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Addictive drugs have habit-forming actions that can  be
localized to a variety of brain regions. Recent advances
in our understanding of the chemical ‘trigger zones’ in
which individual drugs of abuse initiate their habit-forming
actions have revealed that such disparate drugs as heroin,
cocaine, nicotine, alcohol, phencyclidine, and cannabis
activate common reward circuitry in the brain. Although
these drugs have many actions that are distinct, their
habit-forming actions (and perhaps the relevant elements
of their disparate withdrawal symptoms) appear to have a
common denominator, namely, similar effects in the brain
mechanisms of reward.
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Abbreviations .
CPP 3-(2carboxypiperazin-4-yl)-propyl-I-phosphonic  acid
DAMGO [D-Alal,N-Me-Phel-Gly~-ol]-enkephalin
DPDPE [D-Pens,D-Pen&enkephalin
GABA yaminobutyric  acid
MK-601 methyl-dihydro-dibenzocyclohepten-imine
NMDA IV-methyl-D-aspartate
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Introduction
Addiction offers an interesting model of motivated
behavior. Indeed, it offers an interesting model of the
role of motivation in adaptive behavior, despite the fact
that addiction is generally believed to reflect maladaptive
behavior. As the habit-forming properties of drugs of
abuse have become increasingly linked to actions in brain
circuitry that evolved in the service of more natural
rewards such as food and sexual contact [l], addiction has
attracted increasing interest among neuroscientists.S  Even
theories of ‘drug ‘dependence’, long dominated 6y the
study of peripheral tissues and drug-induced adaptations
of the autonomic nervous system, have recently come to
focus on more subtle withdrawal phenomena involving
adaptations within central reward circuitry itself. Just
as endogenous pain-control pathways form the frame
of reference within which we understand the analgesic
effects of opiates, so too are endogenous reward circuits
the frame of reference within which we can best
understand the habit-forming effects of various drugs of
abuse.

In this review, I will discuss the brain sites in which
several addictive drugs trigger their habit-forming actions

and the anatomical circuitry connecting these sites. I
will also discuss withdrawal symptoms that are expressed
within this circuitry, as well as mentioning a number of
emerging issues in the neurobiology of addiction.

Frame of reference
The early history of addiction research was dominated
by attempts to understand the cellular basis of drug
dependence phenomena [Z] -phenomena that are often
expressed in the tissues of the gut or the autonomic
nervous system. The common assumption was that com-
pulsive drug self-administration came to dominate the
behavior of physiologically dependent animals because .
of the ability of the drug to alleviate aversive withdrawal
symptoms. This constitutes a ‘negative reinforcement’
model of addiction [Z], in that it stresses the role of
the drug in alleviating aversive states associated with
dysphoria rather than the role of the drug in producing
positive states associated, at least in some cases, with
euphoria. The more recent advances in addiction theory
have stressed the role of the central nervous system in
mediating positive reinforcement and euphoria [3-71.

Several factors have contributed to the current view that
the secrets of addiction are to be learned from the study
of brain reward mechanisms, first identified by Olds
and Milner [8] using electrical stimulation of the brain,
and heuristically, if simplistically, labelled by Olds as
‘pleasure centers in the brain’ [9].  Olds soon concluded
that he had discovered brain mechanisms involved in
positive reinforcement, and this view is still widely held.
His original reasons were several: the stimulation was
rewarding in happy, healthy animals and satisfied no
obvious physiological need state (indeed, if anything,
it induced rather than satisfied drive states normally
associated with bodily needs); the rewarding effect of
stimulation was not devalued by satiation or enhanced by
deprivation; and, animals would ignore the normal reward
of food, and would work instead -to the point of death
by self-inflicted starvation -for rewarding hypothalamic
stimulation. _

As Olds and others were delineating the brain mech-
anisms presumed to underlie positive reinforcement,
methods were being developed to enable freely moving
animals to earn intravenous drug injections. With the
development of this technology, behavioral pharmacolo-
gists began to characterize drugs in terms of Skinner’s
notion of operant reinforcement on the basis of the
phenomenology of the habits they established. The
behavioral pharmacology of intravenous drug self-admin-
istration was widely studied in animals that had limited
and intermittent access to addictive substances; this was



Cognitive neuroscience

partly for experimenter convenience and partly because
animals given 24 h access to intravenous stimulants soon
died as a consequence. From such studies, it became
quickly apparent that physical dependence was not
a necessary condition for establishing or maintaining
compulsive habits of stimulant or opiate self-administra-
tion. Pickens and Harris [lo] likened the behavior of
animals working for intravenous amphetamine to that
of animals working for lateral hypothalamic electrical
stimulation. This finding encouraged the view, already
widely held because of the paucity of withdrawal
signs following chronic amphetamine, that stimulant
drugs, like hypothalamic brain stimulation, were positive
reinforcers.

As the view that addictive drugs served as positive
reinforcers gained attention, evidence against dependence
theory was advanced. The search for an animal model
of alcoholism had led to the unexpected conclusion that
simply establishing alcohol dependence was not enough to
establish voluntary alcohol self-administration in rodents.
In addition, human alcoholics were shown to voluntarily
eschew alcohol during periods of severe withdrawal
distress (only to re-initiate drinking when such distress
was minimal). Moreover, although direct injections of
morphine into certain regions of the brain were sufficient
to establish classic signs of physical dependence, rats did
not learn to self-administer those injections; on the other
hand, rats did learn to self-administer morphine injections
into another brain region, one where the injections
caused no signs of physiological dependence [ll]. These
findings agree with the notion that the primary reason
ulhy addicts seek drugs is the positive reinforcement
usually associated with pleasure or euphoria, and the same
findings contributed to a temporary decline in interest
in the phenomena of drug dependence and withdrawal
distress [Z].

The most recent developments in the neurobiology of
addiction arise from attempts to understand the anatomical
organization of drug reward systems in the brain. The
mesolimbic dopamine system is strongly implicated in the
habit-forming properties of several classes of abused drugs
[1], suggesting a common denominator for addictions
that seemed, two decades ago, to have little to do with

_ _ - one another [Z-4].  A great deal of current progress is
being made in identifying the afferents and efferents
of the mesolimbic dopamine system and localizing the
trigger zones for various drug rewards associated bith
these afferents or efferents. The most recent develop-
ments in addiction theory involve the suggestion that
a previously unappreciated adaptation of the nervous
system, a drug-induced desensitization of the positive
reinforcement mechanism, offers a potential explanation
for the most powerful component of continued and
escalating drug-seeking behavior in addicts [ 12,131.

Neural circuitry of drug reward
Drugs of abuse mimic or enhance the actions of
endogenous chemical messengers in the brain
Drugs of abuse act, for the most part, at receptors for the
endogenous chemical messengers of the nervous system.
For example, opioids are presumed to be habit-forming
because of actions at opiate receptors, and nicotine is
presumed to be habit-forming because of actions at
nicotinic acetylcholine receptors. Phencyclidine, another
addictive substance, acts at NMDA and sigma receptors,
and also blocks dopamine reuptake; the drug appears to
be habit-forming primarily because of its action at NMDA
receptors [14]. An exciting recent finding has been the
discovery of an endogenous ligand for the cannabinoid
receptor [ lS,1618].  Although amphetamine and cocaine
do not act *directly at dopamine receptors, they are
habit-forming because they increase the concentration of
dopamine at dopamine receptors localized to the nucleus
accumbens and frontal cortex [l].

Habit-forming drug actions localized to the ventral
tegmental area
Morphine has its most fully documented rewarding actions
in the ventral tegmental area [19,20]  (Figure 1). Mu
and delta opioid agonists are each rewarding in this
region [21g,22].  Mu opioids are known to disinhibit
the firing of dopaminergic neurons in this region by
inhibiting GABAergic neurons that normally suppress their
dopaminergic neighbors 1231;  the disinhibition results in
increased dopamine release in the nucleus accumbens
[24,25].  Although the cellular basis for the action of delta
agonists in this region is not yet known [26], the relative
efficacies of the mu agonist DAMGO and the delta agonist
DPDPE in serving as rewards [W] are predicted by
their relative efficacies in elevating nucleus accumbens
dopamine levels [25]:  the mu agonist is -lOO-fold more
effective in each case. Kappa opioids are not rewarding
when injected into this region 1221,  and such injections
do not modulate nucleus accumbens dopamine levels [25];
systemic injections of kappa opioids are aversive [27]  and
inhibit nucleus accumbens dopamine release [ZS].

It appears that the ventral tegmental circuitry_ activated
by intracranial morphine reward is also activated by
intravenous heroin reward: self-administered doses of
intravenous heroin cause dopamine release from the
mesolimbic projection to nucleus accumbens, as estimated
from microdialysis samples or vol tammetric recordings
from behaving animals [28,29,300].  Dopamine levels
fluctuate above an elevated baseline during heroin self-
administration sessions, but disagreement exists between
the voltammetric and microdialysis evidence as to whether
dopamine levels increase in anticipation of, or in response
to, each earned heroin injection. These findings-implicate
both ventral tegmental dopaminergic cells and their
GABAergic afferents in opiate reward.
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Figure 1
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Schematic sagittal representation of the rat brain indicating the most convincingly identified elements in the circuitry of drug reward. The
pedunculopontine (PWg)  and laterodorsal tegmental (LDTg)  nuclei contain cholinergic cells projecting to the dopaminergic cells of the
substantia nigra, tona  compacta  (SNc)  and the ventral tegmental area (VTA). Dopaminergic cells of the mesocorticolimbic system, originating
in the VTA and projecting to the nucleus accumbens (NAcc),  are excited by nicotine and acetylcholine at somatodendritic nicotinic receptors
and are inhibited by GABA  at somatodendritic GABAs  receptors. GABAergic cells of the VTA and substantia nigra, zona reticulata  (SNr)
normally inhibit their dopaminergic neighbors and project, among other places, to the PPTg.  A GABAergic projection back to the NAcc  has
also recently been described [96],  and is represented as a collateral from the SNr.  GABAergic neurons that inhibit the mesolimbic dopamine

’ system are themselves inhibited by morphine, which acts at mu receptors on VTA GABAergic somata; thus, morphine, by inhibiting GABAergic
inputs, disinhibits the dopamine system. Dopamine is released in the NAcc in response to nicotine and morphine actions in the VT& and
by amphetamine actions in the NAcc;  cocaine, by blocking dopamine reuptake, causes extracellular dopamine to accumulate in the NAcc.
Dopamine acts at D1-type,  Ortype,  and Da-type  receptors in the NAcc, and each of the three has been implicated in drug reward. Cocaine
and heroin cause second-messenger activation in GABAergic neurons of the NAcc;  some GABAergic NAcc neurons project to the ventral
pallidum (not shown), whereas others project back to the VTA. NMDA antagonists are rewarding both in the medial frontal cortex (mFCx)
and in the NAcc;  the NAcc actions may involve receptors receiving glutamatergic inputs from mFCx.  Stimulation of mFCx causes dopamine
release in NAcc;  this may involve a cortico-accumbens or a cortico-VTA  projection. Medial frontal cortex injections of cocaine and dopamine
are also rewarding; the mechanism for the rewarding cocaine action has been proposed to involve modulation of NAcc  dopamine. Opiates
have rewarding actions at mu opioid receptors in the CA3 region of hippocampus, which receives a dynorphin input and sends an excitatory
amino acid output to the NAcc.  Each of these brain regions has additional afferents and efferents that are candidates for drug-reward functions,
only the elements implicated by current evidence from drug-reward studies are illustrated. The medial forebrain bundle through which the

- - ventral group of GABAergic, cholinergic, dopaminergic and glutamatergic fibers passes and the main fiber pathway connecting the midbrain
and forebrain, is implicated in the rewarding effects of electrical brain stimulation. The illustration is schematic, locations and trajectories are
approximate, for reasons of clarity more than of precise placement. Efferents to more than one terminal field are illustrated as collaterals from
the same neuron, but may in fact be independent projections from different neurons. mThal,  medial thalamus; SC, superior colliculus. (See text
for references.)

role in drug self-administration, and in relapse to drug The use of techniques from cellular biology in the study
self-administration, and that much more work on the of drug reward*  and addiction is also attracting increasing
interaction of stress with drug self-administration can be interest [86”,94]. Studies of second-messenger responses
expected during the next few years. within reward-associated neurons are being reported








