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Drugs of abuse: anatomy,
pharmacology and function of
reward pathways

George F. Koob

Drugs of abuse are very powerful reinforcers, and even in conditions of limited
access (where the organism is not dependent) these drugs will motivate high
rates of operant responding. This presumed hedonic property and the drugs’
neuropharmacological specificity provide a means of studying the neurophar-
macology and neuroanatomy of brain reward. Three major brain systems
appear to be involved in drug reward — dopamine, opioid and GABA. Evidence
suggests a midbrain—forebrain—-extrapyramidal circuit with its focus in the
nucleus accumbens. Data implicating dopamine and opioid systems in indirect
sympathomimetic and opiate reward include critical elements in both the
nucleus accumbens and ventral tegmental areas. Ethanol reward appears to
depend on an interaction with the GABA, receptor complex but may also
involve common elements such as dopamine and opioid peptides in this
midbrain—forebrain—extrapyramidal circuit. These results suggest that brain
reward systems have a multidetermined neuropharmacological basis that may
involve some common neuroanatomical elements.

The concepts of reward, motiv-
ation and reinforcement are dif-
ficult to study from a neurobio-
logical perspective primarily
because quantitative measure-
ment is difficult even if these terms
are defined operationally. A re-
inforcer can be defined operation-
ally as any event that increases the
probability of a response. Reward
is often defined similarly but with
some positive affective coloring,
such as pleasure. This review
adopts the latter definition of
reward; measurement will largely
be restricted to reward associated
with any event (drug) for which
an animal will perform an operant
response. .

Animals will readily self-
administer drugs either intra-
venously or orally, and drugs that
are self-administered by animals
correspond well with those of
high abuse potential in humans.
Drug self-administration behavior
follows many of the same rules as
behavior reinforced by conven-
tional reinforcers such as food,
water and sex. In the nondepen-
dent state (usually a condition of
limited access), the drug generates
a motivational state much as other
incentives with low drive, such as
saccharine. Psychomotor stimu-
lant drugs, such as cocaine, are
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very powerful reinforcers. Even in
a limited-access, nondependent
condition, rats will press up to
150 times for one injection of
0.75 mgkg™ of cocainel. In the
dependent  state, additional
motivational power is exerted by
negative reinforcement where the
drug blocks or reduces the pre-
sumably aversive state of with-
drawal.

These properties and the neuro-
pharmacological specificity of
drugs make them ideal for studies
of the neurochemistry of reward.
Three important neurochemical
systems — dopamine, opioid pep-
tides and GABA - are explored
here for their role in drug reward.
The insights derived from these
studies are used to propose a
reward circuit of possible heu-
ristic value for future work in drug
dependence and psychopathology.

Reward: neuroanatomical
distribution

Two major dopamine systems
originate in the ventral midbrain:
the nigrostriatal dopamine system
and the mesocorticolimbic dopa-
mine system. The mesocortico-
limbic dopamine system has been
implicated in drug reinforcement.
The cell bodies of this system
originate in the ventral tegmental
area (VTA), originally described
as the A10 group of catecholamine
neurons?3, and project to the fore-
brain, largely the nucleus accum-
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bens, olfactory tubercle, frontal
cortex, amygdala and septal area
(see Fig. 1). There is a reverse
topographic distribution, with
ventral dopamine neurons in the
VTA projecting to dorsal regions
and the dorsal VTA neurons pro-
jecting to ventral regions®.

Mesocorticolimbic dopamine

As an interface between the
midbrain and forebrain, the
mesocorticolimbic dopamine sys-
tem may be one of the more
anterior components of the com-
plex isodendritic core of the
reticular formation®. It has been
hypothesized to modulate the ac-
tivity of the veniral striatum, a
brain region thought to be in-
volved in converting emotion into
motivated action and movement
(for review see Ref. 6). Selective
destruction of the dopamine pro-
jection to the ventral striatum
causes decreases in locomotor ac-
tivity induced by new environ-
ments, in motor activity produced
by food presentation, and in ac-
tivation produced by scheduled
food delivery (schedule-induced
polydipsia) (for reviews see Refs 5
and 7).

Similar lesions have also pro-
duced a syndrome of persev-
eration with reduced distraction
caused by irrelevant information,
and a decrease in behavioral
switching and flexibility®’.
In learning tasks, animals
with similar 6-hydroxydopamine
lesions show impaired spon-
taneous alternation, disturbed
acquisition of spatial habits and
difficulty in reversing previously
learned habits>.

The effects of direct injection of
dopamine and dopamine antag-
onists have implicated the meso-
corticolimbic dopamine system in
locomotor activation and the psy-
chostimulant actions associated
with indirect sympathomimetics.
Dopamine and amphetamine in-
jected into the nucleus accumbens
stimulate locomotor activity, and
injection of haloperidol into the
nucleus accumbens blocks the
locomotor activation produced by
p-amphetamine. A similar block-
ade of amphetamine-, cocaine-
and  methylphenidate-induced
locomotor activation has been
observed following 6-hydroxy-
dopamine lesions of the region of
the nucleus accumbens. (For
review, see Ref. 5.)

(©1992, ElsevierScience Publishers Ltd {UK)
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Cocaine and amphetamine reward

Paradigm
Intracranial electrical self-stimulation
Lateral hypothatlamus t
Ventral tegmental area 1
Intracranial self-administration
Medial prefrontal cortex {cocaine) 1
Nucleus accumbens (amphetamine)
Intravenous self-administration
Noradrenaline receptor antagonists
5-HT receptor antagonists
wn-Opioid receptor antagonists
D, and D, dopamine receptor antagonists
Noradrenaline denervation {6-hydroxydopamine)
5-HT denervation (5,7-dihydroxytryptamine)
Dopamine denervation (6-hydroxydopamine)
Nucleus accumbens
Ventral tegmental area
Medial prefrontal area -

1 . facilitation; | , inhibition; -, no change.

Effect on reward
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Fig. 1. Sagittal rat brain section illustrating a
cocaine and amphetamine neural reward
circuit that includes a limbic-extrapyramidal
motor interface. Yellow indicates limbic
afferents lo the nucleus accumbens (N Acc.)
and orange represents efferents from the
nucleus accumbens thought to be involved
in psychomotor stimulant reward. Red indi-
cates projections of the mesocorticolimbic
dopamine system thought to be a critical
substrate for psychomotor stimulant reward.
This system originates in the A10 cell group
of the veniral tegmental area (VTA) and
projects to the N. Acc., olfactory tubercle
and ventral striatal domains of the caudate—
putamen (C-P). VP, ventral pallidum; LH,
lateral hypothalamus; SNr, substantia nigra
pars reticulata; DMT, dorsomedial thalamus;
PAG, periaqueductal gray, OT, olfactory
tract; AC, anterior commissure; LC, locus
coeruleus; AMG, amygdala; Hippo, hippo-
campus; Cer, cerebellum. Left: effect of
different experimental paradigms on cocaine
and amphetamine reward in rat.

In the absence of drug adminis-
tration, the mesocorticolimbic
dopamine system appears to act
as a modulator or a filtering and
gating mechanism for signals
from the limbic regions, signals
mediating basic biological drives
and motivational variables. These
signals are thought ultimately to
be translated into motor acts via
the output of the extrapyramidal
motor system (see Refs 5, 6 and 8
for more details and review). It is
still not clear why activation of
this system is reinforcing but sub-
stantial evidence suggests that the
rewarding actions of psychomotor
stimulants are mediated by the
mesocorticolimbic dopamine rro-

jection (see below). One hypoth-
esis is that the mesocortico-
limbic dopamine system has a
critical role in the species-typical
motor arousal associated with
anticipation of reward®. Another
view is that all addictive drugs
have a psychostimulant action
that contributes to the reward?’.

Dopamine in acute rewarding
effects of psychomotor stimulants
Neuropharmacological studies
have established an important
role for central dopamine in the
acute reinforcing effects of
cocaine (see Woolverton and
Johnson, this issue). Low doses of
dopamine receptor antagonists,

when injected systemically, re-
liably increase self-administration
of amphetamine and cocaine in
the ratll12. This increased self-
administration has been inter-
preted as a partial blockade of the
rewarding actions of cocaine
because rats will compensate for
decreases in the magnitude of
reinforcement with an increase in
cocaine self-administration (or a
decrease in the interval between
injections). This increase is simi-
lar to the increase observed after
lowering the dose of cocaine in
the self-administration session
(see Stolerman, this issue).
Adrenoceptor antagonists, such
as phenoxybenzamine; phentol-
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amine and propranolol, have no
effect on stimulant (amphetamine)
self-administration'?.

Recent work using systemic in-
jections of selective dopamine
receptor antagonists has shown
that both D; and D, receptors may
be important for the reinforcing
actions of cocaine in animals (see
Woolverton and Johnson, this
issue).

A role for dopamine in the
reinforcing properties of cocaine
was strengthened by the obser-
vation that 6-hydroxydopamine
lesions of the nucleus accumbens
produce extinction-like respond-
ing in cocaine and amphetamine
self-administration, as reflected in
a significant and long-lasting
reduction in responding over
days?®14, Decreases in the reinforc-
ing effects of cocaine have also
been observed following 6-hydroxy-
dopamine lesions of the nucleus
accumbens using a progressive
ratio schedule'. Similar 6-hydroxy-
dopamine lesions of the frontal
cortex and caudate nucleus fail to
significantly alter established
cocaine self-administration’-'>.

Neurochemical studies using in
vive microdialysis confirm that
dopamine release is increased in
the nucleus accumbens during i.v.
self-administration of cocaine. Lv.
self-administration of cocaine in
experienced, trained animals
produces a gradual increase in
dopamine levels in the nucleus
accumbens that reflects the pat-
tern of self-administration, al-
though an exact relationship with
the interval between injections
and the self-administered dose
has yet to be demonstrated’s?°.
When saline is replaced by co-
caine, rats rapidly stop respond-
ing and dopamine levels in the
nucleus  accumbens  rapidly
decline®®.

Dopamine in acute rewarding
effects of ethanol

Several studies have suggested
that brain dopamine systems may
also be involved in the reinforcing
properties of low doses of ethanol.
Dopamine receptor antagonists
reduce lever-pressing for ethanol
in nondeprived rats202! and also
reduce home-cage ethanol drink-
ing??. Dopamine receptors in the
nucleus accumbens may have an
important role in ethanol self-
administration, since dopamine
receptor antagonists injected into

the nucleus accumbens decrease
oral ethanol self-administration in
male Wistar rats that have not
been deprived of food or water
and have been trained in a two-
lever, free-choice self-adminis-
tration task®. In this task, within
the dose range of 5-10% ethanol,
decreases in dose produce de-
creases in responses for ethanol
and in the amount of ethanol
consumed??. The difference be-
tween the dose-response function
of ethanol (ascending) and cocaine
(descending) probably reflects the
difference in the route of admin-
istration — oral for ethanol and i.v.
for cocaine.

Low doses of ethanol stimulate
locomotor activity in certain strains
of rats” and produce marked in-
creases in extracellular dopamine
levels in the nucleus accumbens of
rats®®. Extracellular dopamine
levels have also been shown to
increase in nondependent rats
orally self-administering low doses
of ethanol'®. Extracellular dopa-
mine levels in the nucleus ac-
cumbens appeared to be directly
related to the amount of ethanol
consumed and were much higher
in the genetic strain of alcohol-
preferring P rats’8. Thus, there is
also neurochemical evidence that
dopamine systems may be in-
volved in the low-dose reinforcing
actions of ethanol. These data
suggest that dopamine receptors
in the nucleus accumbens may be
involved in ethanol reinforcement
in the nondependent rat. How-
ever, there is some evidence for
dopamine-independent ethanol
reward in free-choice, home-cage
drinking (24-hour access) (for
review see Ref. 27, and Samson
and Harris, this issue).

Opioid peptides

Opioid peptides are distributed
throughout the brain and form
three major functional systems
defined by their precursor mol-
ecules: B-endorphin from pro-
opiomelanocortin,  enkephalins
from proenkephalin, and dynor-
phin from prodynorphin®®. These
peptides are involved in three
major functions: modulation of
the nociceptive response to pain-
ful stimuli and stressors, reward,
and homeostatic adaptive func-
tions such as food, water and
temperature regulation (for re-
views see Refs 29 and 30 and
Di Chiara and North, this issue).
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When injected intracerebrally,
opioid peptides, like opiate drugs,
raise nociceptive thresholds with-
out altering basic sensory process-
ing (touch, temperature and pro-
prioception). Endogenous opioid
peptides are thought to modulate
brain nociceptive processing at
many different levels of the neur-
axis from the spinothalamic tract
in the dorsal horn of the spinal
cord to the periaqueductal gray to
the medial thalamus. Stressors can
induce analgesia that is reversed
by opioid antagonists®’, suggest-
ing a role for endogenous opioid
systems in stress-induced anal-
gesia.

Opiate drugs and opioid pep-
tides alter consummatory be-
havior in animals. When injected
intracerebrally, opioid peptides
can induce feeding and drinking
in rats while opioid antagonists
reduce these behaviors®.

Opioid peptides, like opiate
drugs, have rewarding properties
(see Di Chiara and North, this
issue). Injection of opioid pep-
tides into the VTA or nucleus
accumbens facilitates intracranial
self-stimulation®. Rats will intra-
ventricularly self-administer -
endorphin??, and f-endorphin
injected i.c.v. produces place pref-
erences?’. Rats will self-administer
opioids into the VTA and the
nucleus accumbens. Opioid pep-
tides injected into these two
regions stimulate locomotor ac-
tivity and produce place prefer-
ences (see Di Chiara and North,
this issue). Other regions support-
ing rewarding effects for opioids
are the hippocampus® and hypo-
thalamus®®. Consistent with these
results, opioid receptor antagon-
ists produce robust place aver-
sions in nondependent animals®
and reverse the lowering of intra-
cranial self-stimulation thresholds
produced by psychomotor stimu-
lants®.

Acute reinforcing effects
of opiates

Opiate drugs such as heroin,
like psychostimulants, are readily
self-administered i.v. by animals.
If there is limited access, rats and
primates will maintain stable
levels of opiate intake on a daily
basis without any major signs of
physical dependence® . As with
cocaine, decreases in the dose of
heroin available i.v. to a non-
dependent animal will change
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Oplate reward

Paradigm

Effecton reward

Intracranial electrical self-stimulation
Lateral hypothalamus
Intracranial seif-administration
Nucleus accumbens
Lateral hypothalamus
Ventral tegmental area
Intravenous self-administration
Opioid receptor antagonists
p-Receptor antagonists
d-Receptor antagonists
x-Receptor antagonists
Dopamine receptor antagonists

Nucleus accumbens

— - —

Dopamine denervation (6-hydroxydopamine)

1 , facilitation; | , inhibition; -, no change; - | , mixed resulits.

Fig. 2. Sagittal rat brain section illustrat-
ing opioid peptide-containing neurons
(green), some of which may mediate
opiate reward. These opioid peptide sys-
tems include the local enkephalin circuits
(short segments) and the hypathalamic
midbrain B-endomphin circuit (long seg-
ment). These opioid peptlide systems are
superimposed on the neural reward cir-
cuit shown in Fig. 1. FC, frontal cortex;
VTA, ventral tegmental area; VP, ventral
pallidum; LH, lateral hypothalamus; SNr,
substantia nigra pars reticulata; DMT,
dorsomedial thalamus; PAG, peri-
aqueductal gray; OT, olfactory tract; AC,
anterior commissure; LG, locus coer-
uleus; AMG, amygdala; Hippo, hippo-
campus; Cer, cerebellum; C-P, caudate~
putamen; F, inferior colliculus; SC,
superior colliculus; ARC, arcuate
nucleus. Left: effect of different para-
digms on opiate reward in rat.

the pattern of self-administration
such that the interval between
injections decreases and the num-
ber of injections increases!. Simi-
lar increases in the number of
injections have been observed
after systemic and central admin-
istration of competitive opioid
receptor antagonists?®44.  This
suggests that the animals attempt
to compensate for opioid antagon-
ism by increasing the amount of
drug injected, and that there is a
competitive interaction between
antagonist and agonist at the
Teceptor.

The w-opioid receptor subtype
appears to be important for the
reinforcing actions of opiates. p-
Receptor agonists produce dose-
dependent decreases in heroin

aal”

:e}! administration and irrevers-

ible p-selective antagonists dose-
dependently increase heroin self-
administration (Negus, S. S. et al.,
unpublished). However, 8-opioid
receptors appear to have an im-
portant role in the opioid motor
stimulation that is dopamine (D,
receptor) dependent*”.

To determine the location of
central opioid receptors important
for the reinforcing properties of
heroin, a series of studies was
initiated using intracerebral in-
jection of quaternary derivatives
of opioid antagonists*®*’. These
quaternary derivatives are
charged, hydrophilic compounds
that do not readily spread from
the injection sites*8,

Le.v. administration of methyl-
naloxonium dose-dependently in-
creased heroin self-administration

in nondependent rats*. Small
doses and small volumes of
quaternary nalorphine, a mixed
agonist/antagonist, increased
heroin self-administration when
injected into the VTA but not the
nucleus accumbens?®.

By contrast, using larger
injection volumes than in the
study with quaternary nalor-
phine®, a subsequent study with
methylnaloxonium showed the
region of the nucleus accumbens
to be particularly sensitive to
the effects of methylnaloxonium
on heroin self-administration?.
Methylnaloxonium injected into
the nucleus accumbens dose-
dependently increased heroin self-
administration at doses signifi-
cantly lower than those required
by the intracerebroventricular
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§eiatlve/hypnotic reward

Paradigm

Effect on reward

Intracranial electrical self-stimulation
Lateral hypothalamus

Intracranial self-adminlistration
Ventral tegmental area

Oral self-administration
GABA,, receptor antagonists
GABA, receptor agonists
Opioid receptor antagonists
Dopamine receptor antagonists
5-HT receptor agonists
Noradrenaline synthesis inhibitors

e e — > —

1, facilitation; | , inhibition.

Fig. 3. Sagittal rat brain section ilustrating
approximate disiribution of GABA, re-
ceptor complexes (pale blue), some of
which may mediate sedative/ypnotic
(ethanol) reward, delermined by the
relative distribution of both [PHJflumazenil
binding and expression of the «-, - and
y-subunits of the GABA, receplor. This
distribution is superimposed on the neural
reward circuit from Fig. 1. Abbreviations
as Fig. 1. GABA, receptor distribution
data from Olsen, R. W. ef al. (1930)
J. Chem. Neuroanat. 3, 53-76; Sequier,
J. M. et al. (1988) Proc. Natl Acad. Sci.
USA 85, 7815-7819; Shivers, B. D. et al.
(1989) Neuron 3, 327-337. Left: effect of
various paradigms on sedative/hypnotic
reward in rat.

route. However, injections of
methylnaloxonium into the VTA
increased heroin self-adminis-
tration only at doses similar to
those required by the intracer-
ebroventricular route.

Rats will also self-administer
opioid peptides directly into the
region of the nucleus accumbens®’.
In addition, opioid peptides in-
jected into either nucleus accum-
bens or the VTA produce a dose-
related increase in locomotor
activity®’. These results suggest
that neural elements in the region
of the nucleus accumbens are
responsible for the reinforcing
properties of both opiates and
cocaine.

Opiates, like other drugs of
abuse, can increase dopamine
release in the nucleus accumbens
as measured by in vivo micro-
dialysis in awake, freely moving
animals®®l, However, there is

evidence to suggest that the re-
inforcing effect of opiates in the
nucleus accumbens can be inde-
pendent of dopamine release. Rats
trained to self-administer cocaine
and heroin on alternate days
and receiving 6-hydroxydopamine
lesions of the nucleus accumbens
showed a time-dependent de-
crease or extinction of cocaine
self-administration, whereas
heroin self-administration re-
turned to near-normal levels®2. A
similar dopamine-independent
effect for both heroin self-admin-
istration and heroin-induced
place preference® has been ob-
tained using chronic dopamine
receptor blockade. Nevertheless,
opioids are self-administered
directly into the region containing
the cell bodies of origin of the
mesocorticolimbic dopamine sys-
tem, the VTA. Furthermore,
microinjections of opioids into the

VTA lower the reward thresholds
for brain stimulation and produce
robust place preferences (see
Di Chiara and North, this issue).
Others have shown that the
place preferences produced by
opioids appear to have a major
dopaminergic component3433,
Thus, the reinforcing actions
of opiates may involve both a
dopamine-dependent (VTA) and a
dopamine-independent (nucleus
accumbens) mechanism (Fig. 2).

GABA

GABA is the most widely
distributed inhibitory transmitter
in the CNS. Its receptor is a
macromolecular complex through
which not only benzodiazepines
but also barbiturates and alcohol
may act (see Samson and Harris,
this issue). At the molecular level
GABA increases CI” ion flux in
synaptic neurosomal prepar-
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ations. This increase in ion flux is
potentiated by benzodiazepines,
barbiturates and ethanol®. At the
electrophysiological level GABA
produces postsynaptic inhibition.
Benzodiazepines,  barbiturates
and ethanol have been shown to
potentiate this inhibition, but the
phenomenon has been relatively
difficult to demonstrate for
ethanol except in certain brain
areas™%.

Ethanol, barbiturates and ben-
zodiazepines all have classic
sedative/hypnotic  actions  as
measured in pharmacological
studies, which include euphoria,
disinhibition, anxiety reduction,
sedation and hypnosis. These
effects correlate well with the
ability of sedative/hypnotics to
modulate GABA-induced CI”
fluxes®. All of these drugs
produce a release of punished
responding in conflict situations,
which correlates well with their
ability to act as anxiolytics in the
clinic®. This anxiolytic or tension-
reducing property of sedative/
hypnotics may be a major com-
ponent of their reinforcing
actions. Therefore, the neuro-
biological basis of their anxiolytic
properties may provide clues to
their reinforcing properties and
their abuse potential.

GABA receptor mechanisms
have been hypothesized to be
involved in the anxiolytic actions
of sedative/hypnotics as a result of
studies showing that GABA,
receptor antagonists block their
anti-conflict effects and GABA,
agonists potentiate these effects
{(for review see Ref. 61). Further,
benzodiazepine inverse agonists
and GABA, receptor antagonists
have stress-inducing or anxio-
genic properties in many animal
models and in humans®-%, These
results suggest that the status of
the GABA, receptor complex may
determine endogenous stress
levels. It follows then that GABA
function in some limbic and extra-
pyramidal regions such as the
amygdala, ventral forebrain, ol-
factory tubercle and globus pal-
lidus could easily influence and
contribute to drug reward (see
Fig. 3).

Role of GABA , receptor complex
Studies of the functional sig-
nificance of GABA mechanisms
in drug reward have focused on
etha.ol. While direct iv. self-

administration of drugs has been
an effective tool for the study of
the neuropharmacology of the
reinforcing actions of drugs such
as cocaine and opiates (see above),
i.v. self-administration of ethanol
{and most sedative/hypnotics) is
not readily obtained in rats. The
alternative model, oral ethanol
self-administration in the rat, has
been fraught with problems of
confounding taste and consum-
matory behavior and the lack of
reliable blood alcohol determi-
nations.

Nevertheless, severai recent
studies using taste adulteration
methods (sucrose or saccharine
substitution) have provided re-
liable procedures for initiation
and maintenance of alcohol in-
take. Reliable, sustained operant
responding for 10% ethanol can
be obtained in free-feeding and
free-drinking rats (nondeprived),
even after complete removal of
sweetener, provided that the
sweetener is withdrawn slowly?*.

GABA has long been hypoth-
esized to have a role in the in-
toxicating effects of ethanol,
since GABA, receptor antag-
onists reverse many of the behav-
ioral effects of ethanol. GABA,
antagonists decrease the ability
of ethanol to produce ataxia,
anesthesia and a release of pun-
ished responding (anti-conflict
effects)®5.66. At a biochemical level,
ethanol in the range 10-50 mm
potentiates stimulation by GABA
of CI” uptake in synaptosomes
from the cerebral cortex®” and cer-
ebellum®,

Further support for a role of
brain GABA is provided by the
observation that the partial inverse
benzodiazepine agonist Ro154513,
which has been shown to reverse
some of the behavioral effects of
ethanol®®, produces, in non-
deprived rats, a dose-dependent
reduction of oral ethanol (10%) in
an operant self-administration pro-
cedure® and in an operant free-
choice situation”. GABA-mimetic
drugs also potentiate the effects
of ethanol in many behavioral
situations”l.

Both barbiturates and benzo-
diazepines, particularly the short-
acting compounds such as metho-
hexital” and midazolam”, are
intravenously  self-administered
by rats. While one would expect
some interaction of these drugs
with the GABA 4 receptor complex
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to contribute to the self-adminis-~
tration of these drugs, there seem
to have been no systematic stud-
ies to date.

Another potential connection
between GABA function and drug
reward involves the functional
output of the nucleus accumbens.
The substantia innominata-
ventral pallidum has been estab-
lished as an important connection
in the expression of behavioral
stimulation produced by ac-
tivation of the nucleus accumbens
{for reviews see Refs 6 and 74).
Furthermore, there are established
efferent connections from the
nucleus accumbens to the sub-
stantia innominata-veniral palli-
dum that are thought to use
GABA (see Fig. 3).

To test the hypothesis that
the processing of the reinforcing
properties of cocaine and heroin
may also involve the substantia
innominata-ventral pallidum, rats
trained to self-administer cocaine
intravenously received Dbilateral
ibotenic acid lesions of the region
of the substantia innominata-
ventral pallidum”. The lesions
significantly decreased baseline
cocaine and heroin self-adminis-
tration, and when the rats were
subjected to a progressive ratio
procedure they showed a signifi-
cant decrease in the highest ratio
obtained for both drugs”.

These results suggest that the
substantia innominata~ventral pal-
lidum may be an important site
for processing the reinforcing
effects of cocaine and heroin. Thus
a GABA-mediated pathway may
be a common output for drag
reward.

Neurobiological circuit for
drug reward

Based on studies of psycho-
motor stimulants, opiates and
ethanol, a reward circuit appears
to involve several common el-
ements. The circuitry connecting
the ventral midbrain to the ventral
forebrain forms a starting point
for such a drug reward circuit.
Classically known as the medial
forebrain bundle, this pathway is
composed of largely myelinated
fibers connecting the olfactory
tubercle, diagonal band of Broca,
septum and nucleus accumbens
with the hypothalamus and the
VTA. It forms a major afferent and
efferent conduction system of the
hypothalamus™, In addition,
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there are the well-documented
ascending monoamine pathways

in the medial forebrain bundle
such as the

mesacorticolimbice
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dopamine system (see above).

The medial forebrain bundle
has been extensively studied as a
substrate for intracranial self-
stimulation behavior (for review
see Refs 77 and 78). There is
evidence that this pathway sup-
ports the most robust self-stimu-
lation with the least amount of
current ccmpared with all other
brain reward sites. In addition,
lesions of the medial forebrain
bundle severely disrupt, but fail to
eliminate, intracranial self-stimu-
lation. While dopamine is thought
to be an important component of
the circuit supporting intracranial
electrical self-stimulation, many
other neuronal systems play a
role. Numerous physiological
studies have established that ac-
tivity within the medial forebrain
bundle that supports intracranial
self-stimulation involves a de-
scending myelinated component
that is not dopaminergic (for
review see Ref. 79).

These same brain structures
connected by the medial forebrain
bundle may be critical for drug
reward (see Figs 1, 2 and 3), and
the study of drug reward may
provide some insight into the
neurochemical components of this
system. Dopamine appears to be
critical in the rewarding proper-
ties of indirect sympathomimetics
such as cocaine and amphet-
amine. In addition, both the VTA
and the nucleus accumbens
appear to be important for opiate
reward. These same regions and
other limbic connections to them,
such as the amygdala, may be
involved in sedative/hypnotic
reward.

However, a critical role for dopa-
mine in both opiate and seda-
tive/hypnotic reward is not as
compelling as for the indirect
sympathomimetics. There is evi-
dence for dopamine-independent
opiate and ethanol reward (see
above). Thus, while dopamine
may contribute to the reinforcing
properties of these drugs, it may
not be essential. The alternate
view favored by Wise and col-
leagues®® suggests that dopamine
forms a critical link for all reward,
including opiates and sedative/
hypnotics. While open to multiple
neurotransmitter inputs and out-

puts, this view still holds a
centrist position for dopamine in
all reward®. An emphasis on

multinle

indenondoant
muitipie

MOTIrr._
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chemical elements, as opposed to
a critical role for dopamine, effec-
tively places the focus on the
nucleus accumbens and its cir-
cuitry as an important, perhaps
critical, substrate for drug reward.

The nucleus accumbens is ana-
tomically situated such as to
receive important limbic infor-
mation that may then be con-
verted to motivational action via
its connections with the extra-
pyramidal motor system. These
limbic structures, such as the
amygdala, frontal cortex and
hippocampus, may also be im-
portant in drug reward via modu-
lation of nucleus accumbens ac-
tivity. New data suggest that the
nucleus accumbens is not a simple
homogeneous structure, and the
shell portion (medial and ventral)
may be more part of an extended
amygdala system while the core
resembles more the corpus stri-
atum®4®3, If these anatomical
distinctions reflect functional dif-
ferences, this would give new
impetus to the old hypotheses
regarding a role for the amygdala
in reward-related function®:.

(] O 8]

This review has foct
neurobiology of the acute reward-
ing effects of drugs. Information
about such actions contributes to
understanding of the neuro-
pharmacology of endogenous sys-
tems involved in responses to
naturally hedonic stimuli. In ad-
dition, these studies can provide a
basis for investigating the neuro-
chemistry of drug dependence.

Most models of drug depen-
dence recognize that, as the
organism reacts to the effects of a
drug, adaptive processes are in-
itiated to counter these effects.
These processes persist after the
drug has been cleared from the
body and result in the withdrawal
syndrome characteristic of drug
dependence. An adaptation op-
posite to the acute effects of the
drug itself can also have motiv-
ational consequences®.

Opponent process theory pro-
poses that reinforcers activate
positive affective and hedonic
processes, which for drugs are
hypothesized to be simple, stable
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and occur soon after adminis-
tration. As an adaptation to the
presence of the drug, these posi-

Huo affastign mensacons aw=s £-1
LIVE 4liTLiiive pPHULTOdTO ailtc 1ul-

lowed by negative affective and
hedonic processes, which are slow
to build up strength and slow to
decay®®. The circuitry and neuro-
chemical systems outlined in
studies of the acute rewarding
effects of drugs could also be
important for the motivational
effects of drug withdrawal. Ident-
ification of the cellular and
molecular components of these
adaptations may help in under-
standing not only drug addiction
but also the function and dysfunc-
tion of the reward system in nor-
mal and abnormal behavior™.

Acknowledgements

This work was supported in
part by NIDA grants DA04043
and DA04398 and the National
Institute of Alcohol Abuse and
Alcoholism grants AA08459 and
AA06420. The author is grateful to
the Molecular and Experimental
Medicine Word Processing Center
for manuscript preparation, to col-
leagues and collaborators (past
and present) for their contribution
to the hypotheses expressed here-
in, and in particular to Friedbert
Weiss, Athina Markou, Gery
Schulteis, Barak Caine and Rocio
Carrera for help in correcting the

maniicorint
ManusCripe.

References
1 Koob, G. F., Vaccarino, F. J., Amalric,
M. and Bloom, F. E. (1987) in Brain
Reward Systems and Abuse (Engel, J. and
Oreland, L., eds), pp. 35-50, Raven
Press
2 Dahlstrom, A. and Fuxe, K. (1964) Acta
Physiol. Scand. 232, 1-55
3 Lindvall, O. (1979) in The Neurobiology
of Dopamine (Horn, A. S., Korf, ]. and
Westerink, B. H. C., eds), pp. 319-342,
Academic Press
4 Fallon, ]. H. and Moore, R. Y. (1978)
J. Comp. Neurol. 180, 545-580
5 Le Moal, M. and Simon, H. (1991)
Physiol. Rev. 71, 155-234
6 Mogenson, G. J., Jones, D. L. and Yim,
C. Y. (1980) Prog. Neurobiol. 14, 69-97
7 Robbins, T. W. and Everitt, B. J. (1982)
Int. Rev. Neurobiol. 23, 303-365
8 Swerdlow, N. R. and Koob, G. F. (1987)
Behav. Brain Sci. 10(2), 197-208
9 Blackburn, J. R., Phillips, A. G. and
Fibiger, H. C. (1987) Behav. Neurosci.
101, 352-360
10 Wise, R. A. and Bozarth, M. A. (1987)
Psychol. Rev. 94, 469492
11 Davis, W. M. and Smith, S. G. (1975)
J. Pharm. Pharmacol. 27, 540-542
12 DeWit, H. and Wise, R. A. (1977) Can. J.
Psychol. 31, 195-203
13 Roberts, D. C. S., Koob, G. F., Klonoff,



184

P. and Fibiger, H. C. (1980) Pharmacol.
Biochem. Behav. 12, 781-787

14 Lyness, W. H., Friedle, N. M. and
Moore, K. E. (1979) Pharmacol. Biochem.
Behav. 11, 663-666

15 Martin-Iverson, M. T., Szostak, C. and
Fibiger, H. C. (1986) Psychopharma-
cology 88, 310-314

16 Pettit, H-O. and Justice, J. B., Jr (1989)
Pharmacol. Biochem. Behav. 34, 899-9504

17 Hud, Y. L., Weiss, F., Koob, G. F,
Anden, N-E. and Ungerstedt, U. (1989)
Brain Res. 489, 199-203

18 Weiss, F. et al. Ann. NY Acad. Sci. (in
press)

19 Pettit, H-O. and Justice, J. B, Jr (1991)
Brain Res. 539, 94-102

20 Pfeffer, A. O. and Samson, H. H. (1988)
Pharmacol. Biochem. Behav. 29, 343-350

21 Pfeffer, A. O. and Samson, H. H. (1985)
Aicohol Drug Res. 6, 37-48

22 Pfeffer, A. O. and Samson, H. H. (1986)
Drug Alcohol Depend. 17, 47-55

23 Rassnick, S., Pulvirenti, L. and Koob,
G. F. Psychopharmacology (in press)

24 Samson, H. H., Pfeffer, A. O. and
Tolliver, G. A. (1988) Alcohol. Clin. Exp.
Res. 12(5), 581-598

25 Waller, M. B, Murphy, J. M., McBride,
W. ].. Lumeng, L. and Lj, T-K. (1986)
Pharmacol. Biochem. Behav. 24, 617-623

26 Imperato, A. and DiChiara, G. (1986)
J. Pharmacol. Exp. Ther. 239, 221-229

27 Amit, Z. and Brown, Z. W. (1982)
Pharmacol. Biochem. Behav. 17, 233-238

28 Khachaturian, H., Lewis, M. E., Schafer,
M. K-H. and Watson, 5. J. (1985) Trends
Neurosci. 8, 111-118

29 Koob, G. F. and Bloom, F. E. (1983) Br.
Med. Bull. 39, 89-94

30 Watson, S. )., Trujillo, K. A., Herman,
J. P. and Akil, H. (1989) in Molecular and
Cellular Aspects of Drug Addictions
(Goldstein, A., ed), pp. 29-91,
Springer-Verlag

31 Bodnar, R. J. (1990) Crit. Rev. Neurobiol.
6, 39-49

32 West, T. E. G. and Wise, R. A (1989)
Soc. Neurosci. Abstr. 15, 20.8

33 Van Ree, J. M., Smyth, D. G. and
Colpaert, F. (1979) Life Sci. 24, 495-502

34 Amalric, M., Cline, E. ], Martinez, J. L.
Jr. Bloom, F. E. and Koob, G. F. (1987)
Psychopharmacology 91, 14-19

35 Broekkamp, C. L., Phillips, A. G. and
Cools, A. R. (1979) Pharmacol. Biochem.
Behav. 11, 289-295

36 Olds, M. E. (1979) Brain Res. 168,
351-360

37 Hand, T. H., Koob, G. F., Stinus, L. and
Le Moal, M. (1988) Brain Res. 474,
364-368

38 Bain, G. T. and Komnetsky, G. (1987) Life
Sci. 40, 1119-1125

39 Denau, G., Yanagita, T. and Seever,
M. H. (1969) Psychopharmacology 16,
3048

40 Koob, G. F., Pettit, H. O,, Ettenberg, A.
and Bloom, F. E. (1984) J. Pharmacol.
Exp. Ther. 229, 481486

41 Goldberg, S. R., Woods, J. H. and
Schuster, C. R. (1971) J. Pharmacol. Exp.
Ther. 176, 464-471

42 Weeks, J. R. and Collins, R. ]. (1976)
Prostaglandins 12, 11-19

43 Ettenberg, A., Pettit, H. O., Bloom, F. E.
and Koob, G. F. (1982) Psychopharma-
cology 78, 204-209

44 Vaccarino, F. ]., Pettit, H. O., Bloom,
F. E. and Koob, G. F. (1985) Pharmacol.
Biochem. Behav. 23, 495498

45 Longoni, R. et al. (1991) J. Neurosci. 11,

1565-1567

46 Britt, M. D. and Wise, R. A. (1983) Brain
Res. 258, 105-108

47 Vaccarino, F. J., Bloom, F. E. and Koob,
G. F. (1985) Psychopharmacology 85,
37-42

48 Schroeder, R. L., Weinger, M. B,
Vahassian, L. and Koob, G. F. (1991)
Neurosci. Lett. 12, 173-177

49 Goeders, N. E., Lane, J. D. and Smith,
J. E. (1984) Pharmacol. Biochem. Behav.
20, 451455

50 Di Chiara, G. and Imperato, A. (1988)
J. Pharmacol. Exp. Ther. 244, 1067-1080

51 Di Chiara, G. and Imperato, A. (1988)
Proc. Natl Acad. Sci. USA 85, 5274-5278

52 Pettit, H. O., Ettenberg, A., Bloom, F. E.
and Koob, G. F. (1984} Psychopharma-
cology 84, 167-173

53 Stinus, L. et al. (1989) Biol. Psychiatry 26,
363-371

54 Spyraki, C., Fibiger, H. C. and Phillips,
A. C. (1983) Psychopharmacology 79,
278-283

55 Shippenberg, T. S., Spanagel, R. and
Herz, A. Ann. NY Acad. Sci. (in press)

56 Suzdak, P. D. et al. (1986) Science 236,
1243-1247

57 Givens, B. S. and Breese, G. R. (1990)
J. Pharmacol. Exp. Ther. 254, 528-538

58 Ticku, M. K. (1990) Ann. Med. 22,
241-246

59 Richards, G., Schoch, P. and Haefely,
W. (1991) Semin. Neurosci. 3, 191-203

60 Sepinwall, J. and Cook, L. (1978) in
Handbook of Psychopharmacology (Vol.
13) (lversen, L. L., Iversen, 5. D. and
Snyder, S. H., eds), pp. 345-393, Plenum
Press

61 Koob, G. F. and Britton, K. T. in
Pharmacology and Neuropharmacology
(Vol. 2) Alcohol and Alcoholisms
(Begleiter, H. and Kissin, B., eds),
Oxford University Press (in press)

62 Koob, G. F., Braestrup, C. and Thatcher-
Britton, K. (1986) Psychopharmacology
90, 173-178

63 Dorow, R., Horowski, R., Paschelke, G.,
Amin, M. and Braestrup, C. (1983)
Lancet ii, 98-99

64 Corda, M. G. and Biggio, G. (1986)
Neuropharmacology 25, 541-544

65 Frye, G. D. and Breese, G. R. (1982)
J. Pharmacol. Exp. Ther. 223, 750-756

66 Liljequist, S. and Engel, J. (1982)
Psychopharmacology 78, 71-75
67 Suzdak, P. D., Schwartz, R. D,

Skolnick, P. and Paul, S. M. (1986) Proc.
Natl Acad. Sci. USA 83, 4071-4075
68 Allan, A. M. and Harris, R. A. (1987)

TiPS - May 1992 [Vol. 13]

Pharmacol. Biochem. Behav. 27, 665670

69 Samson, H. H., Tolliver, G. A., Pfeffer,
A. O., Sadeghi, K. G. and Mills, F. G.
(1987) Pharmacol. Biochem. Behav. 27,
517-519

70 Rassnick, S. et al. Ann. NY Acad. Sci. (in
press)

71 Deitrich, R. A., Dunwiddie, T. V.,
Harris, R. A. and Erwin, V. G. (1989)
Pharmacol. Rev. 41, 489-537

72 Pickens, R., Muchow, D. and DeNoble,
V. (1981) ]. Pharmacol. Exp. Ther. 216,
205-209

73 Szostak, C., Finlay, ]J. M. and Fibiger,
H. C. (1987) Neuropharmacology 26,
1673-1676

74 Koob, G. F. et al. (1991) in The Basal
Forebrain: Anatomy to Function (Napier,
T. C., Kalivas, P. and Hanin, L, eds), pp.
291-305, Plenum Press

75 Hubner, C. B. and Koob, G. F. (1990)
Brain Res. 508, 20-29

76 Nauta, J. H. and Haymaker, W. (1969) in
The Hypothalamus (Haymaker, W.,
Anderson, E. and Nauta, W. ]J. H., eds),
pp. 136-209, Charles C. Thomas

77 Wise, R. A. (1989) in The Neuropharma-
cological Basis of Reward (Liebman, J. M.
and Cooper, S. ]., eds), pp. 377424,
Clarendon Press

78 Phillips, A. G. and Fibiger, H. C. (1989)
in The Neuropharmacological Basis of
Reward (Liebman, J. M. and Cooper,
S. ]., eds), pp. 66-105, Clarendon Press

79 Shizgal, P. and Murray, B. (1989) in The
Neuropharmacological Basis of Reward
(Liebman, ]. M. and Cooper, S. ]., eds),
pp. 106-163, Clarendon Press

80 Wise, R. A. and Rompre, P-P. (1989)
Annu. Rev. Psychol. 40, 191-225

81 Peyrin, L., Simon, H., Collet-Emard,
J. M., Bruneau, N. and Le Moal, M.
(1982) Brain Res. 235, 363-369

82 Groenewegen, H. ]. et al. (1991) in The
Mesolimbic Dopamine System: From
Motivation to Action (Willner, P. and
Scheel-Kruger, J., eds), pp. 19-59, John
Wiley

83 Alheid, G. F. and Heimer, L. (1988)

" Neuroscience 27, 1-39

84 Spiegler, B. ]. and Mishkin, M. (1981)
Behav. Brain Res. 3, 303-317

85 Solomon, R. L. and Corbit, J. D. (1974)
Psychol. Rev. 81, 119-145

86 Koob, G. F. and Bloom, F. E. (1988)
Science 242, 715-723

Ro0154513: ethyl-8-azido-5,6-dihydro-5-
methyl-6-oxo-4H-imidazo[1,5a][1,4]benzo-
diazepine-3-carboxylate

Noteondrug
nomenclature

Thelonghand chemical struc-
ture for SCH23390 has been
cited incorrectly in TiPS. We
are advised by Schering-
Plough that the correct struc-
ture is as follows:

7-chloro-2,3,4,5-tetrahydro-
3-methyl-1-phenyl-1H-3-
benzazepine-8-ol.

We apologize for this error.
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Reference 38 in this article
gave the first author’s
name  incorrectly as
Schwartz, W. ]. The correct
name is Schmidt, W. J.




