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Neural Systems Underlying Opiate Addiction

Taco J. De Vries' and Toni S. Shippenberg?

1Research Institute Neurosciences Vrije Universiteit, Drug Abuse Program, Department of Medical Pharmacology, Vrije
Universiteit Medical Center, 1081 BT Amsterdam, The Netherlands, and 2integrative Neuroscience Section, Behavioral
Neuroscience Branch, National Institutes of Health/National Institute on Drug Abuse Intramural Research Program,

Baltimore, Maryland 21224

Opiate addiction is a chronically relapsing disorder that is char-
acterized by compulsive drug taking, an inability to limit intake,
and bouts of intense drug craving that can be precipitated by the
mere presence of people, places, or objects previously associated
with drug use. Although knowledge of the neural mechanisms
that underlie the transition from casual drug use to addiction is
still incomplete, the development of animal models that enable
differentiation of the various stages of the addiction process have
provided new insights regarding the neural substrates on which
opiates act to affect and subsequently control behavior. Data
derived from these models are consistent with the hypothesis
that opiates, like psychostimulants, are initially abused by
virtue of their rewarding or hedonic effects. However, as will
be discussed in this review, the repeated use of opiates induces
alterations in neurotransmitter and neuropeptide systems that
regulate incentive—motivation and stress-responsiveness. In-
creasing evidence indicates that the dysregulation of these
systems underlies the compulsive use and loss of control of
drug-taking that characterizes opiate and other addictions.

Studies examining the neural basis of drug addiction have been
guided by the premise that the motivation of an addict to take
drugs results from the desire to experience the hedonic (e.g.,
rewarding) effects of the drug as well as from the desire to avoid
the anhedonia and aversive consequences of drug withdrawal
(Wikler, 1948; Koob et al., 1989). More recently, it has been
posited that repeated drug use induces long-lasting adaptations in
neural systems that mediate a subcomponent of drug reward,
termed incentive salience (Robinson and Berridge, 1993). Hyper-
sensitivity (e.g., sensitization) of these systems is hypothesized to
lead to an enhanced incentive value of drug-related stimuli,
compulsive patterns of drug seeking, and the vulnerability to
relapse that persists long after the cessation of drug use.

In view of the documented involvement of the mesoaccumbens
dopamine (DA) system in incentive motivation and psycho-
stimulant-induced reward (Koob et al., 1998; Schultz et al., 1998),
studies examining the neural basis of opiate addiction have fo-
cused on the mesolimbic DA projection from the ventral tegmen-
tal area (VTA) to the nucleus accumbens (NAc), and to a lesser
extent on its afferent and efferent projection areas such as medial
prefrontal cortex (mPFC), amygdala, and ventral pallidum.
In contrast to the study of psychostimulants, a systematic exami-
nation of the neuroanatomical and neurochemical substrates un-
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derlying the various stages of opiate addiction is only just
beginning.

Systems involved in opiate self-administration

Opiate drugs exert their effects by binding to three opioid recep-
tor types (u, 6, and k) and mimicking the actions of endogenous
opioid peptides, the endorphins, endomorphins, enkephalins, and
dynorphins. The p-opioid receptor (MOR) subtype is critical for
the rewarding effects of heroin and morphine. Blockade of
MORs but not other opioid receptors attenuates opiate self-
administration, and constitutive deletion of MORs attenuates the
conditioned preferences that animals exhibit for contextual cues
previously associated with opiate administration (Negus et al.,
1993; Matthes et al., 1996). Opiates induce membrane hyperpo-
larization and neuronal inhibition in multiple structures, includ-
ing those that provide major afferent input to the VTA; i.e., NAc
and ventral pallidum as primary sources of GABA input, PFC,
amygdala, and mediodorsal thalamus as primary sources of glu-
tamate input, and the pedunculopontine tegmental nucleus as a
source of acetylcholine input. These structures, which comprise
the cortical-pallidal—striatal circuit, are characterized by a high
density of opiate receptors (Mansour et al., 1995) and dense
reciprocal connections (Groenewegen et al., 1996). This circuit
has been implicated in the mediation of goal-directed behavior
(Mogenson et al., 1980) and the rewarding effects of psychostimu-
lants (Pierce and Kalivas, 1997; Koob et al., 1998).

Blockade of MORs in the VTA or NAc attenuates heroin
self-administration as well as the conditioned approach behavior
that develops to cues associated with morphine administration,
whereas infusion of opiates into these regions support these
behaviors (for review, see Shippenberg and Elmer, 1998). The
integrity of the NAc is essential for opiate and psychostimulant
self-administration (Zito et al., 1985). These findings are consis-
tent with the hypothesis that a similar circuitry mediates the
rewarding effects of these agents.

MOR agonists activate VTA DA neurons and enhance DA
release in the NAc via inhibition of GABA neurons (DiChiara
and Imperato, 1988; Johnson and North, 1992). Whether DA is
the specific effector responsible for the rewarding effects of opi-
ates, as has been demonstrated for psychostimulants, remains
controversial. In particular, it is unclear whether these effects are
specific to the encoding of the rewarding effects of opiates or
represent a more generalized role of DA in reward prediction
function (Schultz et al., 1998). Heroin self-administration in rats
is associated with both tonic and phasic increases in NAc DA
release and is attenuated by the intra-VTA infusion of a
GABA-B receptor antagonist (Kiyatkin et al., 1993; Xi and Stein,
1999). The pattern of VTA cell firing within a single self-
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administration session is consistent with the view that mesocor-
ticolimbic DA activation is important for the activational and
motivational aspects of heroin-taking behavior in experienced
individuals. It is also in accord with an important role of DA
release and NAc DA D1 receptors in the conditioned responses
that develop to environmental cues predicting opiate administra-
tion (Shippenberg and Elmer, 1998). Electrophysiological studies,
however, indicate that although overlapping subpopulations of
NAc and mPFC neurons may become active during opiate and
psychostimulant self-administration, heterogeneous neuronal cir-
cuits mediate the rewarding actions of these drugs (Chang et al.,
1998). Behavioral evidence supports this conclusion. Thus, al-
though NAc NMDA receptors are required for stimulant self-
administration, this is not the case for heroin (for review, see
Trujillo, 2000). Similarly, the pedunculopontine nucleus, which
receives extensive projections from regions comprising the corti-
cal-striatal-thalamic circuit, is necessary for the conditioned
reinforcing effects of opiates but not psychostimulants (Bechara et
al., 1998). Interestingly, however, and in contrast to psychostimu-
lants, there is increasing evidence for involvement of cannabinoid
systems in mediating the rewarding effects of opiates. CB1 recep-
tor antagonists or deletion of the CB1 receptor prevents acquisi-
tion of morphine self-administration and the conditioned rein-
forcing effects of this opiate (Ledent et al., 1999; Mas-Nieto et al.,
2001). Modulation of the biochemical and pharmacological effects
of cannabinoids by opioid receptor ligands, together with the
anatomical distribution of CB1 receptors in the cortical-pallidal—
thalamic circuitry, suggests that there may be considerable over-
lap in the neural substrates mediating the rewarding effects of
cannabinoids and opiates (Manzanares et al., 1999).

Neuroadaptations resulting from chronic opiate use

As with psychostimulants, cessation of chronic opiate use induces
functional changes in mesolimbic DA neurons opposite to those
observed during drug administration (Diana et al., 1993). De-
creased DA neurotransmission may underlie anhedonia and dys-
phoria during the early phase of drug abstinence, and avoidance
of these aversive states may lead to reinstatement of drug use
(Koob et al., 1989). Fundamental questions exist as to whether
the aversive effects of opiate withdrawal are the primary impetus
leading to relapse. However, it is clear that DA D2 receptor
agonists attenuate somatic signs of opiate withdrawal (Harris and
Aston-Jones, 1994). In contrast, DA D2 receptor antagonists
induce affective signs of withdrawal in morphine-dependent ani-
mals and attenuate the conditioned reinforcing effects of opiates
in dependent animals (Funada and Shippenberg, 1996; Bechara et
al., 1998). Therefore, DA mechanisms are involved in the aversive
effects of opiate withdrawal, suggesting that the motivational
effects of opiate withdrawal result, at least in part, from the
disruption of the same circuits implicated in mediating drug
reward.

Not surprisingly, repeated opiate use alters the activity of NAc
medium spiny neurons that are primary targets of DA neurons.
These output neurons, which contain GABA and the opioid
peptides dynorphin and enkephalin, as well as substance P,
project to the ventral pallidum and VTA. They also have exten-
sive axon collaterals in the NAc. Alterations in these output
neurons may contribute to the aversive consequences of opiate
withdrawal.

The administration of opioid receptor antagonists, such as
naloxone, to morphine-dependent animals produces somatic and
affective signs of withdrawal. These effects have been attributed
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to the antagonism of MORs in the NAc and other regions,
including amygdala, VTA, and locus coeruleus (Stinus et al.,
1990). However, expression of enkephalin, an opioid peptide that
stimulates NAc DA release, is decreased in the NAc during
opiate withdrawal (Turchan et al., 1997). Acute administration of
selective 8-opioid receptor (DOR) antagonists to opiate-
dependent animals precipitates affective signs of withdrawal.
However, in contrast to MOR antagonists, they are ineffective in
precipitating a quantifiable somatic withdrawal syndrome (Fu-
nada et al., 1996). These findings are noteworthy in view of the
postulated involvement of DORs in emotional reactivity (Filliol
et al, 2000) and indicate that MOR activation, as has been
observed in the ventral pallidum (Olive and Maidment, 1998),
may stimulate enkephalin release and that dysregulation of DOR
systems may contribute to withdrawal-induced dysphoria. Consis-
tent with this hypothesis is the recent finding of increased cell-
surface expression of DORs after chronic morphine exposure
(Cahill et al., 2001).

Dynorphin, the endogenous ligand for the k-opioid receptor
(KOR), is also released by medium spiny neurons. KOR agonists
produce dysphoria and negative effective states (Pfeiffer et al.,
1986) caused by the activation of NAc opioid receptors and
inhibition of DA release (Shippenberg and Elmer, 1998). A ton-
ically active NAc KOR system regulating basal DA release has
also been demonstrated. Although acute opiate administration
does not modify dynorphin expression, increased peptide expres-
sion is observed after abstinence from repeated opiate adminis-
tration (Bronstein et al., 1988). This effect may result from opiate-
induced upregulation of the cAMP pathway and the induction of
the gene transcription regulator, cAMP response element-
binding protein (CREB) (Nestler, 2001). The opiate withdrawal
syndrome is attenuated after disruption of the genes encoding
CREB or KORs (Maldonado et al., 1996; Simonin et al., 1998),
suggesting that upregulation of the dynorphin system may be a
key homeostatic adaptation that, in the presence of drug, dimin-
ishes further drug responsiveness (e.g., enhanced DA release),
but that in the absence of drug may contribute to the dysphoria
and anhedonia that characterizes the early phase of opiate with-
drawal. Evidence that elevated levels of dynorphin may also
contribute to alterations in behavior and DA neurotransmission
that occur during abstinence from psychostimulants has also been
obtained (Shippenberg et al., 2001). Interestingly, protracted ab-
stinence from opiates and psychostimulants is characterized by
normalization of dynorphin levels and an enhancement of drug-
evoked NAc DA release. Hypersensitivity of DA neurons may
underlie the long-term expression of behavioral sensitization to
various drugs of abuse as well as the reinstatement of compulsive
drug-seeking behavior (Robinson and Berridge, 1993; Vander-
schuren and Kalivas, 2000), suggesting that alterations in the
dynorphin/KOR receptor system may play a global role in drug
craving and relapse to addiction.

Repeated use of opiates also induces neuroadaptations in other
brain regions (e.g., basolateral amygdala, locus coeruleus, bed
nucleus of the stria terminalis) and neurotransmitter systems
(e.g., glutamate, norepinephrine, CRF). Each of these adapta-
tions may be involved in expression of the aversive effects of the
opiate-withdrawal syndrome (Kreek and Koob, 1998). Alter-
ations in the activity of CRF neurons are noteworthy given the
involvement of stress in compulsive drug seeking and the role of
this peptide in regulating DA release and opioid peptides in the
mesolimbic system and its projection areas (Kreek and Koob,
1998; Sarnyai et al., 2001). Behavioral and neurochemical results
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indicate that CRF neurons are activated during acute withdrawal
from opiates and that this effect may contribute to both the
anxiety of withdrawal and the vulnerability to relapse that persists
as abstinence progresses.

Relapse to opiates

Our understanding of the neural systems important for relapse to
opiate-seeking behavior is still at its infancy. Recent advances in
animal models have indicated that conditions that intensify drug
craving or provoke drug relapse in humans (i.e., stress; renewed
contact with the drug, or environmental stimuli that have signaled
drug availability) reliably reinstate drug seeking in laboratory
animals even after prolonged abstinence (Self and Nestler, 1998;
Shaham et al., 2000; Stewart, 2000). The strong face validity of
these reinstatement models provides a useful tool for studying the
neurobiological mechanisms involved in relapse to opiate seeking.

Davis and Smith (1976) first showed that morphine, as well as
a stimulus previously associated with the intravenous infusion of
morphine, was able to reinstate opiate-seeking behavior in exper-
imental animals. Later studies showed that a priming injection of
heroin or exposure to mild unpredictable footshock stress were
effective in eliciting heroin-seeking behavior in animals with a
previous history of heroin self-administration (Shaham et al.,
2000; Stewart, 2000).

Although the role of DA in mediating the rewarding effects of
opiates remains controversial, there is substantial evidence for a
role of the mesolimbic DA system in mediating the priming
effects of opiates on heroin seeking. Intra-NAc infusion of am-
phetamine, a psychostimulant that stimulates DA release, is ef-
fective in reinstating heroin seeking, and a similar response is
observed after VTA infusion of morphine doses that increase
NAc and mPFC DA release. In contrast, infusions of morphine
into the NAc fail to stimulate DA release and are ineffective in
opiate reinstatement models (for review, see Stewart, 2000).

DA D2 receptor antagonists block heroin-induced reinstate-
ment (Ettenberg et al., 1996; Shaham and Stewart, 1996), suggest-
ing an important role of this DA receptor. In contrast, the DA D1
receptor antagonist, SCH-23390, attenuates heroin-induced rein-
statement only at doses producing motor impairment (Shaham
and Stewart, 1996). Data regarding the ability of DA receptor
agonists to mimic the effects of heroin priming also indicate
involvement of DA D2 receptors in heroin seeking (Wise et al.,
1990; De Vries et al., 2002). The priming effect of the DA D2
receptor agonist quinpirole is robust during the first week of
withdrawal but dissipates after 3 weeks of withdrawal (De Vries
et al., 2002). As discussed above, DA D2 receptor antagonists
produce effective signs of withdrawal in morphine-dependent rats
(Funada et al., 1996). However, DA D2 receptor agonists admin-
istered during the early phase of opiate withdrawal induce
marked behavioral activation (Druhan et al., 2000), indicating
that DA D2 receptor activation during the early phase of with-
drawal may lead, in fact, to enhanced motivation for drug. This
conclusion is consistent with a critical role of DA D2 receptors in
the motivational effects of opiates in the opiate-dependent as
compared with the non-dependent state (Bechara et al., 1998;
Dockstader et al., 2001). It may also explain previous inconsistent
effects of DA D2 receptor antagonists on heroin self-
administration (Ettenberg et al., 1982; Mello and Negus, 1996).

Priming with the DA D1 receptor agonist SKF 82958 or the
non-selective DA receptor agonist apomorphine does not rein-
state heroin seeking (De Vries et al., 1999; Stewart, 2000). There-
fore, at late withdrawal stages (>3 weeks), neither D1, D2, nor
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non-selective agonists mimic the priming effects of heroin. Be-
cause indirect DA agonists like amphetamine and cocaine are
effective in reinstating heroin seeking at later stages of with-
drawal (De Vries et al., 1999), the role of DA in mediating heroin
seeking that occurs during protracted withdrawal remains
unclear.

Data regarding the role of other neurotransmitter systems in
opiate relapse is limited. An involvement of glutamatergic neu-
rons in relapse to cocaine seeking has been presented (Cornish
and Kalivas, 2000). However, acamprosate, a compound that
alters glutamate neurotransmission and is used in alcohol relapse
prevention programs, exerts no effect on heroin-induced rein-
statement of heroin seeking (Spanagel et al., 1998).

A role of stress in relapse to compulsive drug seeking, as
observed in human addicts, has been demonstrated in laboratory
animals. Mild footshock stress reliably reinstates heroin seeking
in rats (Shaham and Stewart, 1995; Ahmed et al., 2000), an effect
that is mimicked by other stressors, including food deprivation.
Evidence for involvement of CRF in the response to stress comes
from studies showing that CRF antagonists attenuate footshock-
induced reinstatement of heroin seeking, an effect that may be
meditated within the bed nucleus of the stria terminalis. Also,
a,-adenoceptor agonists, presumably acting on noradrenergic
neurons originating from the lateral tegmental nuclei but not the
locus coeruleus, prevent this behavior. Other studies have shown
that the effects of stress on relapse are not dependent on the
release of corticosterone, are resistant to opioid receptor antag-
onists, and are relatively insensitive to DA receptor antagonists
(for review, see Shaham et al., 2000). Thus, although the effects of
heroin priming appear to be mediated by the same DA and opioid
pathways involved in reward and dependence, the stress-induced
relapse to opiate addiction may result from the activation of a
distinct set of neuronal systems. At present, however, fundamen-
tal questions exist as to whether there is convergence of these
systems and, if so, at what level.

Relatively few studies have examined the neural substrates
underlying relapse to opiate seeking in response to stimuli pre-
viously associated with opiate administration. Using an operant
runway task reinforced by heroin administration, McFarland and
Ettenberg (1997) showed that heroin-predictive environmental
stimuli reinstate running after this behavior is extinguished. The
DA D2 receptor antagonist haloperidol did not modify the in-
centive motivational effects of these stimuli, suggesting that DA
systems may not play a critical role in this behavior. In contrast,
DA receptor (particularly D1) antagonists attenuate cue-induced
reinstatement of cocaine-seeking behavior (for review, see Shalev
et al., 2002). Marked differences between cue-controlled heroin
and cocaine seeking have also been observed in second order
schedules of reinforcement in which drug seeking is maintained
by contingent presentation of drug-paired stimuli. Thus, under
similar experimental conditions, discrete drug-associated cues
have a weak impact on heroin seeking relative to cocaine seeking
(Alderson et al., 2000). Also, basolateral amygdala lesions and
partial DA D3 receptor agonists, both of which impair cue-
controlled cocaine seeking (Everitt and Robbins, 2000), fail to
alter heroin seeking.

It is unclear to what extent opiate withdrawal functions as a
motivational state that enhances the incentive value of opiates
and can explain relapse to addiction occurring during protracted
abstinence. Attempts to induce relapse to heroin seeking by
precipitating withdrawal have been unsuccessful (Shaham and
Stewart, 1995; Shaham et al., 1996) (but see Hutcheson et al.,
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2001). In those studies in which the drug intake of heroin was
sufficient to induce somatic signs of withdrawal symptoms during
early withdrawal (1-2 d) (Shaham et al., 1996), extinction behav-
ior, a measure of drug seeking, and footshock-induced reinstate-
ment were maximal at time points in which somatic signs of
withdrawal had dissipated (Shalev et al., 2000). These findings
and those regarding the relationship between the duration of
cocaine abstinence and cue-induced reinstatement of cocaine
seeking (Grimm et al., 2001) suggest strongly that the vulnerabil-
ity to relapse is not related to the severity of the withdrawal signs.

According to the incentive—sensitization theory of addiction
(Robinson and Berridge, 1993), neuroadaptations that lead to the
drug-induced sensitization underlie the persistence of drug-
seeking behavior and the vulnerability to relapse that can occur
after protracted abstinence. Several studies have shown that the
locomotor-activating and conditioned-reinforcing effects of opi-
ates are enhanced after repeated, intermittent administration of
opiates (Shippenberg et al., 1996; Vanderschuren and Kalivas,
2000). Recently, opiate sensitization was demonstrated after pro-
tracted abstinence from heroin self-administration (De Vries et
al., 1998). Interestingly, priming-induced reinstatement of heroin
seeking was found only with opioid and DA ligands that were able
to elicit a sensitized locomotor response in opiate-pretreated
animals (De Vries et al., 1999; Vanderschuren et al., 1999). These
findings are in accord with the postulated role of the mesolimbic
DA system in mediating both the incentive—motivational and
sensitizing properties of opiates and other drugs of abuse (Rob-
inson and Berridge 1993; Vanderschuren and Kalivas, 2000).

Repeated exposure to drugs of abuse may also sensitize neu-
ronal systems involved in stress-responsiveness (Kreek and Koob,
1998; Sarnyai et al., 2001). Recent studies indicate that the dura-
tion of withdrawal after heroin self-administration is a critical
factor in mediating footshock stress-induced reinstatement of
heroin seeking (Shalev et al., 2000). Thus, stress-induced rein-
statement was absent on day 1 of withdrawal and was greatest
after 1-2 weeks of abstinence. Ahmed et al. (2000) reported that
rats that had longer access (11 hr/day) to heroin exhibit an
enhanced sensitivity to the reinstating properties of footshock
than rats that had shorter access (1 hr/day).

These reinstatement results agree with neuroadaptation theo-
ries positing that drugs of abuse induce progressive and long-
lasting neuronal changes that depend, at least in part, on the
amount of drug exposure (Pierce and Kalivas 1997). The appar-
ent dissociation between withdrawal severity and vulnerability to
opiate relapse further suggests that drug-enhancing, proponent
processes are more likely to play a role in the persistence of drug
craving and relapse than drug-opposing, opponent processes,
which underlie tolerance and withdrawal.

Concluding remarks and future perspectives

As is apparent from the mini-reviews in this issue of the journal,
most studies have focused on psychostimulants, leaving many
issues related to opiate addiction and, in particular, to opiate
relapse unanswered. Although application of a systems approach
to the study of opiate addiction is only just beginning, recent
findings challenge previous notions regarding the role of one
particular neurotransmitter or brain region in the initiation and
maintenance of the addiction process. Rather they indicate that
the repeated use of opiates affects the activity of several neuro-
transmitter and neuropeptide systems in brain circuits that regu-
late mood and affect and that these neuroadaptations underlie
behavioral alterations that define opiate addiction. It is also
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apparent that precipitation of relapse by renewed drug exposure,
drug-associated stimuli, and stress is mediated not only by distinct
neuronal pathways, but that the relative contribution or sensitiv-
ity of these pathways to such effects varies as a function of the
duration of withdrawal. When viewed from the perspective of
medications development, these results suggest that the stage of
the addiction cycle must be considered when evaluating the effi-
cacy of a particular treatment in preventing relapse to opiate
addiction. They further suggest that drugs effective in reducing
compulsive opiate seeking during one stage of the addiction cycle
may be ineffective in another and that a multi-targeted approach
to the treatment of opiate addiction is essential.
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