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Abstract
The progression from recreational drug use to drug addiction impacts multiple neurobiological
processes and can be conceptualized as a transition from positive to negative reinforcement
mechanisms driving both drug-taking and drug-seeking behaviors. Neurobiological mechanisms for
negative reinforcement, defined as drug taking that alleviates a negative emotional state, involve
changes in the brain reward system and recruitment of brain stress (or antireward) systems within
forebrain structures, including the extended amygdala. These systems are hypothesized to be
dysregulated by excessive drug intake and to contribute to allostatic changes in reinforcement
mechanisms associated with addiction. Points of intersection between positive and negative
motivational circuitry may further drive the compulsivity of drug addiction but also provide a rich
neurobiological substrate for therapeutic intervention.
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Drug addiction: recreational drug use versus dependence
Drug addiction (also known as ‘substance dependence’ according to the Diagnostic and
Statistical Manual of Mental Disorders [DSM] [1]) is a chronic, relapsing disorder that has
been characterized by a compulsion to seek and take drugs, loss of control over drug intake;
and an emergence of a negative emotional state (e.g., dysphoria, anxiety and irritability) that
defines a motivational withdrawal syndrome when access to the drug is prevented [2]. The
occasional, limited, recreational use of a drug is clinically distinct from escalated drug use,
loss of control over drug intake and the emergence of compulsive drug-seeking behavior that
characterize addiction. The critical nature of the distinction between drug abuse and
dependence has been illustrated by data showing that approximately 15.6% (29 million) of the
US adult population will go on to engage in nonmedical (illicit) drug use at some point in their
lives, with approximately 2.9% (5.4 million) transitioning to DSM-defined substance
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dependence as a result of chronic illicit drug use [3,4]. Regarding alcohol, approximately 51%
(120 million) of people over the age of 12 years are drinkers, and of these current users, 7.7%
(18 million) have met the criteria for substance abuse or dependence. For nicotine, in 2007,
approximately 28.6% (70.9 million) North Americans aged 12 years or older were current users
(having used in the previous month) of a tobacco product, with 24.2% of the population (60.1
million) being current cigarette smokers and 3.2% (8.1 million) using smokeless tobacco [5].

While most of the early studies on the neurobiology of drug addiction focused on the acute
pharmacological effects of drug exposure, attention is now shifting to chronic administration
models and investigations into the long-term neuroadaptive changes in the brain that may
predispose individuals to relapse. Overall, the purpose of current drug abuse research is to
decipher the genetic/epigenetic, biochemical, cellular and circuitry mechanisms that mediate
the transition from recreational, controlled drug use to the uncontrolled drug-taking and drug-
seeking behaviors endemic to addicted populations. Recent interest has also been focused on
long-term plasticity that has the potential to remain long after drug use has terminated, which
may emphasize the persistence of relapse well into the abstinent period.

The overall hypothesis argued here is that drug addiction represents a detachment from
homeostatic brain regulatory mechanisms that control the normal everyday emotional states
of the animal. More specifically, two components are hypothesized to comprise the break from
homeostasis: underactivation of brain reward transmitter function and recruitment of brain
stress (or antireward) systems. These systems (reward and stress) interact at all stages of the
addiction cycle to potentiate the dysregulation. In addition, drug addiction, similar to other
chronic physiological disorders such as high blood pressure, worsens over time, is subject to
significant environmental influences and leaves a residual neuroadaptive trace that allows rapid
‘re-addiction’ even years after detoxification and abstinence. These characteristics of drug
addiction imply more than just a homeostatic dysregulation of hedonic function and executive
function, and rather a dynamic break with homeostasis of these systems toward a new set point.

Motivation: positive & negative reinforcement mechanisms
The motivation for pathological drug seeking involves two distinct sources of reinforcement
that distinguish initial drug use from drug addiction – positive and negative reinforcement.
Positive reinforcement occurs when presentation of a stimulus increases the probability of
response, and usually refers to the generation of a positive hedonic (rewarding) state. Support
for a rewarding effect of drugs of abuse comes from the observation that nondependent animals
will work to obtain drugs even in the absence of an imposed motivational state (e.g., food or
water deprivation, or drug withdrawal), and this formed the foundational basis for early
theoretical positions regarding incentive motivation [6] and more recently, incentive salience
[7]. From this, one prominent conceptual framework for addiction is that drugs usurp brain
incentive salience systems [8,9], leading to a narrowing of the behavioral repertoire towards
the goal of obtaining and using drugs.

By contrast, negative reinforcement involves the use of drugs to either self-medicate an existing
aversive state or to alleviate negative emotional symptoms induced by drug withdrawal
(including dysphoria, anxiety, irritability and sleep disturbances). In their theory of opponent
processes, Solomon and Corbit postulated that hedonic, affective or emotional states, once
initiated, are automatically tempered by the CNS via mechanisms that reduce the intensity of
hedonic feelings [10]. From a drug-taking perspective (using brain motivational systems as an
example), the initial positive hedonic response resultant from drug use – a-process – is
hypothesized to be opposed or counteracted by a negative hedonic response – b-process – for
the purpose of homeostatic balance within brain motivational systems. This affect control
system was conceptualized as a single negative feedback or opponent process loop that opposes
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the stimulus-aroused affective state in order to suppress or reduce departures from hedonic
homeostasis [10–12].

More recently, the opponent process theory has been expanded for the basis of studying the
neurobiology of drug addiction from a neurocircuitry perspective. An allostatic model of brain
motivational systems has been proposed to explain the persistent changes in motivation that
are associated with drug dependence in addicted states [13,14]. In this formulation, addiction
is conceptualized as a cycle of increasing dysregulation of brain reward–antireward systems
that results in the generation and potentiation of a negative emotional state, which contributes
to the compulsive seeking and use of drugs, even in the face of adverse consequences. Normal
counteradaptive processes, such as the opponent b-process, that are part of the homeostatic
limitation of reward function fail to return to within the natural homeostatic range, leading to
a state of pathology.

These counteradaptive operations are hypothesized to be mediated by two processes – within-
system neuroadaptations and between-system neuroadaptations [15]. In a within-system
opponent neuroadaptation, “the primary cellular response element to the drug would itself
adapt to neutralize the drug’s effects; persistence of the opposing effects after the drug
disappears would produce the withdrawal response” [15]. Thus, a within-system opponent
neuroadaptation is a biochemical or cellular change within a given reward circuit designed to
curtail overactivity of hedonic processing associated with drug use, resulting in decreased
reward function.

In a between-system neuroadaptation, neurochemical systems other than those involved in the
initial positive rewarding effects of drugs of abuse are recruited (and possibly dysregulated)
following chronic activation of the reward system [15]. Thus, a between-system
neuroadaptation is a circuitry change in which another distinct neural substrate (in this case,
an antireward circuit) is activated by the reward circuit and exerts opposing actions in order to
limit reward function. In this article, we discuss competing neuroadaptive changes in the brain
reward systems (within-system adaptations) and brain stress systems (between-system
adaptations), both of which contribute to the pathology of dysregulated motivational systems
in addiction.

Transition to addiction: homeostasis versus allostatic dysregulation
The transitional development of aversive or negative emotional states that drive negative
reinforcement in addiction has been defined as the ‘dark side’ of drug addiction [14]. Drug-
associated negative emotional states consist of key motivational elements, such as chronic
irritability, emotional pain, dysphoria and loss of motivation for natural rewards (including
career- and family-based rewards). Two distinct processes are hypothesized to form the
neurological basis of this state: loss of function in the reward systems (within-system
neuroadaptations) and recruitment of brain stress or antireward systems (between-system
neuroadaptations) [2,15]. As addiction develops, brain stress systems such as corticotropin-
releasing factor (CRF), norepinephrine and dynorphin are recruited, producing aversive or
stress-like states [16–18]. At the same time, within the positive motivational circuits of the
ventral striatum-extended amygdala, reward function is diminished. The combination of
decreases in reward neurotransmitter function and potentiation of brain stress systems provides
a powerful source of negative reinforcement that contributes to compulsive drug-seeking
behavior and long-term dependence.

Allostasis was originally conceptualized to explain the persistent morbidity of arousal and
autonomic function associated with chronic stress and is defined as ‘stability through change’,
in which continuous readjustment of all parameters occurs toward a new set point [19]. The
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state of chronic regulatory system deviation from its normal (homeostatic) operating level can
be defined as an ‘allostatic state’. Thus, the very physiological mechanism that generates rapid
responsiveness to environmental challenge becomes the very source of pathology if adequate
time or resources are not available to dampen the response.

Two components are hypothesized to adjust to the challenges of the brain produced by drugs
of abuse to produce an allostatic-like state; underactivation of brain reward transmitters and
circuits and recruitment of the brain stress (or antireward) systems. Repeated challenges, such
as with drugs of abuse, lead to attempts of the brain via biochemical, cellular and neurocircuitry
changes to maintain stability, but at a cost. For the drug addiction framework elaborated here,
the residual deviation from normal brain reward threshold regulation is termed an ‘allostatic
state’, and the weight on the system or cost leading to sustained pathology is the ‘allostatic
load’ [20]. The allostatic state represents a combination of a chronic elevation of the reward
set point fueled from the opponent process, motivational perspective by decreased function of
reward circuits and recruitment of brain stress systems, both of which lead to the compulsivity
of drug seeking and drug taking. What follows is a review of the neurobiology underlying
positive and negative reinforcement mechanisms, and a discussion of how specific
neuroadaptations within and between these systems may support the persistence of drug
addiction.

Neurobiology of reward & positive reinforcement
Comprehension of a brain reward system was greatly facilitated by the discovery of electrical
brain stimulation reward by Olds and Milner [21]. Brain stimulation reward involves
widespread neurocircuitry throughout the brain, but the most sensitive sites include the
trajectory of the medial forebrain bundle that connects the ventral tegmental area with the basal
forebrain (Figure 1) [21–23]. All drugs of abuse acutely decrease brain stimulation reward
thresholds (i.e., increase or facilitate reward) [24], and when administered chronically, increase
reward thresholds (decrease reward) during withdrawal. Although much emphasis was initially
focused on the role of the ascending monoamine systems, particularly the dopamine system,
in the medial forebrain bundle in mediating brain stimulation reward, other nondopaminergic
systems in the medial forebrain bundle clearly play a key role [25–27]. Indeed, the role of
dopamine is hypothesized to be more indirect. Many studies suggest that activation of the
mesolimbic dopamine system attaches incentive salience to stimuli in the environment [7,28,
29] to drive the performance of goal-directed behavior [30] or activation in general [31,32],
and work concerning the acute reinforcing effects of drugs of abuse supports this hypothesis.

Positive reinforcement for drugs of abuse occurs when the presentation of a drug increases the
probability of a response to obtain the drug and, as previously noted, usually refers to the
generation of a positive hedonic (rewarding) state. Animal models of the positive reinforcing
or rewarding effects of drugs, in the absence of withdrawal or deprivation, are extensive and
well validated and include intravenous drug self-administration, conditioned place preference
and brain stimulation reward [33].

The acute reinforcing effects of drugs of abuse are mediated by connections of the medial
forebrain bundle reward system with primary contributions from the ventral tegmental area,
nucleus accumbens and amygdala. A substantial amount of evidence supports the hypothesis
that psychostimulant drugs dramatically activate the mesolimbic dopamine system (projections
from the ventral tegmental area to the nucleus accumbens) during limited-access drug self-
administration and that this mechanism is critical for mediating the rewarding effects of
cocaine, amphetamines and nicotine. However, evidence supports both dopamine-dependent
and -independent neural substrates for opioid and alcohol reward [13,34,35]. Serotonin
systems, particularly those involving serotonin 5-HT1B receptor activation in the nucleus
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accumbens, have also been implicated in the acute reinforcing effects of psychostimulant drugs,
while μ-opioid receptors in both the nucleus accumbens and ventral tegmental area mediate
the reinforcing effects of opioids. Opioid peptides in the ventral striatum and amygdala have
been hypothesized to mediate the acute reinforcing effects of ethanol self-administration,
largely based on the effects of opioid antagonists. Inhibitory GABA systems are activated both
pre- and post-synaptically in the amygdala by ethanol at intoxicating doses, and GABA receptor
antagonists block ethanol self-administration (for comprehensive reviews, see [34,35]).
Altogether, the neurochemical mechanisms underlying the rewarding effects of drugs of abuse
stand in sharp contrast to the distinct systems recruited during excessive drug use and
withdrawal.

Recruitment of brain stress systems in addiction
Corticotropin-releasing factor

A common response to acute withdrawal and protracted abstinence from all major drugs of
abuse in humans is the manifestation of anxiety-like or aversive-like states, and animal models
have revealed anxiety-like or aversive-like responses to all major drugs of abuse during acute
withdrawal [36–40]. CRF is a 41-amino acid polypeptide that regulates hormonal, sympathetic
and behavioral responses to stressors. Substantial CRF-like immuno-reactivity and CRF1-
receptor density are present in the neocortex, extended amygdala, medial septum,
hypothalamus, thalamus, cerebellum, and autonomic midbrain and hindbrain nuclei [41,42].
Both systemic administration of a CRF1-receptor antagonist and direct intracerebral
administration of a peptide CRF-receptor antagonist decreased drug withdrawal-induced
anxiety-like or aversive responses [43–50]. Moreover, intracerebral administration of
peptidergic CRF-receptor antagonists has localized the anxiety-like or aversive effects to the
central nucleus of the amygdala [44,51]. Importantly, CRF antagonists injected
intracerebroventricularly or systemically also blocked the potentiated anxiety-like responses
to stressors observed during extended abstinence from chronic ethanol drinking [52,53].

Chronic administration of drugs of abuse, either via self-administration or passive
(noncontingent) administration, increases extracellular CRF within the extended amygdala
measured by in vivo microdialysis [54]. Continuous access to intravenous self-administration
of cocaine for 12 h increased extracellular CRF in the central nucleus of the amygdala [55].
Opioid withdrawal following chronic morphine exposure in rats also increased extracellular
CRF in the central nucleus of the amygdala [56]. Both acute nicotine administration and
withdrawal from chronic nicotine elevated CRF extrahypothalamically in the basal forebrain
[57]. Increased CRF-like immunoreactivity has been observed in adult rats following exposure
to nicotine during adolescence and has been linked to an anxiety-like phenotype [58].
Extracellular CRF is also increased in the central nucleus of the amygdala during precipitated
withdrawal from chronic nicotine [50]. During acute (2–12 h) ethanol withdrawal, an increase
in extracellular CRF occurs within the central nucleus of the amygdala and bed nucleus of the
stria terminalis of ethanol-dependent rats [59–61]. Precipitated withdrawal from chronic
cannabinoid exposure also increased CRF in the central nucleus of the amygdala [62]. Overall,
these results demonstrate that all major drugs of abuse produce a dramatic increase in
extracellular levels of CRF measured by in vivo microdialysis during acute withdrawal after
chronic drug administration.

The ability of neuropharmacological agents to block the anxiogenic-like and aversive-like
motivational effects of drug withdrawal would predict the motivational effects of these agents
in animal models given extended access to drugs. Animal models of extended access involve
exposure of the animals to extended sessions of intravenous self-administration of drugs (i.e.,
several hours/day vs 1 h/day) and passive, intermittent alcohol vapor exposure (14 h on/10 h
off). Animals are then tested for self-administration at various time-points into withdrawal,
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ranging from 2 to 6 h for ethanol to several days with nicotine. CRF antagonists selectively
blocked the increased self-administration of drugs associated with extended access to
intravenous self-administration of cocaine [63], nicotine [50] and heroin [64]. CRF antagonists
also blocked the increased self-administration of ethanol in dependent rats [48]. Evidence that
specific sites within the brain mediate these CRF antagonist actions has focused on the central
nucleus of the amygdala. Intracerebroventricular administration of the CRF-receptor
antagonist D-Phe CRF12–41 blocked the dependence-induced increase in ethanol self-
administration during both acute withdrawal and protracted abstinence [65,66]. When
administered directly into the central nucleus of the amygdala, lower doses of D-Phe
CRF12–41 blocked ethanol self-administration in ethanol-dependent rats [59].

In humans, two single nucleotide polymorphisms (SNPs) in the CRF1 receptor gene (crhr1)
were associated with binge drinking in adolescents and excessive drinking in adults [67].
Moreover, homozygosity at one of these SNPs (rs1876831, C allele) was associated with heavy
drinking in relation to stressful life events in adolescents [68].

These data suggest an important role for CRF, primarily within the central nucleus of the
amygdala, in mediating the increased self-administration associated with dependence and
suggest that CRF in the basal forebrain may also play an important role in the development of
the aversive motivational effects that drive the increased drug-seeking associated with cocaine,
heroin and nicotine withdrawal.

Norepinephrine
Norepinephrine is a well-established neurotransmitter with widespread distribution throughout
the brain and hypothesized functions in mediating arousal, attention and stress in both normal
and pathological states [69]. Cell bodies for the brain norepinephrine systems originate in the
locus coeruleus and brainstem. The locus coeruleus is the source of a dorsal noradrenergic
pathway to the cortices and hippocampus, and the brainstem projections converge in the ventral
noradrenergic bundle to innervate the basal forebrain and hypothalamus. Norepinephrine is
released in the brain during stress [69,70], and the projections from the locus coeruleus are
hypothesized to play a key role in maintaining attentional homeostasis [71]. By contrast, the
projections from the brainstem via the ventral bundle to the extended amygdala mediate
behavioral responses to stressors [72,73].

Norepinephrine has long been hypothesized to be activated during withdrawal from drugs of
abuse. Opioids decrease firing of noradrenergic neurons in the locus coeruleus, and in turn, the
locus coeruleus is activated during opioid withdrawal [74]. Substantial evidence also suggests
that in both animals and humans, central noradrenergic systems are activated during acute
withdrawal from ethanol and this adaptation may have motivational significance. Alcohol
withdrawal in humans is associated with activation of noradrenergic function, as measured
from cerebrospinal fluid [75–77]. In animals, evidence implicates a role for norepinephrine
systems in ethanol self-administration and in the increased self-administration associated with
dependence. Voluntary ethanol consumption was decreased by both selective pharmacological
and neurotoxin-specific disruption of noradrenergic function [78–81]. Mice with reduced
levels of brain norepinephrine via knockout of the dopamine β-hydroxylase gene also have a
reduced preference for ethanol [82].

In studies using animal models of dependence, noradrenergic drugs can block the aversive
stimulus effects of opioid withdrawal [39]. Moreover, the α1 noradrenergic receptor antagonist
prazosin blocked the increased drug intake associated with ethanol dependence [83], extended
access to cocaine [84] and extended access to opioids [85]. Thus, converging data suggest that
disruption of noradrenergic function blocks ethanol reinforcement, that noradrenergic
neurotransmission is enhanced during drug withdrawal and that nor-adrenergic antagonists can
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block the increased drug self-administration associated with acute withdrawal in dependent
animals.

Perhaps more intriguing is the prominent reciprocal interaction between CNS CRF and nor-
epinephrine systems. Conceptualized as a feed-forward system at multiple levels of the pons
and basal forebrain, CRF activates norepinephrine, and norepinephrine in turn activates CRF
[72]. Much pharmacological, physiological and anatomical evidence supports an important
role for a CRF–norepinephrine interaction in the locus coeruleus in response to stressors [86–
88]. Moreover, evidence also indicates that norepinephrine stimulates CRF release in the
paraventricular nucleus of the hypothalamus [89], bed nucleus of the stria terminalis and central
nucleus of the amygdala. Such feed-forward systems may have powerful functional
significance for the mobilization of an organism in response to environmental challenge, but
such a mechanism may also be particularly vulnerable to pathology [72].

Dynorphin
Dynorphins are opioid peptides that are derived from the prodynorphin precursor, contain the
leucine (leu)-enkephalin sequence at the N-terminal portion of the molecule, and are the
presumed endogenous ligands for the κ-opioid receptor [90]. Dynorphins have widespread
distribution throughout the CNS [91] and play a role in a wide variety of physiological systems,
including neuroendocrine regulation, pain regulation, motor activity, cardiovascular function,
respiration, temperature regulation, feeding behavior and stress responsivity [92]. Dynorphin
has long been hypothesized to mediate negative emotional states, since κ-receptor agonists
produce place aversions [93], depression and dysphoria in humans [94]. κ-receptor agonists
also increase brain stimulation reward thresholds [95]. Dynorphin inhibits dopamine release,
both via the origins and terminals of the mesolimbic dopamine system, and this effect has been
hypothesized to contribute to the aversive effects of dynorphin [96–98].

Substantial evidence suggests that dynorphin peptide and dynorphin gene expression are
activated in the striatum and ventral striatum during acute and chronic administration of cocaine
[99–102]. Chronic ethanol exposure produces a decrease in κ-opioid receptors in the nucleus
accumbens [103] and an increase in dynorphin B expression in the nucleus accumbens [104],
providing evidence for an upregulation of dynorphin activity in ethanol dependence. Opiate
withdrawal has been shown to increase dynorphin levels in both the amygdala [105] and
nucleus accumbens [106].

Direct support for the hypothesis that dynorphin is one of the negative emotional systems
recruited in dependence is the observation that the κ-receptor antagonist nor-binaltorphimine,
when injected intracerebroventricularly or systemically, blocked ethanol self-administration
in dependent, but not nondependent, animals [107,108]. κ-receptor-knockout mice also drank
less ethanol in a two-bottle choice test using escalating doses of ethanol [109]. κ-receptor
antagonist administration had no effect on baseline, limited-access cocaine or heroin self-
administration in primates [110,111], but systemic administration of nor-binaltorphimine
selectively blocked the increased cocaine self-administration associated with extended access,
suggesting a motivational role for the dynorphin system in cocaine dependence [112].
Intracerebroventricular dynorphin A treatment decreased heroin-stimulated dopamine release
and significantly increased heroin self-administration in daily 5 h sessions, whereas a κ-
receptor antagonist had the opposite effects [113].

Stress also increases dynorphin activity [114] and suggests a potential interaction of dynorphin
with CRF systems. Forced swim stress and inescapable footshock produced place aversions in
mice that were blocked by a κ-receptor antagonist and dynorphin gene knockout, and CRF was
hypothesized to produce its aversive effects via dynorphin activation [115]. Blockade of
dynorphin activity, either via κ-receptor antagonism or prodynorphin gene disruption, blocked
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both stress-induced reinstatement of cocaine-induced place preference [116] and stress-
induced reinstatement of cocaine-seeking behavior [117]. Evidence also shows that
reinstatement of drug-seeking behavior via κ-opioid receptor activation is mediated by CRF
[118]. Thus, the dynorphin–κ-opioid receptor system mimics stressor exposure in animals in
producing aversive effects and inducing drug-seeking behavior, and this aversive response may
involve reciprocal interactions with nucleus accumbens dopamine and/or extrahypothalamic
brain CRF systems.

In humans, a repeat polymorphism in the dynorphin gene promoter is thought to regulate
transcriptional activation in proportion to the number of repeats [119]. Alleles with longer
repeats have been associated with the risk of methamphetamine dependence in a Japanese
population [120]. An association has also been found between the number of repeats and both
opioid dependence [121] and cocaine/alcohol codependence [122] in African–Americans.
However, in comparison with these findings, Kreek and colleagues found a significant
association between cocaine dependence and a risk SNP allele (rs910079, C allele) that resulted
in reduced striatal preprodynorphin expression in Caucasians [123]. It is not known how these
mRNA changes translate into dynorphin peptide levels. However, these data emphasize the
importance of distinguishing and understanding the neurobiological effects of a potential
genetic predisposition to addiction versus behavioral modifications resulting from drug-
induced neuroadaptations.

Neuroadaptations within reward & brain stress systems in addiction
Based on their pharmacological properties, drugs of abuse elicit strong physiological responses
that can produce rapid and long-lasting neuronal plasticity. Furthermore, subjective responses
to drugs also act as visceral cues that promote drug-related associations with the environment
[8]. Altogether, these neuroadaptations are hypothesized to underlie the development and
maintenance of escalated drug intake and a heightened propensity for relapse. However,
determining precisely which drug-induced neuroadaptations in turn drive specific components
(e.g., drug taking vs drug seeking) within the multifaceted psychopathology of dependence is
critically important [124]. In addition, as addiction can be viewed as a transitional process
whereby recreational drug use eventually transitions to dependence, distinguishing which
neuroadaptive changes are associated with which stage (early abuse vs late-stage dependence)
is useful. For example, it needs to be asked whether the neurobiological changes elicited by
casual drug use are simply magnified in the dependent state, or whether the transition to
addiction is defined by the recruitment of entirely new neuroadaptations within separate
neuronal circuits.

Within-system neuroadaptations in the reward system
During the transition to drug dependence, neural substrates in the ventral striatum important
for the acute reinforcing effects of drugs of abuse, such as dopamine and opioid peptides (see
previously), become compromised and contribute to an attenuation of positive reinforcement
potential. In this state, drugs are presumably taken (sometimes in increasing amounts) in an
attempt to restore the decreased function of positive reward systems. Neurobiological evidence
for within-system neuroadaptations comes from the observation that chronic administration of
all drugs of abuse decreases the function of the mesolimbic dopamine circuit. Decreases in
dopaminergic and serotonergic neurotransmission in the nucleus accumbens occur during drug
withdrawal in animals [125–127], and blunted firing of dopamine neurons in the ventral
tegmental area has also been observed during withdrawal from opioids, nicotine and ethanol
[128]. Pretreatment with dopamine receptor agonists can alleviate withdrawal-induced
symptoms of decreased reward [129,130]. A definitive relationship between negative affective
coding and diminished dopamine neuron activity was recently established by Liu et al., who
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generated a place aversion in animals by directly inactivating mesocortical A10 dopamine
neurons [131].

Between-system neuroadaptations in the extended amygdala
Recent neuroanatomical data and new functional observations have provided support for the
hypothesis that the neuroanatomical substrates for many of the altered motivational effects of
drug dependence may involve a common neural circuitry that exists as a separate entity within
the basal forebrain, termed the ‘extended amygdala’ [132]. The extended amygdala represents
a macrostructure composed of several basal forebrain structures, including the bed nucleus of
the stria terminalis, central medial amygdala and a transition zone in the posterior part of the
medial nucleus accumbens (i.e., posterior shell) [133,134]. These structures have similarities
in morphology, immunohistochemistry, and connectivity [132] and receive afferent
connections from limbic cortices, the hippocampus, basolateral amygdala, midbrain and lateral
hypothalamus. The efferent connections from this complex include the posterior medial
(sublenticular) ventral pallidum, ventral tegmental area, various brainstem projections and,
perhaps most intriguingly from a functional point of view, a considerable projection to the
lateral hypothalamus [135].

Key elements of the extended amygdala include not only neurotransmitters associated with the
positive reinforcing effects of drugs of abuse (e.g., dopamine), but also major components of
the brain-stress systems associated with the negative reinforcement mechanisms hypothesized
to underlie dependence [136]. Several neurotransmitters localized to the extended amygdala,
such as CRF, norepinephrine and dynorphin, are activated during stress, in anxiety-like states,
and during drug withdrawal in dependent animals. More importantly, antagonists of these
neurochemical systems selectively block drug self-administration in dependent animals,
suggesting a key role for these neurotransmitters in the extended amygdala in the negative
reinforcement associated with drug dependence.

Role of positive & negative reinforcement mechanisms in drug dependence
The brain reward system is thus implicated in both the positive reinforcement produced by
exposure to drugs of abuse and the negative reinforcement produced by drug dependence and
is mediated by the ventral striatum and extended amygdala, respectively.
Neuropharmacological studies in animal models of addiction have provided evidence for the
dysregulation of selective neurochemical mechanisms in specific positive reinforcement
(reward) neurochemical systems in the ventral striatum (dopamine, opioid peptides and
GABA). Recruitment of brain-stress systems (i.e., CRF, dynorphin and norepinephrine) also
occurs in the extended amygdala, which drives the negative motivational states associated with
drug abstinence. The changes in reward and stress systems are hypothesized to not only
contribute to the increased motivation to take drugs in dependence, but also to remain outside
of a homeostatic state following acute dependence, and as such may contribute to the
vulnerability for relapse in addiction (Figure 2).

Within- & between-system neuroadaptations: points of intersection
Coinciding with diminished dopamine levels in the nucleus accumbens, chronic administration
of cocaine also reduces inhibitory G protein subunits Giα and Goα in the nucleus accumbens
[137–139]. Methamphetamine and heroin abusers showed decreases in Giα in the nucleus
accumbens [140], and unpredictable stress also decreased Giα levels [141]. Inactivation and
downregulation of inhibitory G protein α subunits with pertussis toxin injected into the nucleus
accumbens increased cocaine and heroin self-administration under limited access conditions
(3 h/day) [142]. In this case, rats receiving injections of pertussis toxin bilaterally into the
nucleus accumbens demonstrated a prolonged increase in cocaine and heroin self-
administration and an upward shift of dose–response functions. Extended access to drug
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availability also produces increases in self-administration and shifts upward of the dose–
response function for cocaine with repeated sessions [143], identical to that produced by
injections of pertussis toxin into the nucleus accumbens [142].

Paralleling reductions in inhibitory G protein levels, chronic exposure to a wide variety of
drugs of abuse upregulates cAMP formation, cAMP-dependent protein kinase A (PKA)
activity and PKA-dependent protein phosphorylation in the nucleus accumbens [137,144,
145]. In turn, a variety of interventions that tonically activate the nucleus accumbens cAMP–
PKA signaling system produce escalated drug self-administration and/or enhanced drug-
seeking behavior. In addition to pertussis toxin-mediated downregulation of inhibitory G
protein subunits, these manipulations include micro-injection of the PKA activator Sp-
adenosine 3′,5′-cyclic monophosphorothioate triethyl-ammonium salt (Sp-cAMPS) [146] and
micro-injection of the stimulatory G protein Gsα activator cholera toxin [147]. By contrast,
micro-injection of the PKA inhibitor Rp-adenosine 3′,5′-cyclic monophosphorothioate triethyl-
ammonium salt (Rp-cAMPS) reduces cocaine intake [146]. Thus, upregulation of a post-
synaptic Gs–cAMP–PKA signaling pathway in the nucleus accumbens may constitute a critical
neuroadaptation that is central to the establishment and maintenance of the addicted state
(Figure 3) [148].

The activation of dynorphin systems in the nucleus accumbens has long been associated with
stimulation of the dopamine system by cocaine and amphetamine. Activation of stimulatory
G-protein-coupled dopamine D1 receptors stimulates a cascade of events (including increased
cAMP–PKA activity) that ultimately leads to cAMP response-element binding protein (CREB)
phosphorylation and subsequent alterations in gene expression, most notably the transcription
of prodynorphin mRNA. Subsequent activation of dynorphin systems could contribute to the
dysphoric syndrome associated with cocaine dependence and also feedback to decrease
dopamine release [149]. In fact, data suggest that activation of dynorphin systems mediates
stress responses and is aversive [115,116]. Recently, Self and colleagues provided further
evidence for this hypothesis by overexpressing constitutively active Gsα subunits in dynorphin-
positive striatal neurons [150]. This mouse line exhibits a pronounced upregulation of
dynorphin expression in the nucleus accumbens and increased levels of cocaine self-
administration. Such enhanced dynorphin action in the nucleus accumbens could represent a
convergence point of within (diminished proponent)- and between (intensified opponent)-
system neuroadaptations (Figure 3).

Cross-sensitization between the effects of stress and dopamine circuitry may represent another
point of intersection between proponent and opponent systems acting together to drive drug
dependence. Although reduced mesoaccumbens dopamine function is linked to decreased
reward in drug withdrawal, it may also set the stage for heightened sensitivity to stimuli that
increase dopamine levels in the accumbens, including stress [151]. CRF directly stimulates
dopamine terminals in the nucleus accumbens [152], and cocaine-induced dopamine release
in the nucleus accumbens is blocked by CRF1-receptor antagonism [153]. In turn, mesolimbic
dopamine influences CRF release [154] and CRF-mediated behaviors in the extended
amygdala [155]. Interestingly, animals predisposed to amphetamine self-administration
display more robust stress-induced increases in accumbens dopamine levels [156], suggesting
that crosstalk between stress and dopamine systems may make individuals initially more
sensitive to illicit drug exposure. Comparatively, in the postdependent state, models of stress-
induced reinstatement to drug-seeking behavior have been generated in order to explore the
neurobiological mechanisms of relapse [157]. Use of this paradigm has identified a central
amygdala–VTA motive circuit that is essential for this behavior [158]. In addition to its effects
in the central amygdala, CRF also acts within this circuit at the level of the VTA to drive stress-
induced reinstatement along with other local neuroadaptations in cocaine-experienced, but not
naive, animals [159]. Rats with extended access to cocaine self-administration were also more
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susceptible to reinstatement elicited by stress or central CRF infusion versus limited-access
animals [160]. It should be noted that these experiments used foot-shock stressors to induce
drug-seeking behavior and it would be useful to extend this model to more natural forms of
stress [161].

Drug withdrawal-induced neuroadaptations
Relapse vulnerability is a defining feature of drug addiction and can persist for several months
of abstinence from the drug [162]. Enhanced drug cravings may underlie the potential for
relapse in humans and can be elicited by exposure to drug-associated contextual cues [163,
164]. The ability of contextual cues to elicit relapse behavior can be modeled in rodents by re-
exposure to the environment where drugs were self-administered on prior occasions [165]. In
this model, drug-seeking behavior increases time-dependently as the withdrawal period
progresses [166,167], a phenomenon hypothesized to prolong vulnerability to relapse.
Similarly, a forced period of abstinence between drinking bouts increases alcohol intake in
rats, a phenomenon known as the alcohol deprivation effect [168]. Moreover, multiple cycles
of drinking and abstinence lead to excessive alcohol drinking, which can be attenuated by the
anticraving drug acamprosate [169].

Chronic drug use produces numerous neurobiological changes involved in regulating drug
taking and seeking, but relatively few changes have been shown to persist or arise during
protracted withdrawal concomitant with increased drug-seeking behavior. Such changes
include withdrawal time-dependent increases in extracellular dopamine levels, glutamate
receptor subunits and ERK activation in the amygdala [166,170,171] as well as increases in
brain-derived neurotrophic factor (BDNF) levels in several limbic brain regions [172]
following chronic cocaine self-administration. In ethanol-dependent animals, protracted
abstinence leads to increased gene expression of glutamate receptor subunits and several ERK
family members in the prefrontal cortex [66], in addition to increased CRF levels in the
amygdala [173]. These findings underscore the notion that withdrawal from drug self-
administration is a dynamic state characterized by the emergence of late-forming changes in
brain function that could exacerbate the propensity for renewed drug use during abstinence.

Conclusion
Decreases in dopamine function in the mesolimbic dopamine system and increases in brain
stress neurotransmission in the extended amygdala both appear to contribute to the
compulsivity associated with the development and maintenance of drug addiction. Decreased
dopamine neuron firing and decreased basal release of dopamine may underlie some of the
withdrawal symptoms encountered during abstinence. By comparison, extrahypothalamic
CRF, norepinephrine and dynorphin systems play a role in mediating the anxiety-like effects
and intense dysphoria of drug withdrawal. Both within- and between-system neuroadaptations
may contribute to the escalated drug taking and intensified drug seeking associated with
addiction. Many of these effects have been localized to the ventral striatum and extended
amygdala regions, including the bed nucleus of the stria terminalis and central nucleus of the
amygdala. Although the precise neurobiological mechanisms underlying the transition from
recreational drug use to addiction are still being uncovered, continuing investigations into the
specific functions of drug-induced neuroadaptations within stages of the addicted state may
reveal new candidate mechanisms for this process. Finally, how reward systems are modulated
by other known brain neurochemical systems localized to the extended amygdala (e.g.,
neuropeptide Y, vasopressin, orexin and substance P), how these systems interact with
emotional pain pathways (in which the extended amygdala participates to convey the emotional
valence), and how individuals differ at the molecular genetic (or epigenetic) level of analysis
to convey loading on these circuits remain challenges for future research.
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Future perspective: epigenetic mechanisms as possible long-term mediators
of addiction

Although certain gene expression changes are known to alter an animal’s motivation for drugs,
the precise molecular mechanisms underlying the persistence of this relationship are largely
undefined. In contrast to the multitude of short-term effects of abused drugs on neuronal
signaling, recent efforts have been focused on revealing and functionally understanding the
mechanisms for near-permanent molecular neuroadaptations that result from chronic drug
exposure. One potential source for such persistent brain changes is epigenetics (meaning ‘upon
the genome’), which describes new, stable changes in gene expression resulting from chromatin
modifications. Although epigenetic mechanisms are a normal component of dynamic brain
plasticity throughout the human lifespan [174], specific epigenetic alterations have also been
described in several human neurological and psychiatric disorders, from Rett syndrome
[175] to depression [176].

Gene expression is gated by the net sum of enzymatic regulation of protein scaffolds
surrounding the DNA, and even the DNA itself. These factors include covalent histone
modifications (including methylation, acetylation, phosphorylation and ubiquitination), as well
as direct methylation of DNA nucleotides. Alterations in chromatin architecture can facilitate
or inhibit the transcriptional potential of specific genes by gating the accessibility of
transcription factors. A primary drug-induced chromatin modification is histone acetylation,
which often corresponds to an increase in transcription of the associated gene. Absolute levels
of histone acetylation are maintained by the balance of enzymatic activities of histone acetyl-
transferases (HATs; which add acetyl groups to histone proteins) and histone deacetylases
(HDACs; which cleave acetyl groups from histones). In the nucleus accumbens of rats, chronic
(but not acute) cocaine exposure leads to a long-term hyperacetylation of the gene promotors
for BDNF and Cdk5 [177], two proteins known to be upregulated by cocaine exposure, and in
the case of BDNF, to produce increases in cocaine self-administration and cocaine-seeking
behavior during withdrawal [178]. Interestingly, modifying total HDAC activity in the nucleus
accumbens made cocaine either more rewarding (HDAC inhibition) or less rewarding (HDAC5
overexpression using viral-mediated gene transfer) to rats as measured by conditioned place
preference (in which an animal learns to associate the rewarding effects of cocaine with a
specific environment). An important question to be answered is whether manipulation of
HDAC activity modifies an animal’s volitional self-administration of cocaine or other drugs
of abuse. In addition to its effects on cocaine reward, loss of HDAC5 function causes an
exacerbation of both chronic social defeat stress [179] and chronic neuropathic pain [180].
Therefore, epigenetic modifications could act through both positive and negative motivational
systems in order to influence drug dependence.

Many of the initial studies regarding epigenetic influences on drug reward have been limited
to the ventral striatum, although stable changes in gene expression in other brain regions could
also exacerbate certain aspects of drug dependence. For example, alcoholism is often associated
with the emergence of negative emotional states (such as anxiety and depression), which could
be exacerbated by dysregulated signaling in the extended amygdala. Recent investigations by
Pandey and colleagues propose chromatin remodeling as a key mechanism whereby negative
reinforcement mechanisms may drive excessive alcohol drinking [181]. Anxiety-like behavior
associated with withdrawal from chronic alcohol exposure was linked to increased HDAC
activity in the central nucleus of the amygdala and decreased acetylation of the gene coding
for neuropeptide Y, an anxiolytic (antistress) neurotransmitter present in high levels within the
amygdala. In turn, inhibition of HDAC activity prevented ethanol withdrawal-induced anxiety-
like behavior.
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The ultimate effects of gene modification are highly dependent on the brain region and genetic
substrate and may differentially regulate responsiveness to distinct drugs of abuse when
manipulated systemically. As indicated above, global HDAC inhibition reduced ethanol
withdrawal-induced anxiety-like behavior but potentiated cocaine reward. Further elucidation
of epigenetic mechanisms within motivational circuits will shed light on how these systems
respond to and change after chronic drug exposure to promote a reconstruction of gene
expression, and may also provide an additional biochemical end point to determine the potential
efficacy of new therapeutics for dependence.

Executive summary

Drug addiction: recreational drug use versus dependence

• Addiction is a chronic, relapsing disorder that represents a significant progression
from casual drug use.

• Current investigations are focused on the study of long-term neuroadaptational
changes caused by chronic drug exposure.

Motivation: positive & negative reinforcement mechanisms

• Both positive and negative reinforcement mechanisms underlie the motivation for
drug seeking and use.

• Drugs of abuse usurp brain reward systems, leading to an obsession with obtaining
and using drugs despite adverse consequences and to the exclusion of obtaining
other rewards.

• A negative emotional state develops with chronic use, and drugs are subsequently
taken to alleviate negative motivational symptoms associated with withdrawal.

Transition to addiction: homeostasis versus allostasis

• As addiction develops, normal homeostatic brain regulatory functions that control
reward systems may become dysregulated, leading to the establishment of a new
hedonic set point, termed allostasis.

Neurobiology of reward & positive reinforcement

• All drugs of abuse acutely decrease brain reward thresholds.

• Dopamine and opioid peptide systems are responsible for mediating the acute,
positive reinforcing effects of drugs of abuse.

Recruitment of brain stress systems in addiction

• Chronic drug use leads to the recruitment of brain stress neurotransmitter systems,
including corticotropin-releasing factor, norepinephrine and dynorphin.

• Activation of these systems drives the dysphoria associated with drug withdrawal,
and blockade of these systems reduces excessive drug self-administration in
dependent, but not in nondependent, animals.

Neuroadaptations within reward & stress systems in addiction

• Within-system neuroadaptations in the reward circuit following chronic drug use
include diminished dopamine neurotransmission in the nucleus accumbens.

• Brain stress system neurotransmitters localized to the extended amygdala are
activated during drug withdrawal in dependent animals, representing a between-
system neuroadaptation associated with escalating drug use.
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• Upregulation of the protein kinase A/cAMP response-element binding protein/
dynorphin system in the nucleus accumbens and cross-sensitization between stress
and mesocortical dopamine systems may represent points of convergence of
within- and between-system neuroadaptations responsible for the establishment
and maintenance of the addicted state.

Drug withdrawal-induced neuroadaptations

• Neuroadaptations that persist or arise during drug withdrawal may underlie the
propensity for renewed drug seeking and use during protracted abstinence.

Future perspective

• Epigenetic neuroadaptations may represent one possible mechanism responsible
for the persistence of addicted states. The reconstruction of gene expression in
reward and stress systems following drug exposure could facilitate the generation
of an allostatic state conducive to long-term drug dependence.
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Figure 1. Neurotransmitter pathways and receptor systems implicated in the acute reinforcing
effects of drugs of abuse
Sagittal rodent brain section. Cocaine and amphetamines increase dopamine levels in the
nucleus accumbens and amygdala via direct actions on dopamine terminals. Opioids activate
endogenous opioid receptors in the ventral tegmental area, nucleus accumbens and amygdala.
Opioids also facilitate the release of dopamine in the nucleus accumbens via actions either in
the ventral tegmental area or nucleus accumbens, but are also hypothesized to activate elements
independent of the dopamine system. Alcohol activates GABAA receptors or enhances GABA
release in the ventral tegmental area, nucleus accumbens and amygdala. Alcohol is also
hypothesized to facilitate the release of opioid peptides in the ventral tegmental area, nucleus
accumbens and central nucleus of the amygdala. Alcohol facilitates the release of dopamine
in the nucleus accumbens via an action either in the ventral tegmental area or nucleus
accumbens. Nicotine activates nicotinic acetylcholine receptors in the ventral tegmental area,
nucleus accumbens and amygdala, either directly or indirectly, via actions on interneurons.
Cannabinoids activate cannabinoid CB1 receptors in the ventral tegmental area, nucleus
accumbens and amygdala. Cannabinoids facilitate the release of dopamine in the nucleus
accumbens via an unknown mechanism, either in the ventral tegmental area or nucleus
accumbens. The blue arrows represent the interactions within the extended amygdala system
hypothesized to play a key role in psychostimulant reinforcement. The medial forebrain bundle
represents ascending and descending projections between the ventral forebrain (nucleus
accumbens, olfactory tubercle and septal area) and the ventral midbrain (ventral tegmental
area; not shown in figure for clarity).
AC: Anterior commissure; AMG: Amygdala; ARC: Arcuate nucleus; BNST: Bed nucleus of
the stria terminalis; Cer: Cerebellum; C-P: Caudate-putamen; DMT: Dorsomedial thalamus;
FC: Frontal cortex; Hippo: Hippocampus; IF: Inferior colliculus; LC: Locus coeruleus; LH:
Lateral hypothalamus; MFB: Medial forebrain bundle; N Acc.: Nucleus accumbens; OT:
Olfactory tract; PAG: Periaqueductal gray; RPn: Reticular pontine nucleus; SC: Superior
colliculus; SNr: Substantia nigra pars reticulata; VP: Ventral pallidum; VTA: Ventral
tegmental area.
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Figure 2. Recruitment of extended amygdala circuitry regulating the negative reinforcement
mechanisms underlying drug addiction
Neurotransmitter systems impacting the extended amygdala, such as CRF, norepinephrine and
dynorphin/κ-opioid receptor systems, are potentiated during stress, in anxiety-like states and
during drug withdrawal in dependent animals. AC: Anterior commissure; AMG: Amygdala;
ARC: Arcuate nucleus; BNST: Bed nucleus of the stria terminalis; Cer: Cerebellum; C-P:
Caudate-putamen; CRF: Corticotropin-releasing factor; DMT: Dorsomedial thalamus; FC:
Frontal cortex; Hippo: Hippocampus; IF: Inferior colliculus; LC: Locus coeruleus; LH: Lateral
hypothalamus; MFB: Medial forebrain bundle; N Acc.: Nucleus accumbens; OT: Olfactory
tract; PAG: Periaqueductal gray; RPn: Reticular pontine nucleus; SC: Superior colliculus; SNr:
Substantia nigra pars reticulata; VP: Ventral pallidum; VTA: Ventral tegmental area.
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Figure 3. Regulation of the mesoaccumbens dopamine circuit by the extended amygdala and
potential points of therapeutic intervention for drug addiction
Cocaine self-administration depletes dopamine levels in the nucleus accumbens but results in
a compensatory upregulation of the PKA–CREB–dynorphin signaling pathway. Importantly,
mimicking these adaptations in rodent models results in an escalation of drug self-
administration. The mesoaccumbens dopamine circuit comprises midbrain ventral tegmental
area dopamine neurons that project to the nucleus accumbens in the basal forebrain. This system
also receives afferent stimulation from the extended amygdala (central nucleus of the amygdala
and bed nucleus of the stria terminalis). Escalated drug intake is associated with increased CRF
release in the extended amygdala, and CRF-receptor antagonism within the extended amygdala
may suppress the activation of the mesoaccumbens system during drug self-administration. In
addition, given the projection from the extended amygdala to hypothalamic nuclei that regulate
emotionality, CRF antagonism may act to reduce the stress and anxiety associated with
escalated drug intake. Dynorphin acts at presynaptic κ-opioid receptors located on ventral
tegmental area projection neurons to inhibit dopamine release, and upregulation of dynorphin
release following cocaine self-administration is a possible mechanism underlying decreased
reward during withdrawal. Blockade of nucleus accumbens κ-opioid receptors may restore
both dopamine levels and the hedonic set point.
CREB: cAMP response-element binding protein; CRF: Corticotropin-releasing factor; D1:
Dopamine D1 receptor; D2: Dopamine D2 receptor; G: G-protein; Gi/o: Inhibitory G-protein;
Gs: Stimulatory G protein PKA: Protein kinase A.
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