronic
deviation of the regulatory systems from their normal
state of operation with establishment of a new set point.
This chronic stress and chronic arousal has been hypothesized to lead to breakdown, damaging consequences, and illness (Sterling and Eyer 1981). Allostatic
load as defined by McEwen and Stellar (1993) refers to
the cost or the price the body may have to pay for being
forced to adapt to an adverse or deleterious psychological or physical situation, and it represents the presence
of too much demand on the operation of the regulatory
systems — mainly the primary mediators of the physiological response — or their failure to relax when the demand is over. Different types of allostatic load have
been considered that may explain different types or
gradients of morbidity (McEwen 1998a). Whatever the
modality, the process is translated into a different structural-functional state (i.e., a vulnerable phenotype).
Thus, a simple definition of allostasis is a process of
maintaining stability, or “apparent stability,” through
change but at a price (Sterling and Eyer 1988). With
continuing demand, the flexibility to maintain stability
through allostatic maladaptations decreases, leading to
breakdown and illness. Here, drug addiction is hypothesized to involve a change in drug reward set point and
reflects an allostatic, rather than a homeostatic, adapta-
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tion (i.e., outside the normal set point). Thus, in the addiction domain to be elucidated here, the stability to be
maintained is stability in reward function and the
change is the mobilization of multiple neurotransmitter
and hormonal systems needed to maintain normal reward function. Reward neurotransmitters such as dopamine and opioid peptides are hypothesized to have a limited capacity to maintain reward function within
homeostatic range.
The acute effects of initial drug intake and consequent glucocorticoid activation can extend this capacity
but also can trigger the beginnings of counteradaptive
mechanisms such as neuroadaptation within the dopamine and opioid peptide systems (presynaptic to postsynaptic to transduction mechanisms), and the recruitment
of opposing systems such as activation of brain stress
systems such as corticotropin-releasing factor and norepinephrine. Opponent-process counteradaptation is defined here as the opposing of the initial hedonic effects
of a drug or stimulus by a slowly developing counteracting process that becomes larger over time and masks
the initial hedonic effects of the drug or stimulus (Solomon and Corbit 1974). These counteradaptive mechanisms are hypothesized to form the driving force of a
reward system allostatic state (increase in reward set
point; see below). Carrying such a state of allostasis
would be hypothesized to reflect both genetic and environmental factors that, when combined, render the individual vulnerable to entry into any one of a number
of components of the addiction cycle. Thus, multiple
brain and hormonal mechanisms can combine to produce the allostatic state that underlies the severe pathology of the “addicted” state.
Drawing from recent conceptualizations about allostasis, anxiety and negative affective states do not
have a simple set point that is maintained and regulated (Schulkin et al. 1998). Chronic elevation of stress
axis reactivity and central CRF, its gene expression in
the amygdala, and loss of gene inhibition in the
paraventricular nucleus by glucocorticoids beyond homeostatic regulation, may represent a condition of allostasis within the brain/hormonal stress system. Similar stress-like conditions also are found in drug
dependence, withdrawal and craving for psychoactive
agents where both CRF expression and cortisol levels
are increased and may contribute to the allostatic state
hypothesized to drive drug addiction. Such a chronic
stress-like contribution to allostasis can extend also to
other systems in the form of pathology to compromise
sleep, feeding, immune function, and so on. Thus, for
the purposes of this review, the following definitions
apply: allostasis, the process of achieving stability
through change (Sterling and Eyer 1981); allostatic state,
a state of chronic deviation of the regulatory system
from its normal (homeostatic) operating level; allostatic
load, the cost to the brain and body of the deviation, ac-
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cumulating over time, and reflecting in many cases
pathological states and accumulation of damage (McEwen and Stellar 1993).

NEUROBIOLOGICAL MECHANISMS FOR THE
POSITIVE REINFORCING EFFECTS OF DRUGS
To understand how the brain reward systems are
changed with the development of addiction, one must
understand the neurobiological bases for drug reward,
and there have been major advances in this domain of
research. One of the principle focuses of research on the
neurobiology of the positive reinforcing effects of drugs
of abuse has been the origins and terminal areas of the
mesocorticolimbic dopamine system, and there is now
compelling evidence for the importance of this system
in drug reward (Le Moal and Simon 1991). The major
components of this drug reward circuit are the ventral
tegmental area (the site of dopaminergic cell bodies),
the basal forebrain (the nucleus accumbens, olfactory
tubercle, amygdala, and frontal and limbic cortices), the
dopaminergic connection between the ventral tegmental area and the basal forebrain, and opioid peptide
neurons within these circuits. Other components are
the many neural inputs and outputs that interact with
the ventral tegmental area and the basal forebrain utilizing GABA, glutamate, and serotonin as neurotransmitters (Koob 1992).
The dopamine projections that modulate forebrain
and cortical regions enable in normal conditions the integration of the functioning of these areas, some of
these coordinated in parallel modular organizations (Le
Moal 1995). At the core of these interrelations and imbalances (Figure 3), two related sets of structures are
considered: the mesolimbic-accumbens-amygdaloid
complex, with an emphasis on the extended amygdala
and accumbens shell (Alheid and Heimer 1988; Heimer
et al. 1991; Koob 1999b), and the cortico-frontal-cingulate complex related to a striatal-pallidal-thalamic circuitry (Figure 3). Dopamine projections to the first set
of structures are functionally involved in the acute reinforcing effects of psychostimulants, and neurochemical
changes associated with the motivational aspects of
drug withdrawal may involve neuroadaptations within
the extended amygdala (Koob 1999b; Di Chiara 1999).
Drug-seeking behavior under the control of reinforcing processes that result from conditioned or secondorder schedules of reinforcement may depend ultimately on this extended amygdala circuit and involve
basolateral cortical projections to the core of the nucleus
accumbens which is anatomically more related to striatal-pallidal circuitry (Everitt et al. 1999). Note that the
central nucleus of the amygdala is connected with hypothalamic and brain-stem regions included in autonomic and consummatory responses, while the cortico-
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striatal-thalamic circuitry is comprised of regions implicated in motor learning, reinforcer evaluation (nucleus
accumbens) or stimulus-reward associations (Jentsch
and Taylor 1999). The cortico-striatal-thalamic circuitry
is related more to cognitive functioning, to active inhibitory central mechanisms, drive and compulsive repetitive behaviors. Activation of these regions as visualized
by imaging techniques in drug abuse during intense
craving (Volkow and Fowler 2000) is the same as those
visualized in obsessive-compulsive disorder (Baxter et
al. 1992, 1996; Graybiel et al. 1994; Modell et al. 1989;
Schwartz 1997).
Compulsive disorders and anxiety may in some
cases point to a similar phenotype but via different origins. In anxiety associated with drug dependence, anticipatory angst and negative affect may trigger compulsive searching for the drug but the sequence might
be different in other pathological conditions, such as
obsessive compulsive behavior. Important points to
consider are that these two structural-functional sets
are connected and second that they are both modulated
by dopamine (Le Moal 1995). Moreover, it is well documented that mesocortical dopamine and mesolimbic
dopamine neurons have different physiological regulation, dopamine utilization in the nucleus accumbens being under the control of a cortical-accumbens excitatory
pathway (for review see Le Moal and Simon 1991). Specific drugs may enter into this neurocircuitry at different points and via different molecular/cellular mechanisms (Table 1).

Psychomotor Stimulants
Psychomotor stimulants of high abuse potential interact initially to block monoamine transporter proteins
which are located on monoaminergic nerve terminals.
Cocaine inhibits all three monoamine transporters —
dopamine, serotonin, and norepinephrine — thereby,
Table 1. Neurobiological Substrates for the Acute
Reinforcing Effects of Drugs of Abuse
Drug of Abuse
Cocaine and
amphetamines
Opiates
Nicotine

THC
Alcohol

Neurotransmitter

Sites

Dopamine
Serotonin
Dopamine
Opioid peptides
Dopamine
Opioid peptides

Nucleus accumbens
Amygdala
Ventral tegmental area
Nucleus accumbens
Ventral tegmental area
Nucleus accumbens
Amygdala
Ventral tegmental area

Dopamine
Opioid peptides
Dopamine
Opioid peptides
Serotonin
GABA
Glutamate

Ventral tegmental area
Nucleus accumbens
Amygdala
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potentiating monoaminergic transmission. Amphetamine and its derivatives also potentiate monoaminergic transmission by blocking reuptake and also by increasing monoamine release. Amphetamine itself is
transported into monoaminergic nerve terminals by all
three transporters, where it produces a reverse transport of the monoamine into the synaptic cleft via the
monoamine transporters (Rudnick and Clark 1993).
The dopamine system appears to be the critical substrate for both the psychomotor stimulant effects of amphetamine and cocaine and their reinforcing actions
since in studies of intravenous self-administration and
studies of conditioned place preference dopamine receptor antagonists, when injected systemically, reliably
decrease the reinforcing effects of cocaine and amphetamine self-administration in rats and block conditioned
place preferences for these drugs (Beninger and Hahn
1983; Beninger and Herz 1986; Ettenberg et al. 1982;
Morency and Beninger 1986; Phillips and Fibiger 1987;
Yokel and Wise 1975). All three dopamine receptor subtypes have been implicated in the reinforcing actions of
cocaine as measured by intravenous self-administration
including the D1 (Koob et al. 1987), D2 (Bergman et al.
1990; Woolverton and Virus 1989), and D3 receptors
(Caine and Koob 1993). Dopamine D1 and D2 antagonists also block the place conditioning produced by amphetamine (Beninger et al. 1989; Leone and Di Chiara
1987). The specific anatomical site for the rewarding action of cocaine and amphetamine appears to be the mesocorticolimbic dopamine system since dopamine lesions and microinjection of dopamine antagonists into
the terminal regions of the mesocorticolimbic, but not
nigrostriatal, dopamine system block cocaine and amphetamine reinforcement (Maldonado et al. 1993; Roberts et al. 1977, 1980).

Opiates
The acute reinforcing properties of opiates in nondependent animals are blocked by systemic and central
administration of competitive opiate antagonists (Ettenberg et al. 1982; Goldberg et al. 1971; Koob et al. 1984;
Vaccarino et al. 1985; Weeks and Collins 1976). Pharmacological studies have shown that the mu opioid receptor subtype appears to be particularly important for the
reinforcing actions of heroin and morphine (Negus et
al. 1993), and knockout mice without the mu receptor
fail to show morphine-induced analgesia or morphineinduced conditioned place preference (Matthes et al.
1996). The sites of action for opioid antagonists to block
the reinforcing effects of opiates appears to be associated with the same neural circuitry associated with psychomotor stimulant reward (Table 1). Much data suggest that neural elements in the region of the ventral
tegmental area and the nucleus accumbens are responsible for the reinforcing properties of opiates and that
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there are both dopamine-dependent and dopamineindependent mechanisms of opiate action (Pettit et al.
1984; Shippenberg et al. 1992; Spyraki et al. 1983; Stinus
et al. 1989).

Alcohol and Sedative Hypnotics
Alcohol and other sedative-hypnotics, such as barbiturates and benzodiazepines, all produce a characteristic
euphoria, disinhibition, anxiety reduction, sedation,
and hypnosis. There is much evidence implicating
dopamine in the reinforcing actions of low, nondependence-inducing doses of alcohol. Dopamine receptor
antagonists have been shown to reduce lever-pressing
for alcohol in nondeprived rats (Pfeffer and Samson
1988), and extracellular dopamine levels also have been
shown to increase in nondependent rats orally selfadministering low doses of alcohol (Weiss et al. 1992a).
However, virtually complete 6-hydroxydopamine denervation of the nucleus accumbens failed to alter voluntary responding for alcohol (Rassnick et al. 1993c) suggesting that dopamine-independent, neurochemical
systems likely contribute critically to the mediation of
alcohol’s reinforcing actions.
The sedative and anti-punishment (anxiolytic) effects of sedative-hypnotics are associated with facilitation of the GABAA receptor and/or inhibition of the
NMDA glutamate receptor (Hoffman et al. 1989; Lovinger et al. 1989; Richards et al. 1991). GABAergic antagonists also reverse many of the behavioral effects of
alcohol that are associated with intoxication (Frye and
Breese 1982; Liljequist and Engel 1982). The partial inverse benzodiazepine agonist RO 15-4513, which has
been shown to reverse some of the behavioral effects of
alcohol (Suzdak et al. 1986), produces a dose-dependent
reduction of oral alcohol (10%) self-administration in
rats (June et al. 1992; Rassnick et al. 1993a; Samson et al.
1987).
With central microinjection studies, potent GABA
antagonists microinjected into the brain produced their
most effective blockade when microinjected into the
central nucleus of the amygdala (Hyytia and Koob
1995). Alcohol also appears to interact with specific serotonergic receptor systems, notably serotonin-1A, serotonin-2 and serotonin-3 (Eckardt et al. 1998; Roberts
et al. 1998). Opioid receptor antagonists also decrease
alcohol self-administration, and as a result alcohol long
has been hypothesized to activate opioid peptide systems. Mice bearing knockout of the mu opioid receptor
do not drink alcohol (Roberts et al. 2000b). The brain
sites for such interactions are likely to be in the ventral
tegmental area and basal forebrain (Gatto et al. 1994;
Heyser et al. 1999). Thus, multiple neurotransmitters
combine to contribute to the reward profile of alcohol
(Engel et al. 1992).
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Nicotine
Nicotine is a direct agonist at nicotinic acetylcholine receptors which are widely distributed throughout the
brain. The nicotinic receptors mainly implicated in the reinforcing actions of nicotine again are localized to the
brain mesocorticolimbic dopamine system (Corrigall et
al. 1992, 1994; Malin et al. 1993; Pontieri et al. 1996).
However, peptide antagonists can interact with the nicotine withdrawal syndrome in rats (Malin et al. 1993,
1994; Watkins et al. 2000). Thus, nicotine may alter
function in both the mesocorticolimbic dopamine system and opioid peptide systems in the same neural circuitry associated with other drugs of abuse (Corrigall et
al. 1992).

Tetrahydrocannabinol
The major psychoactive ingredient in marijuana, tetrahydrocannabinol (THC), is a drug of abuse and dependence (Anthony et al. 1994). A major initial site of
THC binding is the cannabinoid-1 receptor which is
widely distributed throughout the brain, but it is particularly concentrated in the extrapyramidal motor system of the rat (Herkenham et al. 1990). Evidence for
acute reinforcing effects of THC comes from studies of
brain stimulation reward, place preference and intravenous self-administration. Reward thresholds are decreased by THC administration in rats upon acute administration (Gardner et al. 1988; Lepore et al. 1996),
and THC also produces a place preference (Lepore et al.
1995). THC increases dopamine in the shell of the nucleus accumbens similar to that observed with other
major drugs of abuse (Tanda et al. 1997). In addition, a
recent study in mice has shown intravenous selfadministration of a synthetic THC analog (Fratta et al.
1997), and intravenous self-administration of THC in
monkeys (Tanda et al. 2000). One substrate hypothesized for the acute reinforcing effects of THC is activation of the mesocorticolimbic dopamine system (Chen
et al. 1991), and recent data suggest that THC can selectively increase the release of dopamine in the shell of
the nucleus accumbens as do other drugs of abuse
(Tanda et al. 1997).

DRUG REWARD AND ALLOSTASIS
Individual Differences and Reward
The nature of impact of the acute effects of drugs of
abuse on neuronal circuits of reinforcement can contribute to the subsequent neuroadaptations that form an allostatic state in the brain reward systems. Individual
differences, either via genetic or environmental factors,
at critical periods may cause a predisposition to initially
self-administer drugs of abuse, and a large body of evi-
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dence exists from an experimental approach to the
study of individual vulnerability to drug reward and
by extrapolation to addiction (for review, see Piazza
and Le Moal 1996; Piazza et al. 1998). The fulfillment of
two conditions is needed: the subjects should have
equal access to the drug under identical environmental
circumstances, and their biobehavioral features should
be characterized before exposure to the drug. Individual differences in the propensity to develop drug intake
have been demonstrated readily in the laboratory rat
(Deminiere et al. 1989; Piazza et al. 1989) as well as in
the propensity to manifest many other adaptive biological responses (Hooks et al. 1994a; Piazza et al. 1989,
1993).
A now classic operational design to identify individual differences is to differentiate animals on the basis of
their reactivity to a stressful event (for instance their locomotor reactivity to novelty) and divide them into
high reactive (HR) and low reactive (LR). The propensity of HRs to develop drug intake, compared to LRs,
has been correlated with other drug-dependent responses, administered either peripherally or centrally
within the mesolimbic region (Exner and Clark 1993;
Hooks et al. 1991, 1992a,b,c; Piazza et al. 1989, 1991a).
HR rats, independent of drug administration, show an
increase of dopamine utilization in the nucleus accumbens and a decrease in the prefrontal cortex (Piazza et
al. 1991b), a lower number of dopamine D2 receptors
and an opposite change in D1 receptor binding (Hooks
et al. 1994b). HR animals also have an increased reactivity of the stress axis.
Levels of corticosterone two hours after exposure to
a stressor are positively correlated with the amount of
drug consumed when it is presented for the first time to
the subject (acquisition). In addition, the hormone secretion lasts longer in HRs. Finally, the levels of the
stress hormone before drug administration are correlated positively with the extent of self-administration
(Goeders and Guerin 1994; Piazza et al. 1991a). In summary, a vulnerable phenotype, whatever the origin, inherent and/or acquired through life experience, implies
intersystemic and interrelated changes at central and
peripheral levels with new drug reward set points. Recent systematic studies from different models, including history of drug intake, response to novelty, and response to stressors, have lead to the demonstration of
increased drug intake across the full dose-effect function (Ahmed and Koob 1998; Deroche et al. 1997; Piazza
et al. 2000; Rouge-Pont et al. 1993, 1995).
Much research has been devoted to the interactions
between stress and drug intake, and there are clear interactions between stress, glucocorticoids and mesocorticolimbic dopaminergic neurons, and between dopaminergic neurons and vulnerability to drugs of abuse.
Glucocorticoid receptors are localized in brain monoaminergic neurons, particularly in the ventral tegmental
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area (Härfstrand et al. 1986), and these receptors have
pivotal regulatory roles in many regions of the brain
(De Kloet 1991; Joels and de Kloet 1992, 1994). Direct
cellular interactions between stress hormones and
dopamine neurons have been difficult to document;
however, glucocorticoids can interact with dopamine
reward circuitry in the basal forebrain that may be independent of direct glucocorticoid/dopamine interactions. More specifically, glucocorticoids modulate the
transmission of the neuropeptides dynorphin, enkephalin, tachykinin, and neurotensin, especially in the basal
ganglia and nucleus accumbens (Ahima et al. 1992;
Chao and McEwen 1990; Schoffelmeer et al. 1996; for review, see Angulo and McEwen 1994).
Increased corticosterone secretion or a higher sensitivity to the central effects of the hormone, either genetically present in certain individuals or induced by
stress, increases the vulnerability to develop intake of
drugs of abuse, and may have a role in dependence and
relapse via an enhancement of the activity of mesencephalic dopaminergic neurons. Dopaminergic hyper-
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responsiveness in forebrain structures involved in regulation of motivation, such as the accumbens shell/
extended amygdala, is glucocorticoid-dependent (Barrot et al. 2000), but this effect is state dependent in that
it varies with nutritional status and arousal status (Piazza et al. 1996b). In addition, high circulating levels of
glucocorticoids can feedback to shut off the hypothalamic pituitary adrenal axis and can “sensitize” the CRF
systems in the central nucleus of the amygdala known
to be involved in behavioral responses to stressors (Lee
et al. 1994; Schulkin et al. 1994; Shepard et al. 2000).
These central CRF systems are well documented to contribute to behavioral responses to stressors (see above,
Background, and Figure 2B).
CRF, when injected intracerebroventricularly, is
aversive and produces place aversions (Cador et al.
1992) and taste aversions (Heinrichs et al. 1991) and
raises brain stimulation reward thresholds (Macey et al.
2000). Thus, activation of brain reward systems with
concomitant activation of the HPA axis ultimately can
lead to activation of brain stress systems. Such an acti-

Figure 4. Diagram illustrating an extension of Solomon and Corbit’s (1974) opponent-process model of motivation to
incorporate the conceptual framework of this paper. Both panels represent the affective response to the presentation of a
drug. (Top) This diagram represents the initial experience of a drug with no prior drug history, and the a-process represents
a positive hedonic or positive mood state and the b-process represents the negative hedonic of negative mood state. The
affective stimulus (state) has been argued to be a sum of both an a-process and a b-process. An individual whom experiences
a positive hedonic mood state from a drug of abuse with sufficient time between re-administering the drug is hypothesized
to retain the a-process. In other words, an appropriate counteradaptive opponent-process (b-process) that balances the activational process (a-process) does not lead to an allostatic state. (Bottom) The changes in the affective stimulus (state) in an
individual with repeated frequent drug use that may represent a transition to an allostatic state in the brain reward systems
and, by extrapolation, a transition to addiction (see text). Note that the apparent b-process never returns to the original
homeostatic level before drug-taking begins again, thus creating a greater and greater allostatic state in the brain reward system. In other words, here the counteradaptive opponent-process (b-process) does not balance the activational process (aprocess) but in fact shows a residual hysteresis. While these changes are exaggerated and condensed over time in the present
conceptualization, the hypothesis here is that even during post-detoxification, a period of “protracted abstinence,” the
reward system is still bearing allostatic changes (see text). The following definitions apply: allostasis, the process of achieving
stability through change; allostatic state, a state of chronic deviation of the regulatory system from its normal (homeostatic)
operating level; allostatic load, the cost to the brain and body of the deviation, accumulating over time, and reflecting in many
cases pathological states and accumulation of damage.
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vation may contribute to a negative mood or state that
dissipates with time, but with repeated administration
of drug grows larger with time (or fails to return to normal homeostatic baseline), setting up a negative reinforcement mechanism (see also Drug Withdrawal and
Allostasis) (Figure 4). Thus, glucocorticoids are involved in adaptations from homeostasis to pathophysiology in many parts of the neuraxis including the basal
ganglia/extended amygdala systems, the stress axis hypophyseal systems, and cortical systems, and as such
can be considered as one of the biological substrates
modulating reward (Figure 2).

Environmental Factors and Reward
Environmental factors in adults, both intrinsic and extrinsic, also are important determinants of self-administration behavior, particularly during acquisition of the
behavior and during reinstatement of drug-taking following extinction (Le Sage et al. 1999). Food deprivation increases drug-maintained behavior, and this generalizes to different species, routes of administration,
and reinforcement schedules (De la Garza and Johanson 1987). Food restriction increases cocaine selfadministration during unlimited access to cocaine during acquisition and reinstatement (Carroll 1985; Carroll
et al. 1979). Nondrug reinforcers, such as those concurrently available during acquisition and maintenance of
cocaine self-administration, prevent acquisition and decrease maintenance (Carroll and Lac 1993; Carroll and
Rodefer 1993; Carroll et al. 1989). Nondrug reinforcers
in a clinical setting also reduce cocaine intake (Higgins
et al. 1994). How these intrinsic and extrinsic factors interact with the allostatic model of addiction proposed
here remains a challenge for future work.

Developmental Factors and Reward
Environmental stressful events during critical periods
of development produce enduring neuroendocrinological and neurodevelopmental changes that could influence drug reward responsivity and propensity to addiction (Fride and Weinstock 1989; Henry et al. 1994;
Moyer et al. 1978). Prenatal stress has been found to
have long-term effects on the activity of the DA system
and on DA-related behaviors (Fride and Weinstock
1989; Moyer et al. 1978). Moreover, there is evidence
that prenatal stress increases and prolongs corticosterone secretion in response to stress (Henry et al. 1994).
Self-administration of stimulants has been studied in
the offspring of mothers submitted to a restraining procedure during the last week of pregnancy (Deminiere et
al. 1992; Maccari et al. 1991). These animals also were
tested for locomotor reactivity to novelty and to stimulants, since these behaviors are characteristically enhanced in animals spontaneously predisposed to self-
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administration of drugs of abuse (Piazza et al. 1989). Prenatal stress animals had increased locomotor reactivity
to amphetamine, particularly over the first hour of testing, and a more rapid response to amphetamine. Furthermore, prenatal stress influenced the propensity to
develop amphetamine self-administration. While control
and stressed animals did not differ during the first day of
testing, animals in the prenatal stress group showed a
higher intake of amphetamine on subsequent days.
Although the development of an organism presumably carries a strong genetic component, the organism’s
early environment has long-lasting influence. Both
components shape psychobiological temperaments and
are at the origin of individual differences. Moreover,
both components can contribute equally to vulnerabilities for neurodegenerative processes and ultimately
deleterious life events and can interact. Prenatal and
postnatal events also modify the activity of the HPA
axis (Caldji et al. 1998; Ladd et al. 2000), and maternal
glucocorticoids have a major role on the development
of endocrine function in the offspring. In fact, high levels of maternal glucocorticoids during prenatal stress
have marked long-term repercussions on the efficiency
of the offspring’s HPA negative feedback mechanisms.
Thus, a modification of corticosterone secretion via
changes in HPA axis activity could be a biological substrate of the long-term behavioral effects of prenatal
and postnatal events that could contribute to individual
differences in vulnerability to allostasis in the brain reward system (see above).

DRUG WITHDRAWAL AND ALLOSTASIS
Motivational Components of Withdrawal
Motivational changes associated with acute withdrawal
reflect opponent-process-like changes in the reward circuitry activated by the acute reinforcing effects of drugs
of abuse. Brain systems associated with the development of motivational aspects of withdrawal are hypothesized to be a major source of potential allostatic
changes that drive and maintain addiction. Acute withdrawal from the chronic use of drugs of abuse long has
been associated with physical signs, and the manifestation of these physical signs varies with each drug of
abuse. However, the manifestation of physical signs of
withdrawal are only one of a constellation of physical
and motivational symptoms associated with addiction
(American Psychiatric Association 1994) and the physical symptoms of withdrawal may be largely irrelevant
to the motivation to take drugs. For example, patients
relapse long after physical signs of withdrawal have
dissipated.
Acute withdrawal also is associated with a negative
affective state including various negative emotions
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such as dysphoria, depression, irritability and anxiety.
These emotional states appear to be common to withdrawal from chronic use of all major drugs of abuse and
may have major motivational significance in contributing to the maintenance of drug addiction. For example,
cocaine withdrawal in humans in the outpatient setting
is characterized by severe depressive symptoms combined with irritability, anxiety, and anhedonia lasting
several hours to several days (i.e., the “crash”) and may
be one of the motivating factors in the maintenance of
the cocaine-dependence cycle (Gawin and Kleber 1986).
Inpatient studies of cocaine withdrawal in cocaine-dependent subjects have shown similar changes in mood
and anxiety states, but they generally are much less severe (Weddington et al. 1991). Opiate withdrawal is
characterized by severe dysphoria, and alcohol withdrawal produces pronounced dysphoria and anxiety.
Recent studies using animal models of reward and
anxiety have provided measures of behavioral changes
that can be linked to emotional states associated with
withdrawal from all major drugs of abuse, including opiates, psychostimulants, alcohol and nicotine. A validated
measure of brain reward function is the technique of intracranial self-stimulation (Kornetsky and Bain 1990)
where small amounts of electrical current to the medial
forebrain bundle through an electrode will sustain vigorous behavior to obtain the stimulation. Using the technique of intracranial self-stimulation to measure reward
thresholds throughout the course of drug dependence,
reward thresholds are increased during withdrawal
from chronic administration of all major drugs of abuse
(reflecting a decrease in reward), and some of these
changes can persist for up to a week post-drug (Table 2).

Neural Substrates of Motivational Withdrawal
The neural substrates and neuropharmacological mechanisms for the negative emotional-motivational effects
of drug withdrawal may involve disruption of the same
neural systems implicated in the positive reinforcing effects of drugs of abuse. As such, these effects may reflect
changes in the activity of the same mesocorticolimbic

Table 2. Brain Reward Function During Acute Withdrawal
(0–72 hours)
Reward
Cocaine
12–48 hr binge
Opiates
Precipitated withdrawal
(low to high dose naloxone)
Alcohol
2 weeks, 200 mg%
Nicotine
7 days, 9 mg/kg/day

↓— ↓↓↓
↓— ↓↓↓
↓↓↓
↓↓↓

Table 3. Neurotransmitters Implicated in the Motivational
Effects of Withdrawal from Drugs of Abuse
↓ Dopamine
↓ Opioid Peptides
↑ Dynorphin
↓ Serotonin
↓ GABA
↑ Corticotropin-Releasing Factor
↓ Neuropeptide Y Factor

“dysphoria”
pain, “dysphoria”
“dysphoria”
pain, “dysphoria”,
depression
anxiety, panic attacks
stress
stress

system (midbrain-forebrain system) implicated in the
positive reinforcing effects of drugs and can last up to 72
hours depending on the drug and dose administered
(Legault and Wise 1994; Leith and Barrett 1976; Markou
and Koob 1991, 1992; Parsons et al. 1995; Schulteis et al.
1994) (Table 2). Examples of such changes at the neurochemical level include decreases in dopaminergic and
serotonergic transmission in the nucleus accumbens
during drug withdrawal as measured by in vivo microdialysis (Parsons et al. 1995; Weiss et al. 1992b), increased sensitivity of opioid receptor transduction
mechanisms in the nucleus accumbens during opiate
withdrawal (Stinus et al. 1990), decreased GABAergic
and increased NMDA glutamatergic transmission during alcohol withdrawal (Fitzgerald and Nestler 1995;
Roberts et al. 1996; Weiss et al. 1996), and differential regional changes in nicotine receptor function (Collins et
al. 1990; Dani and Heinemann 1996) (Table 3).
Other neurotransmitter systems not linked to the
acute reinforcing effects of drugs of abuse also may be recruited to contribute to the negative emotional-motivational state associated with acute withdrawal (Koob and
Bloom 1988; Koob and Le Moal 1997) (Table 3). Activation of brain and pituitary stress systems may be another
common response to repeated administration of drugs of
abuse that may be involved in the negative emotional
state associated with acute withdrawal (Table 3). Pituitary adrenal function is activated during drug dependence and during acute withdrawal from drugs of abuse
in humans. Dysregulation of the HPA axis also can persist even past acute withdrawal (Kreek 1987; Kreek et al.
1984). Corticotropin-releasing factor (CRF) function, outside of the pituitary adrenal axis, also is activated during
acute withdrawal from cocaine, alcohol, opiates, and
THC and thus may mediate some of the behavioral responses to stress associated with acute abstinence (Heinrichs et al. 1995; Koob et al. 1994; Richter and Weiss 1999;
Rodriguez de Fonseca et al. 1997).
Rats treated repeatedly with cocaine, nicotine, THC
and alcohol show significant anxiety-like responses following cessation of chronic drug administration which are
reversed with intracerebroventricular administration of a
CRF antagonist (Rassnick et al. 1993b; Sarnyai et al. 1995).
Microinjections into the central nucleus of the amygdala of
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lower doses of the CRF antagonist also reversed the anxiogenic-like effects of alcohol withdrawal (Rassnick et al.
1993b), and similar doses of the CRF antagonist injected
into the amygdala were active in reversing the aversive
effects of opiate withdrawal (Heinrichs et al. 1995).
Studies using in vivo microdialysis have shown that
rats withdrawn from chronic alcohol, withdrawn from
chronic cocaine, and precipitously withdrawn from
chronic cannabinoids show increases in the release of
CRF from the central nucleus of the amygdala (Cummings et al. 1983; Merlo-Pich et al. 1995; Rodriguez de
Fonseca et al. 1997). Indeed, one could speculate that
the profound activation of both the HPA axis and central CRF systems during drug withdrawal, particularly
after a binge, represents the ultimate activation of the
HPA axis and subsequent sensitization of central CRF
that cannot return to homeostatic levels (see above and
Figure 3). Thus, a cascade of events could be hypothesized to develop in the following manner: 1) reward
system activation in a binge; 2) downregulation of
dopamine/opioid peptide systems at the end of a
binge; 3) continued dysregulation of reward systems
during acute withdrawal; and 4) HPA activation and
central CRF activation during acute withdrawal that
may persist into protracted abstinence. Thus, chronic
drug self-administration sets up two major components
of allostasis to the brain reward systems during a binge
withdrawal cycle. There is a hypofunctioning of neurotransmitter systems involved in positive reinforcement and a recruitment of neurotransmitter systems involved in negative emotional states that provide the
motivation for negative reinforcement.
Neuropeptide Y (NPY), a 36 amino acid member of
the pancreatic polypeptide family, also has been implicated in the neuroadaptations associated with the development of drug addiction. NPY is abundantly present in
brain areas implicated in alcohol- and drug dependence,
such as the ventral striatum and amygdala (de Quidt and
Emson 1986). Acute effects of NPY are remarkably similar to those of alcohol in producing a suppression of anxiety-like responses, sedation (Heilig et al. 1994), and anticonvulsant actions (Vezzani et al. 1999). A quantitative
trait locus contributing to the phenotype of alcohol-preferring P rats has been found within a chromosomal region containing the NPY gene (Carr et al. 1998). Furthermore, in several brain areas, central expression of NPY
differs between alcohol-preferring P and non-preferring
NP rats. Among these differences are suppressed levels
of NPY in the central amygdala, also seen in high alcohol
drinking (HAD) rats, suggesting that NPY within this
structure might play a role in the regulation of alcohol intake (Hwang et al. 1999). Furthermore, the electrophysiological response to intracerebroventricular NPY differs
between P and NP rats (Ehlers et al. 1999). A causal relation between NPY expression and alcohol intake has
been suggested by the inverse relationship between
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NPY-expression and alcohol intake in NPY-transgenic
and NPY-mutant mice, respectively (Thiele et al. 1998).
NPY also may be involved in dependence on drugs
other than alcohol. NPY expression in the ventral striatum is suppressed following prolonged treatment with
cocaine, possibly related to the anhedonic state present
during cocaine withdrawal (Wahlestedt et al. 1991).
Conversely, withdrawal from opiates is antagonized by
central NPY (Woldbye et al. 1998). Overall, the role of
NPY in dependence perhaps may be best viewed as an
inhibitor of neuronal excitability (Palmiter et al. 1998),
and it is important to note that NPY and CRF have been
hypothesized to have reciprocal actions in mediating behavioral responses to stressors (Heilig et al. 1994). Thus,
one may speculate that during acute withdrawal, and
perhaps extended to protracted abstinence, decreases in
NPY activity may accompany increases in CRF activity
further potentiating the neurochemical brain stress system contribution to allostasis in the reward system.
Recruitment of nonstress, anti-reward systems involving other neurotransmitter systems also has been hypothesized to contribute to the motivational changes associated with chronic administration of drugs of abuse and
may represent another contribution to the allostatic state.
These include the neuropeptides dynorphin, neuropeptide FF (NPFF), and more recently orphanin FQ, and
these anti-reward neurotransmitters may be natural
counteradaptive mechanisms that are activated to limit
impulsive behavior to limit impulsive reward-seeking behavior. Dynorphin peptides appear to decrease the
dopamine activity via a presynaptic action on kappa opioid receptors in the nucleus accumbens, and kappa agonists produce aversive effects in rodents and humans
(Hyman 1996). Moreover, dynorphin transmission also is
modulated by glucocorticoids, and this modulation could
represent an indirect action upon dopamine neurons at
the terminal projection level (for review, see Angulo and
McEwen 1994). Anti-opiate activities also have been hypothesized for NPFF, previously called F8Fa, based on
the effects of intracerebroventricular injection of NPFFrelated peptides. Administration of NPFF attenuates
morphine- and stress-induced analgesia (Kavaliers 1990),
and precipitates morphine withdrawal (Malin et al. 1990).
More compelling, NPFF antagonists can increase both
morphine- and stress-induced analgesia, reverse morphine tolerance (Lake et al. 1992), and attenuate the
naloxone-precipitated withdrawal syndrome in morphine-dependent rats. An NPFF antagonist also blocks
some aspects of nicotine withdrawal (Malin et al. 1996).
Anti-opiate like effects also have also been reported with
administration of the orphan receptor binding peptide orphanin FQ (nociceptin) (Mogil et al. 1996), although more
recent evidence suggests that orphanin FQ produces
more anxiolytic-like effects (Jenck et al. 1997).
Counter-regulatory processes within the reward domain could acutely limit drug intake. In contrast, if the
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initial counter-regulatory response is inappropriate and
cannot balance the activational forces involved in an allostatic response, it could lead to further drug intake
and the development of allostatic-like changes in these
counter-regulatory processes where the anti-reward effects develop slowly (see neuroadaptation sections and
Figure 4). One could envision genetic- and environmentally based vulnerability at both ends of the counteradaptive process. Thus, these anti-reward systems are
hypothesized to be abnormally activated during the development of dependence, and thus contribute to the
allostatic state of reward dysfunction in addiction.

EXTENDED AMYGDALA: A COMMON
SUBSTRATE FOR ALLOSTATIC CHANGES
IN REWARD FUNCTION
Specific components of the basal forebrain have been
identified as potential substrates for the positive reinforcing effects of drugs of abuse and the negative reinforcement associated with a state of allostasis associated with addiction. Recent neuroanatomical data and
new functional observations have identified a separate
entity within the basal forebrain, termed the “extended
amygdala,” that has been hypothesized to be a common
neural circuitry for the reinforcing actions of drugs (Alheid and Heimer 1988). The term “extended amygdala”
originally was described by Johnston (1923) and represents a macrostructure that is composed of several basal
forebrain structures: the bed nucleus of the stria terminalis, the central medial amygdala, the area termed the
sublenticular substantia innominata, and a transition
zone that forms the medial posterior part of the nucleus
accumbens (e.g., shell) (Heimer and Alheid 1991). These
structures have similarities in morphology, immunohistochemistry and connectivity (Alheid and Heimer
1988) (Figure 3), and they receive afferent connections
from limbic cortices, hippocampus, basolateral amygdala,
midbrain, and lateral hypothalamus. The efferent connections from the extended amygdala include the posterior medial (sublenticular) ventral pallidum, medial
ventral tegmental area, various brainstem projections,
and a considerable projection to the lateral hypothalamus (Heimer et al. 1991). The observation of a major
connection to the lateral hypothalamus provides an important functional link between the neurochemical/
neurobiological substrates of drug reward with the
long-hypothesized neurobiological substrates of brain
stimulation reward.
Specific sites within the extended amygdala and selective neurochemical and neuropharmacological actions have been identified for both the acute positive reinforcing effects of drugs of abuse and in the negative
reinforcement associated with drug abstinence. Microinjections of dopamine D1 antagonists directly into the
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shell of the nucleus accumbens, the central nucleus of
the amygdala (Caine et al. 1995) and the bed nucleus of
the stria terminalis (Epping-Jordan et al. 1998) are particularly effective in blocking cocaine self-administration. In vivo microdialysis studies show a selective activation of dopaminergic transmission in the shell of the
nucleus accumbens in response to acute administration
of virtually all major drugs of abuse (Pontieri et al. 1995,
1996; Tanda et al. 1997). In addition, the acute reinforcing effects of alcohol are blocked by the administration
of GABAergic and opioidergic competitive antagonists
into the central nucleus of the amygdala (Heyser et al.
1999; Hyytia and Koob 1995), while lesions of the cell
bodies within this structure markedly suppress ethanol
self-administration (Moller et al. 1997).
A role for the involvement of the extended amygdala
in the aversive stimulus effects of drug withdrawal includes changes in opioidergic, GABAergic and CRF
neurotransmission during acute withdrawal. There is
enhanced sensitivity of alcohol-dependent rats to
GABA agonists during acute withdrawal (Roberts et al.
1996), and the CRF systems in the central nucleus of the
amygdala are activated during acute alcohol, opioid,
THC and cocaine withdrawal (Merlo-Pich et al. 1995).
These recent developments in the neurobiology of
drug reinforcement combined with existing knowledge
of the substrates for emotional behavior (Davis 1997)
may provide critical insights to the neurobiology of the
addiction process and ultimately may bridge what have
been largely independent research pursuits. Perhaps
more importantly, the neuronal circuit comprising the
extended amygdala interacting with the brain stress
axis circuit and the compulsive behavior circuit (Figure
3) are well situated to form a heuristic model for exploring the mechanisms associated with allostasis in the
brain reward systems that may explain such concepts
as craving and vulnerability to relapse (see above). The
normal role for these counteradaptive changes observed during acute withdrawal produced by repeated
drug administration may be to limit impulsive rewardseeking behavior and thus would represent homeostatic changes. However, these homeostatic changes enter the allostatic domain when they persist and are
maintained and keep building during the development
of dependence (see next section).

VULNERABILITY TO ADDICTION AND
ALLOSTASIS: NEUROADAPTATION
Sensitization and Counteradaptation
Two neuroadaptive models (sensitization and counteradaptation) have been formulated to explain the change
in reward function associated with the development of
addiction or substance dependence and how this
change contributes to compulsive use. Sensitization has
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been defined as the increased response to a drug that
follows its repeated presentation but can take on a
broader meaning when considered in the context of increased responsiveness of any drug-related phenotype
(see below). Psychomotor sensitization, as defined by
increased locomotor activation produced by repeated
administration of a drug, is more likely to occur with
intermittent exposure of drugs, whereas tolerance is
more likely to occur with continuous exposure. A conceptualization of the role of psychomotor sensitization
in drug dependence has been proposed where a shift in
an incentive-salience state described as “wanting” was
hypothesized to be progressively increased by repeated
exposure to drugs of abuse (Robinson and Berridge
1993). The transition to pathologically strong wanting
or craving has been proposed to define compulsive use.
An alternative counteradaptation hypothesis long
has been proposed where the initial acute effect of the
drug is opposed or counteracted by homeostatic
changes in systems that mediate primary drug effects
(Poulos and Cappell 1991; Siegel 1975; Solomon and
Corbit 1974). In this opponent-process theory, tolerance
and dependence are inextricably linked (Solomon and
Corbit 1974), and affective states, pleasant or aversive,
were hypothesized to be automatically opposed by centrally mediated mechanisms that reduce the intensity of
these affective states. Opponent-process counteradaptation can be defined as a-processes (positive hedonic effects) occurring shortly after presentation of the reinforcer and showing tolerance (Figure 4). In contrast, the
b-processes (negative hedonic effects) appear after the
a-process has terminated, are slow to decay, and get
larger with repeated exposure.

Allostasis and Neuroadaptation
The present conceptualization is an attempt to extend
neuroadaptive hypotheses to the framework of allostasis. In addition, an attempt is made to integrate the psychomotor sensitization hypothesis (Robinson and Berridge 1993) and the counteradaptation hypothesis. The
first important conceptualization is that the allostasis of
importance to addiction is that of dysregulation of the
brain reward system(s). Under such a framework of
change to maintain stability, both enhanced reward and
compromised reward function could contribute to an
allostatic state and ultimately could potentiate the overall vulnerability to a major breakdown or dysregulation
that would lead to the spiralling distress of addiction.
With sensitization, empirical data support the hypothesis that the locomotor-activating effects (psychomotor
sensitization) of many drugs of abuse show sensitization with repeated administration of nondependenceinducing doses (e.g., doses that do not induce physical
signs of withdrawal upon abstinence). This psychomotor sensitization has been extended with certain drugs
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under certain situations to the reinforcing effects of
drugs (Schenk and Partridge 1997) where animals with
a history of drug administration initiate drug selfadministration at lower doses than drug-naive subjects.
Thus, a history of drug intake could shift the dose-effect
function to the left to initiate drug-seeking behavior, increase self-administration at low doses that do not normally sustain self-administration, and produce a larger
neurobiological effect in an experienced subject than if
given to a drug-naive subject. Generating the molecular
and cellular resources necessary for increased turnover
of dopamine or opioid peptide function may leave
these systems vulnerable to dysregulation that contributes to the allostatic state of reward dysfunction.
Addiction, however, is associated with or even defined as (Russell 1976) a negative affective state including dysphoria, irritability, and anxiety during abstinence from a more continuous or closely spaced pattern
of administration of drug, particularly as the severity of
symptoms increases. This state appears to reflect a decrease in baseline reward mechanisms and an increase
in drug intake to compensate for the shift in reward
baseline from an opponent-process perspective.
The increase in drug intake is known classically as
tolerance. In this state, more drug is required to produce an effect than in an individual not in a state of dependence. However, more recent conceptualizations in
the domain of opiate/pain research have argued that
tolerance in fact may be more of an “apparent tolerance” in that the b-process simply gets larger and larger
requiring recruitment of more and more drug to maintain normal reward by counteracting the increasingly
larger b-process (Colpaert 1996; Laulin et al. 1999). Such
neuroadaptive effects may be long-lasting and are illustrated in studies regarding opiates and pain modulation. In opiate-naive rats, subcutaneous injection of heroin induces analgesia as an unconditioned immediate
response, followed by allodynia and a decrease in pain
threshold.
Allodynia is defined as manifestation of pain in the
absence of noxious stimuli that can last several days.
This phenomenon can be exaggerated by administration of the mu-opiate receptor antagonist naloxone. For
example, when injected shortly after administration of a
dose of morphine or fentanyl, naloxone both abolishes
the acute opiate-induced increase in nociceptive threshold and also reduces it to below basal value (hyperalgesia). This hyperalgesia can be blocked by noncompetitive NMDA receptor antagonists suggesting a critical
role for glutamatergic systems (Celerier et al. 1999;
Larcher et al. 1998; Laulin et al. 1998). This hyperalgesia
and allodynia (b-process) also sensitizes both with repeated drug administration and over time leading to an
apparent tolerance. Thus, in addition to the acute unconditioned immediate response of the drug, there is
recruitment of other systems such as glutamate leading
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to opposite effects that sensitize with time and additional administration of the drug. Such a neuroadaptive
change has been interpreted as a form of structural
memory and may be related to the same processes underlying what has been described as apparent tolerance
(Colpaert 1996; Slot and Colpaert 1999). Also, acute motivational withdrawal (negative emotional state) has
been observed following a single injection of morphine
that gets larger following a subsequent morphine injection (Schulteis et al. 1997). While an initial hyperalgesic
response simply may reflect a homeostatic change, the
persistence of the overshoot (allodynia) represents
more of an allostatic change. From the addiction perspective, the allostatic changes to the reward system
have taken on a new dimension where to maintain normal reward function the subject must marshal substantial neurobiological resources (Figure 4).
The conundrum with such a conceptualization is
how do these two neuroadaptive processes–psychomotor sensitization and counteradaptation–coexist to produce what we know as the signs and symptoms of addiction. One hypothesis is that in the early stages of
compulsive drug-taking, where negative affect postdrug is minimal and the subject appears driven mainly
by the positive reinforcing effects of a drug or anticipation of the positive reinforcing effects of the drug, psychomotor sensitization plays an important role. Here,
drug-seeking is driven by positive reinforcement and
resembles more a classical impulse control disorder.
Sensitization may be involved in the preoccupation/anticipation stage during acquisition of drug-taking and
may be recruited again during reinstatement of drugtaking following detoxification and prolonged abstinence (Koob and Le Moal 1997).
Impulsivity, in the context of impulse control disorders, has been defined as when an individual feels an
increasing sense of tension or arousal before committing an act and then experiences pleasure, gratification
or relief at the time of committing an act (American
Psychiatric Association 1994). One prediction such a
formulation would make is that before or during the
early stages of transition to addiction, repeated administration of drugs at doses that do not produce negative
affective states upon cessation of drug intake are more
likely to manifest psychomotor sensitization. Psychomotor sensitization, in turn, could enhance drug intake
by incentive motivational (salience) processes rather
than tolerance or apparent tolerance. However, when
negative affective states (b-processes) begin to grow
during the course of more and more drug-taking, the
counteradaptation mechanisms may begin to predominate with tolerance or “apparent tolerance” to the reinforcing effects and manifestation of affective withdrawal. Interestingly, from the perspective of a broad
definition of the sensitization process, an allostatic-like
change in negative affective states which gets larger
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with repeated exposure to the drug also represents a
true “sensitization” (Figure 4). This would lead to addiction being driven by negative reinforcement, and
here the addiction cycle takes on characteristics more of
a compulsive disorder where the addiction cycle presumably recruits the same neural circuits associated
with a compulsive disorder (cortico-striatal-thalamic
loop) (Figure 3). Compulsion is defined in this context
as when an individual performs repetitive behaviors,
the goal of which is to prevent or reduce anxiety or distress, not to provide pleasure or gratification (American
Psychiatric Association 1994).

Neurosubstrates of Allostatic Neuroadaptation
Thus, sensitization as a process may have a more general role in the development of allostasis in the reward
system that accompanies the transition to addiction.
First, dopamine and glucocorticoids participate in a
“sensitized” (psychomotor sensitization) response to a
history of drug intake as measured by locomotor activation and drug threshold for initiating drug selfadministration. Second, the negative affective state becomes “sensitized” (negative affective state sensitization)
and grows larger with repeated administration of drug,
recruiting not only more brain circuits but also additional brain neurochemical systems such as the brain
stress systems (Figures 4 and 5). The combination of a
recruited brain stress system and an already compromised reward circuit (as reflected in “depletion” or
“dysfunction” in the dopamine, opioid peptide, and
even serotonergic domains) provides an additional
powerful contribution to the negative affective state
that reflects the allostatic state of reward system dysfunction.
Both of these theoretical positions would allow one
to predict neuroadaptation at the molecular, cellular
and system levels. Neurochemical changes that are altered during the development of sensitization have
been hypothesized to involve the same neurotransmitters implicated in the acute reinforcing effects of drugs
(Koob and Bloom 1988). For example, sensitization to
psychostimulants is associated with a number of neurochemical changes within the mesolimbic dopamine system (White 1996). These include subsensitivity of
dopamine autoreceptors in the ventral tegmental area, a
supersensitivity of D1-mediated responses (Henry and
White 1991), increased levels of adenylyl cyclase and
protein kinase A, and decreased levels of Gi proteins
(Nestler 1996; Self and Nestler 1995). In addition, there
is cross-sensitization to stressors, and elevated glucocorticoids are associated with a propensity to selfadminister doses of drugs that are not usually reinforcing (Piazza and Le Moal 1996; Piazza et al. 1996a).
At the molecular level, there is a decrease in the ability of cocaine to induce the intermediate early gene c-fos
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Figure 5. Diagram depicting the relationship between the continuum from allostasis to pathology and the transition from
drug-taking to addiction to protracted abstinence. Three simplified brain circuits are conceptualized to change and contribute to the allostatic state in the brain reward system: the reward system itself (green), the brain stress systems (red), and the
cortico-thalamic-striatal (CTS) loop (blue). In the nondependent state, environmental stressors are minimal, reward experiences are normal, and the brain stress and CTS loop are not engaged. During the transition to dependence all three circuits
are engaged, and in the state known as addiction, the brain reward system is in a major underactivated state while both the
brain stress system and the CTS loop are highly activated. Protracted abstinence is characterized by a return toward a normal state but with residual activation of the brain stress systems and residual underactivation of the brain reward system.
Note that activation of the hypothalamic pituitary adrenal axis is hypothesized to drive the brain stress axis to contribute to
the allostatic state of addiction. DA, dopamine; CRF, corticotropin-releasing factor; GR, glucocorticoid receptor. The following definitions apply: allostasis, the process of achieving stability through change; allostatic state, a state of chronic deviation
of the regulatory system from its normal (homeostatic) operating level; allostatic load, the cost to the brain and body of the
deviation, accumulating over time, and reflecting in many cases pathological states and accumulation of damage.

but a sustained expression of the AP-1 transcription factor (Self and Nestler 1995). In addition, recent evidence
suggests that novel isoforms of delta-FosB, a member of
the Fos family of transcription factors, accumulate in
specific regions of the brain in response to repeated administration of drugs of abuse and other psychoactive
drugs (Nestler et al. 1999). Particularly intriguing is evidence provided by inducible transgenic mice upon
overexpression of delta-FosB showing biochemical and
behavioral changes which mimic the chronic drugtreated state (Nestler et al. 1999). Chronic administration of other major drugs of abuse such as opiates and
alcohol produce similar molecular changes in second
messenger, signal transduction pathways and transcription factors (Koob et al. 1998b). Thus, the sensitization associated with locomotor activation and the mesolimbic dopamine system involves neuroadaptations
that can be long-lasting and contribute to drug-seeking.
Unknown at this time is whether these molecular adap-

tations persist into the counteradaptation stage where
other neurochemical systems are recruited.
Overactivity in the brain reward system produced
by excessive drug-taking is hypothesized to engage the
after-effects of allostatic adaptations in an attempt to
maintain functional hedonic states. The functional state
of neurotransmitter systems activated to produce drug
reward ultimately may be depleted or unable to keep
up with the demand involved in mediating the acute reinforcing effects of drugs of abuse. Examples of such allostatic adaptive neurochemical events might include
decreases in dopaminergic and serotonergic transmission in the nucleus accumbens during drug withdrawal
as measured by in vivo microdialysis (Parsons et al.
1995; Weiss et al. 1992b), increased sensitivity of opioid
receptor function in the nucleus accumbens during opiate withdrawal (Stinus et al. 1990), decreased GABAergic and increased NMDA glutamatergic transmission
presumably in the accumbens-amygdala reward circuit
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during alcohol withdrawal (Fitzgerald and Nestler 1995;
Roberts et al. 1996; Weiss et al., 1996), and differential regional changes (reward system versus nonreward systems) in nicotine receptor function during nicotine addiction (Collins et al. 1990; Dani and Heinemann 1996).

Allostatic Neuroadaptation and the Stress Axis
Such allostatic adaptations also may involve the recruitment of neurotransmitters that mediate behavioral and
physiological responses to stressors. Neurochemical
components of stress responses that appear to be
changed during acute withdrawal from alcohol, cocaine, THC or opiates are increases in CRF systems and
decreases in NPY systems, and thus may mediate aspects of stress associated with abstinence (Koob et al.
1994). These effects have been hypothesized to involve
an action on CRF systems in limbic areas implicated in
behavioral responses to stressors (Koob et al. 1994), but
also may include activation of the hypothalamic pituitary adrenal axis (Kreek and Koob 1998; Piazza and Le
Moal 1996). Dysregulation of the HPA axis has important functional consequences that range from activating
the brain reward system, to serving as a stimulus for
self-medication, to actual neurotoxicity (Kreek and
Koob 1998). Activation of the HPA axis also may in turn
“sensitize” the limbic neurotropic stress systems that
may contribute to the negative affective state of the addiction cycle and set up an important source of negative
reinforcement (e.g., self-administration of a drug such
as alcohol to suppress an overactive limbic CRF system;
see above) (Schulkin et al. 1994; Shepard et al. 2000).
Norepinephrine systems emanating from the nucleus locus coeruleus also long have been hypothesized
to be involved in mediating behavioral constructs associated with alertness, arousal and stress. Central nervous system norepinephrine systems have been considered as having a role in arousal/alerting functions
(Robbins and Everitt 1995). Stress increases the turnover of norepinephrine in many terminal projection
areas of the locus coeruleus (Korf et al. 1973) and increases extracellular norepinephrine in the hippocampus
(Abercrombie et al. 1988), and a variety of stressors increase the discharge rate of locus coeruleus neurons
(Valentino et al. 1993).
A number of brain sites currently hypothesized to
be particularly important for the behavioral effects of
CRF, specifically with regard to the role of CRF in
arousal and behavioral responses to stress, are closely
linked to the brain norepinephrine systems including
the locus coeruleus, the paraventricular nucleus of the
hypothalamus, the bed nucleus of the stria terminalis,
and the central nucleus of the amygdala (Valentino et
al. 1993; Van Bockstaele et al. 1998). Thus, stress, either
autonomic or emotional, activates CRF release in the
nucleus locus coeruleus which in turn stimulates activ-
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ity in the locus coeruleus. This activation of the locus
coeruleus in turn produces release of norepinephrine
in forebrain terminal projections. Particularly intriguing are the data suggesting that norepinephrine in
these terminal areas in turn stimulates the release of
CRF (for example, in the paraventricular nucleus of the
hypothalamus, the bed nucleus of the stria terminalis,
and the central nucleus of the amygdala). These are
brain structures with a high density of CRF-containing
cell bodies and terminals and are well-implicated in
mediating the role of CRF in behavioral responses to
stress.
Finally, the evidence that CRF originating from
these noradrenergic terminal areas also innervates the
region of the locus coeruleus (Van Bockstaele et al.
1998) suggests a potentially powerful feed-forward
system (Koob 1999a). Such a feed-forward system may
be a mechanism for the progressive augmentation of
stress responsivity with repeated exposure. Conceptualized as stress syndrome dysregulation (Chrousos and
Gold 1992), kindling (Post and Weiss 1995), or a change
in allostatic set point (Schulkin et al. 1998), a feed-forward system involving CRF/norepinephrine interactions could be hypothesized to be a potential additional stress mechanism contributing to the allostasis
during the development of addiction. A challenge for
future studies will be to revisit the role of brain norepinephrine systems in drug addiction in the context of allostatic changes in arousal and stress, particularly with
such drugs as alcohol and opiates where withdrawal is
associated with a dramatic activation of the sympathetic nervous system.

Allostatic Neuroadaptation and
Drug Reward Set Point
Support for an allostatic view of reward regulation
comes from increasing evidence that chronic exposure
to drugs of abuse can change the “set point” for drug
reward. Animals with prolonged access to cocaine or
heroin will continue to increase their cocaine intake on
a daily basis and show enhanced intake of cocaine at all
doses tested (Ahmed and Koob 1997, 1998, 1999;
Ahmed et al. 2000). Indeed, the dose-effect function appears to shift upward instead of to the right (tolerance)
or to the left (sensitization) (Ahmed and Koob 1998).
Animals with a history of alcohol dependence show
prolonged increases in alcohol self-administration long
past acute withdrawal (Roberts et al. 2000a). Such
changes in drug reward set point may reflect an allostatic change rather than simply sensitization or homeostatic adaptation. This same phenomenon has been
demonstrated in animals selected on the basis of their
inherent differential vulnerability to drugs (Piazza et al.
2000; Sutton et al. 2000).
The allostatic changes set in motion by a history of
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drug use may begin with sensitization and the overactivation of the mesolimbic dopamine system described
above which may in part be driven by an activation of
the hypothalamic pituitary adrenal axis. This in turn
drives further drug use, which depletes reward transmission, but also recruits brain stress systems to counteract the increased hedonic processing. The combination of
high dopamine turnover (example of driving positive
reward) in the face of high CRF activity (recruited antireward), and possible low NPY activity, leads to a severe
allostatic state in the brain reward system should the
drug become unavailable (Figures 3 and 5).

VULNERABILITY TO ADDICTION AND
ALLOSTASIS: GENETIC CONTRIBUTIONS
Human Genetic Studies
Genetic influences on human substance abuse vulnerability have been documented by using classical and molecular genetic approaches. More recently, research to
find specific genes contributing to human vulnerability
is being developed in parallel with studies in experimental animal models in order to define the limits of
possible genetic and environmental factors in vulnerability (Cadoret et al. 1986; Devor and Cloninger 1989;
George and Goldberg 1989; Uhl et al. 1995). From clinical and naturalistic approaches, it is generally agreed
that preexisting intrinsic vulnerability does exist that
leads from recreational use to abuse and dependence
for a small percentage of users (Anthony et al. 1994).
Why some individuals succumb and others do not is
not a trivial question, but it has been generally neglected despite clinical evidence. Genetic interactions
with compulsive drug use may be explained by an individual differences-centered approach to the problem.
Here, abuse is the consequence of a peculiar, possibly
pathological reaction to the drug, and individuals are
vulnerable because of an intrinsic functional brain state
that interacts with the drug.
Clinical epidemiological studies, and more recently
experimental studies, have shown that individual vulnerability to drug abuse is not simply a drug-specific
phenomenon. If drug abuse was only a drug-specific
phenomenon, then drug-vulnerable subjects would differ from drug-resistant ones only for specific drug-induced behaviors and would not show any other psychobiological perturbations. In fact, vulnerability to
drug addiction may involve certain personality characteristics, sometimes in the context of comorbidity with
other psychopathological disorders. In other words,
such vulnerability — whatever the cause, genetic and/
or environmental life events — may reflect a potential
or already constituted state of reward system allostasis.
Such vulnerability may be a drug-specific phenomenon
in that a large component of the heritability is specific
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for a particular drug (Bierut et al. 1998; Merikangas et
al. 1998).
Substantial evidence exists for an important genetic
contribution to the vulnerability to develop alcoholism
and tobacco addiction. Twin studies with adoption
have provided strong evidence for an important genetic
influence on the risk of becoming an alcoholic in both
men and women (Heath et al. 1997a). Twin studies in
Scandinavia and the United States have shown consistently higher rates of alcoholism in monozygotic compared to dizygotic twins of male alcoholics (Hrubec and
Omenn 1981; Kaij 1960; Koskenvuo et al. 1984), and
adoption studies have shown consistently higher rates
of alcoholism in the adopted-away sons of alcoholic biological parents than in control adoptees (Cadoret et al.
1994; Goodwin et al. 1973). While a genetic influence on
alcoholism in women generally has been considered
weaker, recent analyses suggest that this may be the result of low statistical power due to the low base rate of
alcoholism in women (Heath et al. 1997b; Kessler et al.
1994).
The biological bases for such genetic contributions
are largely unknown, but a number of avenues have
been suggested by studies of high risk individuals. Alcohol challenge research suggests a genetic contribution to differences in sensitivity to alcohol with sons of
alcoholics showing less of a response to alcohol in such
measures as body sway, subjective measures of intoxication (self-rated), and electrophysiological measures
(Schuckit 1994). Impulsivity, behavioral undercontrol
and negative affectivity also have been identified as potential mediators of the genetic contribution to alcoholism in prospective studies (Sher 1991).
Recent evidence also suggests that genetic factors
have an important influence on the onset and development of tobacco smoking (Heath and Madden 1998).
Using twin data and a logistic regression model approach, data suggest that in men genetic factors play an
important role in predicting which individuals who become cigarette smokers progress to longterm persistent
smoking (Heath and Madden 1998). For example, using
multiple logistic regression analyses predicting persistence in smoking among smokers, the odds ratios are
significantly higher for monozygotic twins than for
dizygotic twins (Heath and Madden 1998). Similar conclusions have been drawn using a genetic liability
model approach with monozygotic and dizygotic twins
(True et al. 1997).
One untested hypothesis is that individuals at risk
for drug abuse in fact have a biological vulnerability
within the same domains as those biological changes
hypothesized to develop over the course of heavy drug
intake regardless of genetic history (see above). In the
study of the genetics of alcoholism, there is evidence of
genetic control over various aspects of drinking but to a
modest degree for any one dimension. This suggests
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that both environmental factors and environmentgenetic interactions may play a role (Sher 1991).
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brain reward system of removal of chronic administration of the drug–would be a powerful contribution to
vulnerability to addiction.

Animal Genetic Studies
Animal studies have established a number of models
of various aspects of alcoholism including excessive
drinking through the use of inbred strains and selective breeding programs (Crabbe 1989; Crabbe et al.
1999). The animals selectively bred for excessive drinking show many of the characteristics of human alcoholics such as high alcohol intake, a generalized decreased
sensitivity to alcohol, and drinking to the point of
showing withdrawal effects upon cessation of drinking
(McBride and Li 1998). Studies with inbred strains of
mice allow for crossing and the identification of specific gene loci linked to a given trait by use of quantitative trait locus analysis (Phillips et al. 1994). Both approaches have begun to identify neurobiological
substrates that may be responsible for excessive drinking including in the selectively bred animals alterations in dopaminergic and serotonergic function and
in the inbred mouse strains identification of gene loci
associated with specific neurotransmitters such as
GABA and NPY (Carr et al. 1998; Crabbe et al. 1999; Li
2000). Parallel studies have yet to be performed with
other drugs of abuse. However, there are major differences in the avidity with which inbred strains of mice
will self-administer drugs that could provide the basis
for future genetic studies of vulnerability to addiction
or even protection from drug-seeking. For example, the
BALBc mouse will not self-administer cocaine but if
pretreated with an anti-anxiety drug such as diazepam
will avidly self-administer cocaine (David et al. 2000).
These results suggest that in these animals the acute
anxiogenic- or stress-like actions of cocaine protect
against self-administration.
Thus, genetic factors can act as constitutive (trait)
mechanisms in the organism to produce the differential
sensitivity within the brain reward and stress systems
that can interact with environmental factors to produce
a greater or lesser state of allostasis within the brain reward system upon drug-taking. Decreased sensitivity
to a drug, including sensitivity to the initial aversive effects of a drug, can lead to increased drug intake which
can set up further challenges to the reward circuits and
interacting neural systems (Figure 5). However, although largely neglected to date in genetic studies, one
also can envision differential sensitivity to the sensitization of negative affective state or stress associated with
removal of chronic administration of drugs, even independent of initial sensitivity to the drug or initial avidity for the drug. Clearly, the combination of all three
factors–an initial high avidity for the drug, decreased
sensitivity to the drug’s initial aversive effects and increased sensitivity to the untoward consequences to the

VULNERABILITY TO ADDICTION
AND ALLOSTASIS:
NEUROBIOLOGICAL MECHANISMS
Opponent-Process Counteradaptation in
Vulnerability to Addiction
The brain reward system presumably evolved to provide
a motivational mechanism for survival and propagation
of the species (Nesse and Berridge 1997; Panksepp 1998;
Stellar and Stellar 1985; Toates 1990). Rewards in the natural environment generally are associated with the seeking of nourishment, shelter and preservation of the species (i.e., reproduction). One can speculate that the basic
mechanisms involved in reward regulation are the same
mechanisms usurped by drugs of abuse. It follows then
that the neuroadaptations in the brain reward system associated with an abundance of rewards produced by
changes in the environment are the same neuroadaptations observed to drug rewards. As such, drugs of abuse
have powerful neuropharmacological effects that may
short circuit the neurochemistry of reward.
Using a conceptualization originally grounded in
opponent-process theory (Solomon and Corbit 1974),
the effects of natural rewards on hedonic state are dependent on the nature of the reward and the frequency
of delivery (Figure 4). Rewards that have initial pleasurable effects can show some apparent tolerance and
some evidence of a negative affective opponent-process. In contrast, rewards that have initial aversive effects can show tolerance to the aversive effects, a gradual increase in the positive affective opponent-process,
and then subsequently a second opponent-process that
may represent yet another negative affective state. Evidence for allostasis to the point of addiction with natural rewards is controversial, but compulsive behavior
with impairment in social and occupational functioning
has been observed with such events as gambling, shopping, exercise, eating, sex, and computer use (Baumeister et al. 1994; Orford 1985). With the possible exception
of gambling and perhaps certain eating disorders, the
intensity and frequency of such disorders is less than
that of drug addiction. A challenge for future research
will be to understand whether such nondrug pathology
has the same neurochemical underpinnings as drug addiction and produces a state of allostasis in the brain reward system that predisposes to drug addiction.
As described above, in drug addiction itself, the evidence for neuroadaptations to the reward system is
overwhelming and can produce profound changes in
reward set point (Figure 4). Here, again grounded in
opponent-process theory, drugs are conceptualized to
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have dramatic effects on hedonic processing that are
time and drug dependent. Closely spaced administration of powerful reinforcing drugs can produce “apparent” tolerance to the initial rewarding effects and a pronounced “sensitization” of the negative affective state.
This negative affective state is conceptualized to grow
over time until the subject in effect simply is trying to
return to a normal hedonic level (Kissin and Gross
1968) (Figure 4). Translated to the situation of the drug
addict, the addict’s reward system must work harder
and harder to stay in the same place. Thus, in an allostatic view, stability is purchased at the cost of increased resources and decreased margin of error or reserve (B. Carroll, personal communication). This contrasts
with a cost-neutral means of maintaining stability
which characterizes homeostasis. The allostatic state
conceptualized here is comprised of the residual neurochemical changes that may or may not be manifested as
a behavioral phenotype but provide a biological transformation or “brain signature” that may be long lasting
and involve neurobiological domains from motivation
to memory.
Allostasis in the reward system can be the result of
chronic drug administration (Figure 5) but also may result from a history of environmental insult that falls
into the realm of stress. Both perinatal and developmental stressors can contribute to the vulnerability of
the brain and pituitary stress systems (Caldji et al. 1998;
Ladd et al. 2000), and such a vulnerability may impact
directly on negative affective states that contribute to
reward system allostasis. One also could imagine that
particular experiences with nondrug rewards could interact with the same neurobiological substrates. Clearly,
there appears to be a relationship between noveltyseeking, antisocial personality disorder, impulsivity
and drug addiction (see above). Alternatively, impulse
control per se may be a separate dimension which interacts with motivational states. Whether these disorders
have some related or common neurochemical substrate
with addiction remains to be determined.

Neurobiological Mechanisms in
Vulnerability to Addiction
The neurobiological systems hypothesized to be responsible for the allostatic state of the reward system by
the transition to addiction and the continuation and
maintenance of addiction derive from multiple sources.
First, the neurotransmitter systems involved in the
acute reinforcing effects of drugs of abuse, such as
dopamine, serotonin, opioid peptides, GABA and
glutamate, are hypo-functional (see above). Second, the
neurotransmitter systems associated with anti-reward
and stress may be recruited to contribute to the state of
allostasis in the reward system (see above). The hypothesis proposed here is that transmitter function involved
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in the acute reinforcing effects of drugs of abuse is compromised with the establishment of drug dependence
(Figure 5, green) and that neurotransmitter function associated with anti-reward and stress (Figure 5, red),
and the “compulsive” circuit of the cortico-striatalthalamic loop (Figure 5, blue), are recruited during the
development of drug dependence (Figure 5).
A subhypothesis is that the core circuitry involved in
the adaptations that form the state of allostasis in the reward system can be localized to elements of the extended amygdala, in particular the central nucleus of
the amygdala, the bed nucleus of the stria terminalis,
and the transition zone in the posterior shell region of
the nucleus accumbens. Later, as allostasis continues to
develop, it grows by recruitment of additional perturbed systems: an overactive brain stress system and
an overactive compulsive behavior circuit. The allostatic state actually may pass into overt neural pathology as hypothesized for the role of cortical damage in
the development of alcoholism (Crews 1999). Neurotoxicity to the prefrontal cortex from high alcohol exposure has been hypothesized to contribute to disruption
of executive function and consequent perseveration
that could be an extension of dysfunction of the compulsive circuit of the cortico-striatal-thalamic loop
(Crews 1999).
A particular challenge for future research is to determine how cellular and molecular perturbations produced by chronic administration of drugs of abuse lead
to the major changes in neurobiological systems outlined above. Data to date suggest that there are multiple
molecular/cellular changes in brain neuronal systems
produced by chronic administration of drugs of abuse.
Noteworthy effects that appear common to many or all
drugs of abuse with chronic administration are activation of glucocorticoid neuromodulatory systems in the
nucleus accumbens and/or ventral tegmental area (Barrot et al. 2000; Piazza and Le Moal 1996, 1997), subsensitivity of dopamine autoreceptors in the ventral tegmental area (White 1996), hypersensitivity of dopamine D1
receptor-mediated responses in the nucleus accumbens,
increases in adenylyl cyclase activity, increases in protein kinase activity, increases in phosphorylation in the
nucleus accumbens, and induction of transcription factors in the nucleus accumbens (Koob et al. 1998b; Nestler and Aghajanian 1997). While dysregulation of
dopamine function can be linked to some of these cellular/molecular changes, in models even as well defined
as psychomotor sensitization, the phenotypic manifestation of the behavioral response does not always correspond to the cellular/molecular mechanisms hypothesized. This suggests that there may be subtle
underlying contributions to the phenotype that are as
yet undiscovered, and that the precise nature of cellular/molecular changes underlying allostasis in the reward system remain to be uncovered.
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DRUG RELAPSE AND ALLOSTASIS
Drug addiction is a chronic relapsing disorder characterized by cycles of drug abuse, abstinence and repeated
attempts to stop. The vulnerability for relapse is poorly
understood but clearly involves multiple factors such as
drug availability, conditioning factors and stress, and
hypothetically can be driven by a residual “brain signature” in any one of the three circuits dysregulated during the addiction cycle (see Figures 4 and 5). The majority of relapses occur during states of stress (Marlatt and
Gordon 1985) or situations with high drug cue or drug
availability (Marlatt and Gordon 1985). Behavioral treatments have been traditionally viewed as effective in
helping prevent relapse and a limited number of effective pharmacological treatments have proven effective
in preventing relapse (Mason and Ownby 2000; Mason
et al. 1999; Project MATCH Research Group 1997).
Embedded in the construct of vulnerability to relapse is another construct termed protracted abstinence
which can be defined as a subtle state of residual abstinence after acute withdrawal. While originally defined
in the context of physical symptoms associated with abstinence, the present conceptualization refers to a residual allostatic state within the brain reward system (Figure 5, green). It is important to emphasize that
protracted abstinence can contribute to a vulnerability
to relapse by a state change as opposed to a change in
perception of any given stimulus. For example, a priming-like activation by a conditioned positive reinforcer
in the context of high-circulating stress steroids superimposed upon an activated brain stress neurotransmitter system (Figure 5, red) may be a very powerful impetus for relapse (see below).

Stress Hormones, Dopamine and
Vulnerability to Relapse
As established above, the relationship between stress
and dopamine is to a large extent mediated by corticosterone (dopamine, stress, and stress hormones are elements of a pathophysiological chain of events and thus
at the basis of various vulnerabilities, drug sensitivity
included) (McEwen 1998b; Piazza et al. 1996a). Stress
hormones are highly lipophilic and enter into the brain
where they are ubiquitously distributed to two families
of receptors. These cytosolic receptors, while activated
by the hormone, are translocated toward the nucleus
and bind to DNA at specific regulatory genes to modulate their expression. The Type I mineralocorticoid receptors have a high affinity for corticosterone or cortisol
and are concentrated mainly in limbic regions — the
septum, amygdala and hippocampus. They have been
shown to play a role in the modulation of responses to
environmental and emotional stimuli and in the modulation of the stress axis. They modulate basal cortisol
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levels, circadian rhythms and hippocampal inhibition
of the HPA axis (fast feedback) (Figure 2A).
The Type II glucocorticoid receptors have a lower affinity for corticosterone and are widely distributed with
high density in the hypothalamus, on CRF and proopiomelanocortin (POMC) neurons, and also in the
amygdala and hippocampus. They have been shown to
regulate the genes involved in CRF and POMC secretion. They terminate the stress HPA response and are
active in the delayed feedback regulation induced by
glucocorticoids (Albeck et al. 1994).
As a biological participant in the state of stress, stress
hormones interact with limbic and cortical regions and
regulate CRF-sympathetic systems (Figure 2). Such
stress hormones, via alterations of neuronal activity,
consequently can induce neurobehavioral pathology. As
noted above, dopaminergic neurons have receptors for
glucocorticoids (Härfstrand et al. 1986), and increases in
the circulating levels of the hormones induce an increase
of dopamine utilization in mesocorticolimbic neurons,
an effect that is state-dependent (i.e., higher during the
dark phase, or during food intake) (Piazza and Le Moal
1997). Thus, increases in corticosteroids renders animals
more vulnerable to the acute reinforcing effects of drugs
of abuse (Piazza and Le Moal 1997). Moreover, the hormones have by themselves reinforcing properties, both
orally or intravenously at very high levels similar to
those triggered by stressful situations (Piazza et al.
1993). These stress hormones also elevate CRF gene expression in limbic regions and participate in anxiety,
dysregulation of affective states, and chronic anticipatory angst (Chrousos and Gold 1992; Johnson et al.
1992). Thus, stress hormones, by actions on dopamine
neurons and on brain regions involved in drug actions,
are directly involved in the dysregulation of reinforcement and globally involved in the development of dependence (Piazza and Le Moal 1996).
Dysregulation of hypothalamic pituitary adrenal responsiveness may be a common element associated
with protracted abstinence and vulnerability to relapse.
In alcoholism, compromised HPA function has been
demonstrated in actively drinking alcoholics and persists long after alcoholics cease alcohol consumption
and includes blunted ACTH and/or cortisol responses
to CRF or stress (Adinoff et al. 1990). In addition, nonalcoholic subjects with a family history of alcoholism
have abnormally blunted HPA responses to CRF (Waltman et al. 1994). Animal studies have revealed that
chronic administration of alcohol produces a decrease
in anterior pituitary POMC mRNA concentrations
weeks after withdrawal and led to the hypothesis that
increased alcohol intake vulnerability may result from a
dysregulation of the HPA axis (D. Rasmussen, personal
communication). In heroin and cocaine addiction, both
drug-free former heroin addicts and former cocaine addicts have shown hyperresponsivity to the metyrapone

NEUROPSYCHOPHARMACOLOGY 2001–VOL. 24, NO. 2

challenge test with excessive levels of ACTH released in
response to the abrupt cutoff of the cortisol feedback at
the level of the pituitary and hypothalamus (Kreek
1987, 1992; Kreek et al 1984; Schluger et al. 1997).
Whether such hyperresponsivity applies also to stressor
challenges remains to be determined. Since, as described above, activation of the HPA axis can “drive”
(e.g., activate) central extrahypothalamic CRF systems,
such an activation of both brain and hormonal stress
systems could contribute to a residual negative affective state and could be a powerful impetus for relapse.

Brain Stress Systems and Vulnerability to Relapse
Central nervous system stress systems also may be engaged during the development of drug dependence
(see above), and residual changes in the activity of such
brain stress systems during protracted abstinence may
contribute to vulnerability to relapse (Figure 5, red).
CRF and norepinephrine activity in ascending noradrenergic systems have been shown to be activated,
while NPY systems may be inactivated, during acute
withdrawal from most drugs of abuse (Aston-Jones and
Druhan 1999; Koob 1999a). CRF antagonists have been
shown to block stress-induced reinstatement of drugseeking behavior in rats extinguished from intravenous
self-administration (Shaham et al. 1998). Even more
compelling is the evidence suggesting that during protracted abstinence from alcohol, CRF antagonists show
efficacy in rats with a history of dependence (A.J. Roberts, personal communication). Also, one hypothesis to
explain the increased drinking in NPY knockout mice
and alcohol-preferring rats is drinking to suppress a
compensatory increase in a brain stress system such as
CRF (Richter et al. 2000; Thiele et al. 1998). How the
combined dysregulation of circulating corticosteroids
and central nervous system CRF and NPY systems interact during protracted abstinence to different drugs of
abuse contribute to allostasis and increase vulnerability
to relapse remains a challenge for future studies.
As noted above, relapse to drug-seeking in subjects
with a history of addiction can be triggered by many
factors such as stress, psychiatric comorbidity and psychosocial factors (Figure 5, blue). In the domain of psychosocial factors, conditioned responses to drug-related
stimuli have been hypothesized to play an important
role in triggering a state of “craving” and in initiating
relapse. Animal models of such conditioned phenomena have centered on stimuli associated with drug-taking and a number of self-administration situations. Animals can be trained to self-administer a drug, and when
drug delivery is paired with a previously neutral stimulus which can come to predict drug availability, animals can be trained in second-order schedules to work
for a previously neutral stimulus that ultimately predicts drug availability. Using conditioned place prefer-
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ence, previously neutral stimuli (specific location) can
be paired with drug administration and the animals can
be tested for preference for the paired stimulus. Studies
using these models have begun to establish a neurobiological substrate and the neuropharmacological components of such conditioned effects.
Conditioned reinforcement in general, and for drugs
of abuse in particular, has been hypothesized to be integrated within the ventral striatum through convergent
interactions with the amygdala (Everitt et al. 1999). Lesions of the basolateral amygdala block the development
of conditioned reinforcement in a variety of paradigms
including an operant procedure where animals must
learn a new task to obtain a previously neutral stimulus
paired with a primary reinforcer (Burns et al. 1993), conditioned place preference (Hiroi and White 1991), and a
second-order schedule of cocaine self-administration
(Whitelaw et al. 1996). Basolateral amygdala lesions also
block the development of conditioned withdrawal in rats
(Schulteis et al. 2000). In contrast, the ventral subiculum
appears to mediate the potentiation of locomotor activation and conditioned reinforcement by stimulant drugs
but does not mediate informational aspects of the conditioned reinforcement process (Everitt et al. 1999).
In a series of elegant studies extending this dichotomy
to the projections of the basolateral amygdala and ventral subiculum it appears that excitotoxic lesions of the
shell of the nucleus accumbens block the potentiation of
conditioned reinforcement by stimulant drugs, similar to
ventral subiculum lesions, but do not block the control
over the instrumental behavior by the conditioned reinforcer (Cador et al. 1989; Parkinson et al. 1999), whereas
excitotoxic lesions of the core of the nucleus accumbens
produce effects similar to basolateral amygdala lesions
(Parkinson et al. 1999). Consistent with these animal
models, brain imaging studies in humans have shown
that cue-induced cocaine craving is associated with activation of the amygdala and anterior cingulate cortex
(Childress et al. 1999; Maas et al. 1998). The neurochemical substrates underlying such conditioned reinforcement effects are under intense investigation but have
been hypothesized to involve glutamatergic afferents
from the basolateral amygdala and ventral subiculum
(Everitt et al. 1999) as well as dopaminergic projections
to the basolateral amygdala and other cortical areas
(Berke and Hyman 2000). Low doses of dopaminergic
antagonists can block the conditioned responding produced by a cocaine cue (Weissenborn et al. 1996) and a
D3 partial agonist-attenuated responding for the stimulus predicting cocaine reinforcement in a second-order
schedule (Pilla et al. 1999). However, acquisition of responding as a measure of conditioned reinforcement is
unaltered by dopaminergic blockade suggesting that the
dopaminergic component is the activation of responding
for the conditioned reinforcement, not the informational
content of the stimuli.
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The implications of understanding the neurocircuitry of conditioned reinforcement for an allostatic
view of addiction is that these pathways can provide
the information necessary to activate primary reward
circuits that may already be in a state of dysregulation.
Recent emphasis has been placed on the role of “memory” in drug craving (Berke and Hyman 2000). Others
have argued that increased mesolimbic dopamine release may identify novel stimuli important for learning
but that this activation rapidly habituates. However,
with drugs of abuse this habituation does not occur (Di
Chiara 1999). Clearly, the amygdala and specifically the
basolateral amygdala has a critical role in memory consolidation and particularly memory involving emotional arousal (Cahill and McGaugh 1998; Cahill et al.
1995; McGaugh 2000). From the present perspective,
memory of previous drug experiences and the associations formed by drugs being paired with previously
neutral stimuli clearly have a role in unbalancing a reward system already under a heavy allostatic state.
How the motivational impact of drug “memories” and
drug conditioned reinforcers change with subjects under different levels of allostasis in the reward system,
and how specific these drug-related memories are compared to generic emotional memories remains to be determined.

SUMMARY AND CONCLUSIONS
To summarize, the present perspective is that drug addiction represents an allostatic state in the brain reward
system reflected in new reward set points, not only by
dysregulation of reward circuits per se but also by the
activation and recruitment of brain and hormonal stress
responses. Allostasis is defined here as the process of
achieving stability through change, and allostatic state is
defined as a state of chronic deviation of the regulatory
system from its normal operating (homeostatic) level.
Allostasis from the drug addiction perspective is the
process of maintaining apparent reward function stability by recruitment of changes in reward and stress system neurocircuitry. The allostatic state is a chronic deviation of reward thresholds. The hypothesis generated
here is that counteradaptive processes such as opponent-processes, that are part of a normal homeostatic
limitation of reward function, fail to return within the
homeostatic range. Such dysregulations grow with repeated drug intake producing an allostatic state that
drives further drug intake, and ultimately compulsive
drug intake, and in turn exaggerates the allostatic state.
Dysregulation of reward neurotransmission is hypothesized to involve compromised function in the
dopamine and opioid peptide systems at the molecular
and cellular levels in specific components of the extended amygdala and constitutes part of the allostatic
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state of the brain reward system. Recruitment of brain
and hormonal stress systems is hypothesized to involve
both HPA axis and brain stress neurotransmission, notably CRF, NPY and norepinephrine systems, and also
contributes to the allostatic state of the brain reward system. The manifestation of this allostatic state as compulsive drug-taking may be expressed through the neural
circuits of the cortico-striatal-thalamic loops. The hypothesis is that these are the same circuits that are activated by other psychopathology involving repetitive
compulsive behavior. The challenges for future research
lie in understanding the vulnerability to addiction in all
these neural circuits at all stages of the addiction cycle
that contribute to such an allostatic-like pathology.
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