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Animal models have begun to provide insights into

the neurobiological basis of reinforcement in drug

addiction. The reinforcing effects of indirect sym-

pathomimetics such as cocaine and amphetamine

appear to depend on release of dopamine in the

terminal fields of the mesocorticolimbic dopamine

system. The acute reinforcing effects of opiates

involve not only an activation of dopamine, but

also dopamine-independent elements in the term i-

nal regions of the mesocorticolimbic dopamine

system. Nicotine’s reinforcing effects may involve

both dopaminergic and opioid peptidergic systems.

Ethanol’s reinforcing effects may result from

multiple neurotransmitter interactions including

y-aminobutyric acid, glutamate, dopamine, opioid

peptides, and serotonin. Subtle changes in neuro-

chemicalfunction and signal transduction and

transcription mechanisms in sensitive neuronal

elements in the extended amygdala may be

mediators of chronic drug action that lead to

vulnerability to relapse and may provide exciting

insight into the neuroadaptations associated with

drug addiction.
(The Journal of Neuropsychiatry and Clinical

Neurosciences 1997; 9:482-497)

C ommon to most descriptions of drug addiction or

substance dependence is the idea of a compulsion to

take a drug, with a loss of control in limiting in take.1’2 The

diagnostic criteria that are used to diagnose substance

dependence incorporate changes in behavior that when
represented in a person’s daily repertoire are likely to
reflect someone who is drug dependent or drug ad-

dicted.2 These symptoms (three of which must be pres-

ent) include tolerance; withdrawal; persistent desire or
unsuccessful attempts to reduce substance use; use in

larger amounts than intended; important social, occu-
pational, or recreational activities reduced because of

drug use; a great amount of time spent in obtaining the

substance; and continued substance use despite recur-

rent problems resulting from substance use. Clearly,

such criteria define a syndrome where behavioral rep-
ertoires are significantly narrowed toward substance

use and what most would consider compulsive use. (We
are using the word compulsive in a generic sense, to
mean repetitive, driven behavior, rather than in the
context of DSM diagnoses of obsessive-compulsive dis-
orders.) For the purposes of this article, drug addiction

will be equated with substance dependence as defined
by the American Psychiatric Association.2 However, it

should be kept in mind that the term dependence has a

different and more specific meaning in the basic phar-
macology literature, as will be seen below. Drug abuse,
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in contrast to substance dependence, can be readily

defined as a maladaptive pattern of drug use resulting

in impairment or distress, and it is important to distin-

guish between the concepts of drug use, abuse, and

addiction.3 Although no animal model exists that incor-

porates all the signs and symptoms associated with

substance dependence, it is becoming clear that many

of the criteria used in DSM-IV can be reproduced in

various animal models.4

DRUG ADDICTION

AND REINFORCEMENT

Because drug addiction centers on compulsive, often

excessive use of a substance, the concept of reinforce-

ment or motivation is a crucial part of this syndrome. A

reinforcer can be defined operationally as “any event

that increases the probability of a response.” This defi-

nition can also be used as a definition for reward, and

the two words are often used interchangeably. How-

ever, reward often connotes some additional emotional

value such as pleasure.5 This contrasts with the concept

of punishment, which would entail the ability of an
event or drug to decrease the probability of a response.

Historically, most conceptualizations of drug addic-

tion emphasized the development of tolerance and with-

drawal, but recent discussions on this subject have

reduced tolerance and withdrawal to optional criteria.

However, some have emphasized selective aspects of

tolerance and withdrawal, focusing on motivational

measures, not physical signs.6 The concepts of tolerance

and withdrawal are key elements supporting the idea

that neuroadaptive processes are initiated to counter

the acute effects of a drug. Another neuroadaptive pro-

cess that has been proposed as a key element in the

development of drug addiction is sensitization. Sensiti-

zation can be defined as the opposite of tolerance: “the

increased response to a drug that follows its repeated

intermittent presentation.”7 These neuroadaptive pro-

TABLE 1. Relationship of addiction components, behavioral

constructs, and treatment focus

Addiction

Component Behavioral Construct Treatment Focus

PleasurePositive reinforcement Motivational

Self-medication Negative reinforcement AA and motivational

Habit Conditioned positive
reinforcement Cognitive/behavioral

Habit Conditioned negative
reinforcement Cognitive/behavioral

Note: AA = Alcoholics Anonymous.

cesses can then persist long after the drug has cleared
from the brain; such neuroadaptations have been ex-

plored at all levels of drug addiction research, from the

behavioral to the molecular.8 Motivational hypotheses

involving both central nervous system counteradaptive

changes9 and sensitization7 have particular relevance to

drug addiction phenomena.9

Many sources of reinforcement contribute to compul-

sive drug use during the course of drug addiction. The

primary pharmacological effect of a drug is thought to
produce a direct effect through positive or negative

reinforcement (Table 1). Examples of negative reinforce-
ment would include self-medication of an existing aver-
sive state or self-medication of a drug-generated

aversive state (such as withdrawal).9 The secondary
pharmacological effects of a drug can also have power-
ful motivating properties (Table 1). Secondary positive
reinforcing effects can be obtained through conditioned

positive reinforcement (such as pairing of previously
neutral stimuli with acute positive reinforcing effects of
drugs). Secondary negative reinforcing effects can be

obtained through removal of the conditioned negative

reinforcing effects of conditioned abstinence. Using this

framework, we can explore the neurobiological bases
for the acute positive reinforcing effects of drugs, the

negative reinforcing effects imparted by the dependent
state, and the conditioned reinforcing effects associated
with protracted abstinence and relapse.1#{176}

DRUG ADDICTION AND

NEUROTRANSMISSION

All drugs of abuse interact initially with proteins located
at the extracellular aspect of specific synapses11 (summa-

rized in Table 2). For example, opiates activate opioid

receptors, and cocaine inhibits reuptake proteins for the
monoamine neurotransmitters (dopamine, norepi-

nephrine, and serotonin). Alcohol is thought to act at

specific “ethanol-receptive elements,” which include
the ionotropic y-aminobutyric acid, type A (GABAA),

and N-methyl-D-aspartate (NMDA) glutamate receptors

as well as voltage-gated ion channels.12 These initial

effects lead, in the short term, to alterations in the func-

tional levels of specific neurotransmitters or to different

activation states of specific neurotransmitter receptors

in the brain.

However, although the initial effects of drugs of abuse
are extracellular, the many effects these drugs elicit are
achieved ultimately via the intracellular messenger

pathways that transduce these extracellular actions.11

This mechanism is further discussed below.
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TABLE 2. Acute effe cts of abused drugs on neurotransmitters and

receptors

Drug Action

Agonist at opioid receptors

Inhibits monoamine reuptake transporters

Stimulates monoamine release

Facilitates CABAA receptor function and

inhibits N-methyl-D-aspartate (NMDA)

glutamate receptor functiona

Agonist at nicotinic acetylcholine receptors

Agonist at cannabinoid receptors”

Partial agonist at 5-HT� serotonin receptors

Antagonist at NMDA glutamate receptors

aThe mechanism by which alcohol produces these effects has not

been established, but it does not appear to involve direct alcohol

binding to the receptors as is the case for the other drugs listed in this
table.

bAlthough a specific receptor for cannabinoids has been identified

in the brain, the endogenous ligands for this receptor are under cur-

rent active investigation.

csHydroxytiyptamine2.

POSITIVE REINFORCING EFFECTS OF
DRUGS: NEURAL SUBSTRATES

The neural substrates of reward have long been hy-

pothesized to involve the medial forebrain bundle,
which contains both ascending and descending path-

ways that include most of the brain’s monoamine sys-

tems.’�’5 Much of the early work focused on those

structures that supported intracranial self-stimulation:
the ventral tegmental area, the basal forebrain, and the
medial forebrain bundle that connects these two
areas.’3’14’16’17 Recent work on the neurobiology of addic-
tion has provided significant insights into the neuro-

chemical and neuroanatomical components of the
medial forebrain bundle, which may provide the key
not only to drug reward but also to natural rewards.

The origins and terminal areas of the mesocorticolim-

bic dopamine system have been the principal focus of
research on the neurobiology of drug addiction, and

there is now compelling evidence for the importance of
this system in drug reward. The major components of
this drug reward circuit are the ventral tegmental area

(the site of dopaminergic cell bodies), the basal forebrain
(the nucleus accumbens, olfactory tubercle, frontal cor-
tex, and amygdala), and the dopaminergic connection
between the ventral tegmental area and the basal fore-

brain. Other components are the opioid peptide, GABA,
glutamate, serotonin, and presumably many other neu-

ral inputs that interact with the ventral tegmental area

and the basal forebrain’8 (Figure 1). The functional sig-

nificance of this circuitry for different types of drug

reward will be discussed in the following sections, and

a construct called the extended amygdala will be intro-

duced that provides important insights into the rela-

tionship of drug reward to natural reward systems.

COCAINE AND AMPHETAMINE: THE

MESOCORT1COLIMBIC DOPAMINE SYSTEM

Psychomotor stimulants of high abuse potential interact

initially with monoamine transporter proteins. These
transporter proteins, which have been cloned and char-
acterized,’92’ are located on monoaminergic nerve

terminals and terminate a monoamine signal by trans-
porting the monoamine from the synaptic cleft back
into the terminals. Cocaine is a potent inhibitor of all

three monoamine transporters, those for dopamine, se-

rotonin, and norepinephrine, and thereby potentiates

monoaminergic transmission. Amphetamine and its de-

rivatives also potentiate monoaminergic transmission,

but apparently via a distinct mechanism: by increasing

monoamine release. It now appears that amphetamine
itself serves as a substrate for all three monoamine trans-

porters and is transported into monoaminergic nerve
terminals, where it disrupts the storage of the mono-
amine transmitters. This disruption leads to an increase
in extravesicular levels of the monoamines and to the
reverse transport of the monoamine into the synaptic

cleft via the monoamine transporters.� Certain am-
phetamine derivatives are toxic to monoaminergic

nerve terminals via as-yet-unknown effects within the
nerve terminal cytoplasm.�

Amphetamine and cocaine are psychomotor stimu-

lants and have behavioral effects consistent with that
class of drugs, including suppression of hunger and

fatigue24 and induction of euphoria� in humans. In
animals, these drugs increase motor activity,� decrease
food intake,26 have psychomotor stimulant actions on

operant behavior,27 enhance conditioned responding,27
decrease thresholds for reinforcing brain stimula-
tion,�9 produce preferences for environments where

the drugs have been previously experienced (place pref-
erences),30’3’ and readily act as reinforcers for drug self-

administration.32
Both the psychomotor stimulant effects of ampheta-

mine and cocaine3�35 and their reinforcing actions de-

pend critically on the mesocorticolimbic dopamine

system.36’37 The most direct evidence implicating dopa-

mine generally in the reinforcing actions of cocaine

comes from studies of intravenous self-administration.
Low doses of dopamine receptor antagonists, when
injected systemically, reliably decrease the reinforcing

effects of cocaine and amphetamine self-administration

in rats.�’37 Confirmation that dopamine antagonists
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FIGURE 1. Sagittal rat brain section illustrating a drug (cocaine, amphetamine, opiate, nicotine, and alcohol) neural reward circuit that in-
cludes a limbic-extrapyramidal motor interface. Yellow dotted lines indicate limbic afferents to the nucleus accumbens (N Acc.).

Orange represents efferents from the nucleus accumbens thought to be involved in psychomotor stimulant reward. Red indicates

projection of the mesocorticolimbic dopamine system thought to be a critical substrate for psychomotor stimulant reward. This

system originates in the AiD cell group of the ventral tegmental area (VTA) and projects to the N Acc., olfactory tubercle, ventral

striatal domains of the caudate-putamen (C-P), and amygdala (AMG). Green indicates opioid peptide-containing neurons, systems

that may be involved in opiate, ethanol, and possibly nicotine reward. These opioid peptide systems include the local enkephalin
circuits (short segments) and the hypothalamic midbrain beta-endorphin circuit (long segment). Blue indicates the approximate

distribution of GABAA receptor complexes, some of which may mediate sedative/hypnotic (ethanol) reward, determined by both
tritiated flumazenil binding and expression of the alpha, beta, and gamma subunits of the GABAA receptor. Yellow solid structures

indicate nicotinic acetylcholine receptors hypothesized to be located on dopaminergic and opioid peptidergic systems. AC =

anterior commissure; ARC = arcuate nucleus; Cer = cerebellum; DMT = dorsomedial thalamus; FC = frontal cortex; Bippo =

hippocampus; IF = inferior colliculus; LC = locus coeruleus; LB = lateral hypothalamus; OT = olfactory tract; PAG =

periaqueductal gray; RPn = raphe pontis nucleus; SC = superior colliculus; SNr = substantia nigra pars reticulata; VP =

ventral pallidum. Modified, with permission, from Koob 1992.18

block the reinforcing effects of cocaine comes from

dose-effect studies where the antagonists shift the co-

caine dose-effect function to the right (Figure 2).38 In

general, experiments investigating the effects of antago-

nists selective for dopamine receptor subtypes reveal

that antagonists for the D,,39 D2,40’4’ and D3 receptors

decrease the reinforcing properties of cocaine.42

The reinforcing actions of cocaine were linked specif-

ically to the mesocorticolimbic dopamine system by a

series of observations using neurotoxin-induced lesions

of this subset of midbrain dopamine projections.

Dopamine-selective lesions with 6-hydroxydopamine
(6-OHDA) of the nucleus accumbens produced extinc-

tion-like responding and significant and long-lasting
decreases in self-administration of cocaine and am-

phetamine over days.43” These decreases in cocaine

self-administration following dopamine-selective le-

sions of the nucleus accumbens have now been ob-

served in a variety of different tests and conditions,

including situations where animals show a decrease in

the amount of work they would perform for cocaine32

and situations where other reinforcers such as food

were unaffected but cocaine self-administration was

abolished.45

OPIATES AND OPIOID PEPTIDE SYSTEMS

Opiate drugs such as heroin have long been known to

be readily self-administered intravenously by animals,46



NEUROBIOLOGY OF DRUG ADDICTION

486 VOLUME 9 #{149}NUMBER 3 #{149}SUMMER 1997

FIGURE 2. Shift of the cocaine dose-effect function to the right fol-

lowing pretreatment with dopamine Di antagonist

SCH-23390. Left: Effects of pretreatment with the D1 do-

pamine receptor antagonist SCH-23390 (0.01 mg/kg
S.C.) on the cocaine (0.06-0.5 mg) self-administered

dose-effect function measured using the within-session

dose-effect paradigm (n = 4). Right The same, but for
an individual rat. Reprinted, with permission, from

Caine and Koob 1995.”
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and if these drugs are provided in limited-access situ-

ations, rats and primates47 will maintain stable levels of

opiate intake on a daily basis without obvious signs of
physical dependence.�’ In intravenous self-administra-

tion studies, systemic and central administration of
competitive opiate antagonists decrease opiate rein-

forcement as measured by an increase in the number of
infusions (decrease in the interval between injections)

for opiate drugs.37’4�5’ This decrease in reinforcement

appears to result from a competitive interaction be-

tween the antagonist and agonist at opioid receptors.

The opioid receptor subtype most important for the

reinforcing actions of heroin and morphine appears to
be the mu receptor. Mu opioid receptor agonists pro-
duce dose-dependent decreases in heroin self-admini-

stration, and irreversible mu-selective antagonists
dose-dependently increase heroin self-administration.52

Intracerebral injection of quaternary derivatives of opi-

ate antagonists-charged, hydrophilic compounds that

do not readily spread from the sites in the brain at which

they are injected-dose-dependently block heroin self-

administration in nondependent rats.51’5�55 This antago-

nism was observed when the antagonists were injected

into the ventral tegmental area53 or the region of the

nucleus accumbens.54 However, rats also will self-ad-
minister opioid peptides directly in the region of the

nucleus accumbens7’ and heroin self-administration is

not blocked by cocaine-blocking doses of dopamine

antagonists,37 nor by dopamine-selective lesions of the

mesocorticolimbic dopamine system.57 Chronic dopa-

mine receptor blockade does not alter heroin self-

administration, a finding that further demonstrates

dopamine-independent mechanisms.� In addition,

whereas opioid peptides injected into either the nucleus

accumbens or the ventral tegmental area produce dose-

related increases in locomotor activity,59 the effects of

nucleus accumbens injections appear to be independent

of dopamine release.6#{176}

Nevertheless, evidence for a dopamine-dependent

action for opiates in the ventral tegmental area is strong.
Opiates can produce an increase in dopamine release in

the nucleus accumbens similar to that of cocaine and
ethanol61 (but see Hemby et al.62). Opioid peptides are

self-administered into the ventral tegmental area,63 and

microinjections of opioids into the ventral tegmental

area will lower brain stimulation reward thresholds and
produce robust place preferences.TM Altogether, these

results suggest that neural elements in the region of the

ventral tegmental area and the nucleus accumbens are

responsible for the reinforcing properties of opiates,

and the findings implicate both dopamine-dependent
and dopamine-independent mechanisms of opiate ac-

tion.57’65�’7

ALCOHOL: MULTIPLE
NEUROCHEMICAL SUBSTRATES

Ethanol, barbiturates, and benzodiazepines all are con-

sidered sedative-hypnotics and produce a characteristic

euphoria, disinhibition, anxiety reduction, sedation,

and hypnosis. These drugs exert anti-anxiety effects

that are reflected in a reduction of behavior that would

be suppressed by punishment in conflict situations in

laboratory animals. This anti-conflict effect correlates

well with the capacity of sedative-hypnotics to act as

anxiolytics in the clinic,TM and the anti-conflict effect may

be a major component of the reinforcing actions of these
drugs.

The sedative and anti-punishment (anxiolytic) effects

of sedative-hypnotics are mediated via facilitation of the

GABAA receptor.69 The actions of sedative-hypnotics on
this receptor are complex: the drugs do not bind to the

receptor at or near the GABA-binding site. Rather, they
bind to other sites on the receptor complex and thereby

facilitate, via allosteric effects, activation of the receptor
by GABA. The net result is potentiation of GABA-in-

duced Cl- flux through the receptor ionophore.7#{176} The

GABAA receptor is a heteromeric complex, and the abil-

ity of sedative-hypnotics to facilitate receptor function

depends on the actual subunit composition of the recep-

tor, which differs markedly throughout the brain. Al-

though benzodiazepines, barbiturates, and ethanol

interact with the GABAA receptor at distinct sites, the

fact that they converge on the functioning of the same

protein complex no doubt explains the long-appreci-
ated cross-tolerance and cross-dependence exhibited by
these drugs.
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Neuropharmacological studies of the anxiolytic prop-

erties of sedative-hypnotics provided some of the first
clues to their reinforcing properties and abuse poten-

tial.71 GABAergic antagonists were found to reverse

many of the behavioral effects of ethanol, which led to

the hypothesis that GABA has a role in the intoxicating

effects of ethanol.72’73 The partial inverse benzodiaze-
pine agonist Ro 15-4513, which has been shown to re-
verse some of the behavioral effects of ethanol,7#{176}

produces a dose-dependent reduction of oral ethanol

(10%) self-administration in rats.74’75 More recent studies
have shown similar effects with potent GABA antago-
nists microinjected into the brain, with the most effec-

tive site to date being the central nucleus of the

amygdala.3

Ethanol, unlike other sedative-hypnotics, also exerts

potent effects on the NMDA glutamate receptor. Etha-

nol inhibits the functioning of the receptor, again not by

blocking the glutamate binding site but via a more com-

plex allosteric effect on the receptor complex, which

results in diminished glutamate-induced Na� and Ca2�

flux through the receptor ionophore.76 Ethanol antago-

nism of the NMDA receptor appears to contribute to the

intoxicating effects of ethanol/7’78 and perhaps to the

dissociative effects seen in people with high ethanol

blood levels.79 Whether ethanol antagonism of the

NMDA receptor also contributes to its reinforcing ef-

fects remains to be established. At still higher doses,

ethanol can exert more general inhibitory effects on

voltage-gated ion channels, particularly Na� and Ca2�

channels.76 These actions occur only with extreme con-
centrations seen clinically and would therefore not ap-

pear to be involved in the reinforcing actions of ethanol,
although they may contribute to the severe nervous

system depression, even coma, that are seen at these

blood levels.

Via its initial effects on the GABAA and NMDA gluta-

mate receptors, ethanol influences several additional

neurotransmitter systems in the brain that are believed

to mediate its reinforcing properties. Again, consider-

able focus has been placed on dopamine, which is

implicated in the reinforcing actions of low, non-

dependence-inducing doses of ethanol. Dopamine

receptor antagonists have been shown to reduce lever-

pressing for ethanol in nondeprived rats,TM and extracel-

lular dopamine levels also have been shown to increase
in nondependent rats orally self-administering low

doses of ethanol.81 However, virtually complete 6-

OHDA denervation of the nucleus accumbens failed to

alter voluntary responding for alcohol.82 Thus, as with
opiates, these results suggest that while mesocorticolim-

bic dopamine transmission may be associated with im-

portant aspects of ethanol reinforcement, it may not be

critical in this regard, and that other, dopamine-inde-

pendent neurochemical systems likely contribute to the

mediation of ethanol’s reinforcing actions. In fact, the

view is emerging that multiple neurotransmitters com-

bine to “orchestrate” the reward profile of alcohol.83

The brain’s serotonin systems also have received at-

tention. Modulation of various aspects of serotonergic

transmission, including increases in the synaptic avail-

ability of serotonin with precursor loading, blockade of

serotonin reuptake, or blockade of certain serotonin

receptor subtypes, can decrease ethanol intake.TM Con-

sistent with a role for serotonergic transmission in etha-

nol abuse are several double-blind, placebo-controlled

clinical studies in which serotonin reuptake inhibitors

were reported to produce mild decreases in alcohol

consumption in humans.85 However, these findings re-
main controversial, and, in general, it is now believed

that these compounds are of only limited utility in the

treatment of nondepressed alcoholics.

Opioid peptide systems have been implicated in alco-
hol reinforcement by numerous reports that the opioid

receptor antagonists naloxone and naltrexone reduce

alcohol self-administration in several animal models.86
Although opioid antagonists dose-dependently de-

crease consumption of sweet solutions of water as well

as ethanol in operant, free-choice tests,86 it is possible

that antagonism of specific opioid receptor subtypes in

specific brain regions might reveal more selective

effects.87 A role for opioid peptides in alcohol reinforce-

ment has been further demonstrated by two double-

blind, placebo-controlled clinical trials showing that
naltrexone significantly reduces alcohol consumption,

frequency of relapse, and craving for alcohol in hu-

mans.TM89 Thus, alcohol interactions with opioid neuro-

transmission may contribute to certain aspects of

alcohol reinforcement that may be of particular impor-

tance to the motivation associated with relapse.

NICOTINE: DOPAMINE AND
OPIOID PEPTIDES

The initial molecular site of action for nicotine is likely

to be a direct agonist action at the nicotinic acetyicholine

receptors specifically in the brain mesolimbic dopamine

system, although brain nicotinic acetylcholine receptors

are widely distributed throughout the brain. Nicotine

self-administration is blocked by dopamine antagonists

and opioid peptide antagonists.’�#{176}9’ Nicotine is thus

thought to activate both the mesolimbic dopamine sys-

tem and opioid peptide systems in the same neural

circuitry associated with other drugs of abuse92 (see

Figure 1).
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EXTENDED AMYGDALA: A COMMON
SUBSTRATE FOR DRUG REWARD

An interesting hypothesis that is gaining support from

recent neuroanatomical data and new functional obser-

vations is that the neuroanatomical substrates for the

reinforcing actions of drugs may involve a common

neural circuitry that forms a separate entity within the

basal forebrain, termed the extended amygdala.’3 The

term represents a macrostructure, originally described

by Johnston,94 that is composed of several basal fore-

brain structures: the bed nucleus of the stria terminalis,

the central medial amygdala, the medial part of the

nucleus accumbens (e.g., the area labeled the shell),95

and the area termed the sublenticular substantia in-

nominata. These structures have similarities in mor-

phology, immunohistochemistry, and connectivity.93

They receive afferent connections from limbic cortices,

hippocampus, basolateral amygdala, midbrain, and lat-

eral hypothalamus. Efferent connections from this com-

plex include the posterior medial (sublenticular) ventral

pallidum, medial ventral tegmental area, various brain-

stem projections, and, perhaps most intriguing from a

functional point of view, a considerable projection to

the lateral hypothalamus.96

Recent studies have demonstrated selective effects of

D, dopamine antagonists in blocking cocaine self-

administration when the antagonist is administered

directly into the shell of the nucleus accumbens.97 More-

over, selective activation of dopaminergic transmission

occurs in the shell of the nucleus accumbens in response

to acute administration of virtually all major drugs of

abuse.98 In addition, the central nucleus of the amygdala

has been implicated in the GABAergic and opioidergic

influences on the acute reinforcing effects of etha-

as well as on the aversive stimulus effects of

drug withdrawal.’#{176}’ This concept of the extended

amygdala links the extensive recent developments in

the neurobiology of drug reward with existing knowl-

edge of the substrates for natural rewards, bridging

what have been largely independent research pursuits.

DRUG DEPENDENCE:
NEURAL SUBSTRATES

Common to most drugs of abuse is a withdrawal syn-

drome that is made up of two elements. There are the

physical signs of withdrawal, which are characteristic

for each drug, such as the well-known tremor and auto-

nomic hyperactivity of alcohol withdrawal and the ab-

dominal discomfort and pain associated with opiate

withdrawal. There are also the “psychological” aspects

of drug withdrawal, which may be considered more

motivational; these signs consist of varying components

of a negative emotional state including dysphoria, de-

pression, anxiety, and malaise.2”#{176}

The neural substrates for the physical signs of drug

withdrawal are not well understood in general and

probably involve many different brain sites and neuro-

chemical systems for the various types of drugs of

abuse. Such neural substrates are best established for

opiates. Much evidence implicates the nucleus locus

coeruleus (the brain’s predominant noradrenergic nu-

cleus, located in the pons) in the activational properties

and stress-like effects of opiate withdrawal.10�#{176}4 In ad-

dition, there is evidence that the changes in body tem-

perature associated with opiate withdrawal may be due

to interactions in the hypothalamus. Specific neural

substrates for different aspects of ethanol withdrawal

largely remain to be explored, but some neuropharma-

cological mechanisms have been identified, including a

decrease in GABAergic function and an increase in glu-

tamatergic function12”#{176}5 as well as associated changes in

cellular calcium levels.76”06

REWARD THRESHOLDS AND
DRUG ABSTINENCE

Recent work has focused on the neural substrates and

neuropharmacological mechanisms of the motivational

effects of drug withdrawal, effects that may contribute

to the negative reinforcement associated with drug de-

pendence. For example, cocaine withdrawal in humans

in the outpatient setting is characterized by severe de-

pressive symptoms combined with irritability, anxiety,

and anhedonia lasting several hours to several days (the

“crash”) and may be one of the motivating factors in the

maintenance of the cocaine dependence cycle.’07 Inpa-

tient studies have shown similar changes in mood and

anxiety states, but the changes generally are much

less severe.’08 Opiate withdrawal is characterized by se-

vere dysphoria, and ethanol withdrawal produces

dysphoria and anxiety. Recent work suggests the same

neural systems implicated in the positive reinforcing

effects of drugs of abuse may be involved in these

aversive motivational effects of drug withdrawal. Using

the technique of intracranial self-stimulation to measure

reward thresholds throughout the course of drug de-

pendence, recent studies have shown that reward

thresholds are increased (reflecting a decrease in re-

ward) following chronic administration of all major

drugs of abuse, including opiates, psychostimulants,

alcohol, and nicotine. These effects may reflect changes

in the activity of the same mesocorticolimbic system
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(midbrain-forebrain system) implicated in the positive

reinforcing effects of drugs and can last up to 72 hours,

depending on the drug and dose administered (Table

3). 109-124

DRUG DEPENDENCE:
NEUROCHEMICAL SUBSTRATES

The neuropharmacological basis for the change in re-

ward function associated with the development of drug

dependence has largely followed two neuroadaptive

models: sensitization and some form of homeostatic

adaptive mechanism.’� With drugs, sensitization is

more likely to occur with intermittent exposure to a

drug, in contrast to tolerance, which is more likely to

occur with continuous exposure.

In a recent conceptualization of the role of sensitiza-

tion in drug dependence, a shift in an incentive-salience

state described as “wanting” was hypothesized to be

progressively increased by repeated exposure to drugs

of abuse,’26 and the transition to pathologically strong

wanting or craving would define compulsive use. In

contrast, a homeostatic adaptive mechanism would ex-

ist where the initial acute effect of the drug is opposed

or counteracted by homeostatic changes in systems that

mediate the primary drug effects.’27’29

In one formulation, called opponent process theory, tol-

erance and dependence were inextricably linked.’27

Here it was proposed that affective states, pleasant or

aversive, were automatically opposed by centrally me-

diated mechanisms that reduce the intensity of these

affective states.

For neuroadaptive mechanisms described by both

theoretical positions, several types of adaptation can be

envisioned at the molecular, cellular, and system levels.

Within-system adaptations have been hypothesized

wherein neurochemical changes associated with the

same neurotransmitters implicated in the acute rein-

forcing effects of drugs are altered during the develop-

ment of dependence.8 Examples of such homeostatic,

within-systems adaptive neurochemical events include

decreases in dopaminergic and serotonergic transmis-
sion in the nucleus accumbens during drug withdrawal

as measured by in vivo microdialysis,’21”3#{176} increased

sensitivity of opioid receptors in the nucleus accumbens

during opiate withdrawal,’3’ decreased GABAergic and

increased NMDA glutamatergic transmission during

ethanol withdrawal,76”32”33 and differential regional

changes in nicotine receptor function.�”35

Other neurotransmitter systems may also be recruited

in the adaptive responses to drugs of abuse. Such a

neuroadaptation, wherein a neurotransmitter system

TABLE 3. Drug effects on thresholds for rewarding brain

stimulation

Drug Class
Acute

Administration
Withdrawal From

Chronic Treatment Reference

Psychostimulants

(cocaine,

amphetamines) .L 1’ 109-112,122

Opiates (morphine,

heroin) J. 1� 113-115

Nicotine J. 1’ 116,117,124

Sedative-hypnotics �L 118, 119

not linked to the acute reinforcing effects of the drug is

recruited or altered during chronic drug administration,

has been termed a between-system adaptation.8 Particular

attention has focused on components of stress re-

sponses for between-system adaptations. Cortico-

tropin-releasing factor function appears to be activated

during acute withdrawal from alcohol or opiates and

thus may mediate aspects of stress associated with ab-

stinence.’36 A role for circulating glucocorticoids in ad-

aptations to the reinforcing effects of a drug of abuse

also has been hypothesized.’37

DRUG DEPENDENCE: MOLECULAR AND

CELLULAR MECHANISMS

Drug-induced adaptations in neurotransmitter systems

would exert their functional effects on the brain ulti-

mately through post-receptor intracellular messenger

pathways that mediate neurotransmitter-receptor ac-

tions. In a similar way, the development of drug-in-

duced adaptations in neurotransmitter systems occurs

via perturbation of these intracellular messenger path-

ways.

The brain’s intracellular messenger pathways are re-

viewed elsewhere’� and summarized in Figure 3.

Briefly, most neurotransmitter receptors in the brain

belong to a family of G protein-coupled receptors,

which produce all of their effects on brain function via

activation of specific types of G proteins, guanine flu-

cleotide-binding membrane proteins that couple the

plasma membrane receptors to intracellular processes.

Activated G proteins can then directly regulate the ac-

tivity of certain ion channels as well as regulate the

levels of specific second messengers in the brain, which

include adenosine 3’,5’-cyclic monophosphate (cAMP),

Ca2�, and metabolites of phosphatidylinositol. These

second messengers then regulate the activity of en-

zymes called protein kinases and protein phosphatases,

which add and remove, respectively, phosphate groups

from other proteins.



neurotransmitfer

ion
channel

processes

NEUROBIOLOGY OF DRUG ADDICTION

490 VOLUME 9 #{149}NUMBER 3 #{149}SUMMER 1997

Phosphate groups, because of their charge and size,

alter a protein’s conformation and therefore its func-

tion. Through the phosphorylation of virtually every

type of neural protein, neurotransmitter receptor inter-

actions can elicit myriad biological responses in their

target neurons. For example, phosphorylation of ion

channels alters their probability of opening, and phos-

phorylation of receptors alters their capability to be

activated by ligand as well as to subsequently activate

C proteins. Among the proteins regulated by phospho-

rylation are those that control gene expression and pro-

tein synthesis. An example can be seen in transcription

factors, proteins that bind to specific DNA sequences in

certain genes and thereby increase or decrease the rate

at which those genes are transcribed. Phosphorylation

of transcription factors is a critical control point in regu-

lating the activity of these proteins.

This transduction of biological action is illustrated

well by the acute actions of opiates on the brain (Figure

4))’ Opiate activation of opioid receptors leads to re-

cruitment of Gi and related C proteins. This, in turn,

leads to activation of certain K� channels and inhibition

of voltage-gated Ca2� channels, although the two ac-

tions occur to varying extents in different neuronal cell

types. Both are inhibitory actions (more K� flows out of

the cell and less Ca2� flows into the cell) that mediate

some of the relatively rapid inhibitory effects of opiates

on the electrical properties of their target neurons. Re-

cruitment of Gi also leads to the inhibition of adenylate

cyclase and of the cAMP protein phosphorylation cas-

cade. Similarly, reductions in cellular Ca2� levels alter

Ca2�-dependent protein phosphorylation cascades. Al-

tered activity of these protein phosphorylation cas-

cades, which also can vary among different cell types,

leads in turn to the regulation of still additional ion

channels, which contribute further to the acute effects

of the drug. Perhaps more important, these protein

phosphorylation mechanisms can lead to changes in

many other neural processes within target neurons,

including those that trigger the long-term effects of the

drugs that lead eventually to tolerance, dependence,

withdrawal, sensitization, and, ultimately, addiction.

Repeated exposure to a drug of abuse results in re-

peated perturbation of intracellular messenger path-

ways, which eventually elicits long-term adaptations in

the pathways that contribute to dependence and toler-

ance. Insights into the specific molecular and cellular

adaptations involved in chronic drug action have been

progressing at a rapid rate. Some of the most complete

studies involve the locus coeruleus, the major noradren-

ergic nucleus in the brain, which plays an important role

in physical dependence to opiates, as mentioned

above.’#{176}2”#{176}3”39’4’Activation of the locus coeruleus has

been shown to mediate many of the signs and symp-

toms of opiate withdrawal in rodents and nonhuman

primates. This knowledge led to the introduction of

clonidine, an alpha2-adrenergic agonist, as the first non-

opiate treatment of opiate withdrawal.’#{176}2”42

Withdrawal-induced activation of the locus coeruleus

has been hypothesized to be due to a combination of

intrinsic and extrinsic factors. The intrinsic mechanisms

involve regulation of the cAMP pathway in locus

coeruleus neurons,143�1k� which has long been consid-

ered a molecular site of opiate neuroadaptation.’4�’47

Acute administration of opiates inhibits the firing of the

neurons via regulation of two ion channels: activation

of K� channels via direct Ci protein coupling, and inhi-

bition of an Na� current indirectly via inhibition of

FIGURE 3. Schematic illustration of the brain’s intracellular mes-

senger pathways. Activation of neurotransmitter recep-
tors leads to the activation of specific C proteins,

second messengers, and protein phosphorylation sys-

tems, which produce multiple effects on neuronal func-
tion through the phosphorylation of numerous types of

substrate prOteins. Among the effects of these intracel-
lular systems on neuronal function is the regulation of

gene expression. This can be accomplished through the
phosphorylation of transcription factors, which results
in alterations in the expression of numerous target

genes. G proteins can also exert effects independent of

protein phosphorylation-for example, through the di-

rect regulation of ion channels.
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adenylate cyclase and of cAMP-dependent protein ki- inhibition of the neurons by the continued presence of
nase’� (Figure 5). In contrast, chronic exposure to opi- opiates and thereby help return firing rates toward

ates increases the amount of adenylate cyclase and control levels. It would also contribute to dependence:

cAMP-dependent protein kinase expressed in the neu- upon removal of opiate, the up-regulated cAMP path-

rons. This up-regulated cAMP pathway has been shown way, now unopposed, would drive the firing of the

to contribute to the increase in the intrinsic electrical neurons far above control levels. A major unanswered

excitability of locus coeruleus neurons that underlies question is the precise mechanism (for instance, at the

the cellular forms of tolerance and dependence exhib- level of transcription, translation, or protein modifica-

ited by these neurons.”'”47 The up-regulated cAMP tion) by which chronic opiate exposure leads to the

up-regulation of the cAMP pathway.’43 Recent work has

FIGURE 4. Schematic ifiustration of opiate-regulated signal transduction pathways. Opiates produce their effects in target neurons via inter-

actions with three major classes of receptors, termed mu, delta, and kappa opioid receptors. There are two major signal transduc-
tion pathways through which each of these receptors has been shown to influence target neuron functioning. First, opiates, via

coupling to a pertussis toxin-sensitive C protein (presumably Ci), inhibit adenylate cyclase and thereby reduce cellular cAMP

levels, the activity of cAMP-dependent protein kinase, and the phosphorylation state of numerous substrate proteins for the pro-

tein kinase. Such substrate proteins include ion channels and many other types of neuronal proteins known to be regulated by
cAMP-dependent phosphorylation. Through this action, therefore, opiates induce many and diverse types of effects in target neu-

rons. Second, opiates, via couplin� to Ci and/or Go, increase the conductance of certain types of K� channels and decrease the con-

ductance of voltage-dependent Ca + channels. In most cases, the opiate-regulated K� channel appears to be identical to the
inward rectifying channel regulated by several other types of neurotransmitter receptors (such as D2 dopaminergic, alpha2 ad-

renergic, and 5-BTIA serotonergic receptors) also via coupling with a pertussis toxin-sensitive C protein. Regulation of the K� and

Ca” channels inhibits the electrical properties of the target neurons. Such regulation also leads to decreases in intracellular Ca’�

levels and, consequently, to decreases in the activity of Ca2�-dependent protein kinases (both Ca’�/calmodulin-dependent protein
kinases and protein kinase C) and the phosphorylation state of numerous types of substrate proteins for these protein kinases. As

with regulation of the cAMP system, opiate-induced changes in Ca’�-dependent protein phosphorylation lead to many changes
in neuronal function.

p ho s p ho ryl ated
proteins

Regulation of
many neuronal processes

$
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implicated the transcription factor CREB (cAMP re-

sponse element binding protein) as one mediator of

these adaptations.’46”49”5#{176}

Increased activation of the major glutamatergic input

to the locus coeruleus that arises from a brainstem area

called the paragigantocellularis appears to be one of the

major extrinsic mechanisms of withdrawal-induced ac-

tivation of the locus coeruleus.’51”52 The driving force for

this increase in glutamatergic tone remains to be eluci-

dated. Chronic opiate exposure could lead to intrinsic

changes in the glutamatergic neurons of the paragigan-

tocellularis themselves or in neurons that drive those

neurons in some neural circuit.’43

Much less is known about the molecular and cellular

mechanisms of motivational dependence, although

there is some evidence to suggest that similar mecha-

nisms may be involved. Several drugs of abuse up-regu-

late the cAMP pathway in the nucleus accumbens after

chronic administration.1�.l53�1M This up-regulation could

mediate some of the documented electrophysiological

changes in the nucleus accumbens associated with

chronic drug exposure, such as enhanced responsive-

ness of D, dopamine receptors after chronic cocaine

treatment.’24 Moreover, studies involving direct admini-

stration of activators or inhibitors of the cAMP pathway

into the nucleus accumbens are consistent with the

interpretation that up-regulation of the cAMP pathway

in this brain region may contribute to an aversive state

during drug withdrawal.’53 A major task now will be to

explore these mechanisms directly in animal models of

dependence that reflect both the positive and the nega-

tive reinforcing effects of dependence.

The persistence of changes in drug reinforcement

mechanisms that characterize drug addiction suggests

that the underlying molecular mechanisms are long-

lasting, and indeed considerable attention has been

given to drug regulation of gene expression. Current

research focuses on two types of transcription factors,

CREB and novel Fos-like proteins (termed chronic

FRAs, or Fos-related antigens), as possible mediators of

chronic drug action.’5�’57 However, it has not yet been

possible to relate regulation of a specific transcription

factor to specific features of drug reinforcement.

DRUG TOLERANCE: NEURAL SUBSTRATES

Tolerance to the reinforcing actions of drugs of abuse

may also be an important mechanism for drug addic-

tion. However, the measurement in animal models with

such phenomena as intravenous self-administration has

been limited.’58 One would hypothesize that the neural

substrates for drug tolerance would overlap signifi-

cantly with those associated with acute withdrawal,

since tolerance and withdrawal appear to be compo-

nents of the same neuroadaptive process. However,

tolerance also depends on learning processes, and this

has been most explored in the context of opiate drugs

FIGURES. Scheme illustrating opiate actions in the locus coeru-

leus. Opiates acutely inhibit locus coeruleus neurons
by increasing the conductance of a K� channel (light

cross-hatch) via coupling with subtypes of Ci and/or

Go and by decreasing an Na�-dependent inward cur-

rent (dark cross-hatch) via coupling with Gi/o and the
consequent inhibition of adenylate cyclase. Reduced

levels of cAMP decrease protein kinase activity (PKA)
and the phosphorylation of the responsible channel or

pump. Inhibition of the cAMP pathway also decreases
phosphorylation of numerous other proteins and

thereby affects many additional processes in the neu-
ron. For example, it reduces the phosphorylation state

of cAMP response element binding protein (CREB),
which may initiate some of the longer-term changes in

locus coeruleus function. Upward bold arrows summa-

rize effects of chronic morphine in the locus coeruleus.

Chronic morphine increases levels of adenylate cy-
clase, protein kinase activity, and several phosphopro-

teins, including CREB. These changes contribute to the
altered phenotype of the drug-addicted state. For exam-

pie, the intrinsic excitability of locus coeruleus neurons
is increased via enhanced activity of the cAMP path-
way and Na�-dependent inward current, which contrib-

utes to the tolerance, dependence, and withdrawal

exhibited by these neurons. This altered phenotypic

state may be maintained in part by up-regulation of

CREB expression. Reprinted, with pennission, from

Nestler 1996.��’
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and sedative-hypnotics such as alcohol.’59 Mechanisms

for these associative processes may involve several

neurotransmitters independently of their role in acute

withdrawal. Norepinephrine and serotonin have long

been shown to be involved in the development of toler-

ance to ethanol and barbiturates.’2 More recently, co-ad-

ministration of glutamate receptor antagonists and

opiates has been shown to block the development of

tolerance to opiates.’6#{176} This is again consistent with an

associative component of tolerance.

Mechanisms at the molecular level for tolerance also

probably overlap with those of dependence.’�” For ex-

ample, up-regulation of the cAMP pathway could be a

mechanism of tolerance, as mentioned earlier: the

changes would be expected to oppose the acute actions

of opiates of inhibiting adenylate cyclase. In addition,

tolerance appears to involve the functional uncoupling

of opioid receptors from their G proteins. The mecha-

nisms underlying this uncoupling remain unknown,

but they could involve drug-induced changes in the

phosphorylation state of the receptors or G proteins that

reduce their affinity for each other. Such phosphoryla-

tion of the receptor could occur via cAMP- or Ca2�-de-

pendent protein kinases known to be regulated by

opiate exposure, or by other types of protein kinases

(termed G protein receptor kinases or CRKs) that phos-

phorylate and desensitize receptors only when they are

in their ligand-bound conformation.’� Another possible

mechanism of tolerance is drug-induced changes in the

ion channels that mediate the acute effects of the drugs.

For example, alterations in the phosphorylation state,

amount, or even type of channel could conceivably

contribute to drug �

RELAPSE: NEURAL SUBSTRATES

Limited animal models exist for the study of relapse,’62

and this has significantly hampered the study of neuro-

biological mechanisms associated with this process.

Neuropharmacological probes have been employed to
reinstate self-administration in animals trained and

then extinguished on intravenous drug seLf -administra-

tion; these probes have shown that drugs that activate

the mesolimbic dopamine system rapidly reinstate in-

travenous self�administration.l63,lM

There are a limited number of observations using

other models. Acamprosate, a drug being marketed in

Europe to prevent relapse in alcoholics, has potential

glutamate modulatory action.165 It blocks the increase in

drinking observed in rodents after a forced abstinence,

again in nondependent rats,’� and has efficacy in pre-

venting relapse in detoxified human alcoholics.’67 Simi-

larly, opioid antagonists were shown to prevent the

increase in drinking of ethanol in animals after 5fr�55,��

and subsequently naltrexone was shown to have effi-

cacy in preventing relapse in detoxified human alcohol-

ics.ss�89 Finally, a recent study reports that agonists

selective for D, dopamine receptors, but not for D2-like

receptors, can block reinstatement of lever-pressing in-

ferred to represent cocaine-seeking behavior.’69

One thing that is clear from current studies of relapse

is the need for better animal models. As improved ani-

mal models are developed, it will become possible to

obtain a more complete understanding of the neurobi-

ological mechanisms underlying this critical feature of

drug addiction at the molecular, cellular, and system

levels.

NEUROBIOLOGICAL SUBSTRATES AND

CLINICAL IMPLICATIONS

To summarize, drug addiction centers on alteration of

the neurobiological substrates of reinforcement. Much

is known about the substrates for the acute positive

reinforcing effects of drugs of abuse. The mesolimbic

dopamine system and its connections form a focal point

for our understanding of both dopamine-dependent

and dopamine-independent effects. Indirect sym-

pathomimetics such as cocaine and amphetamine are

critically dependent on increased dopaminergic activity

in the terminal areas of the mesolimbic dopamine sys-

tem. Nicotine, opiates, and ethanol all activate the

mesolimbic dopamine system but also recruit the ac-

tions of other neurotransmitters such as opioid pep-

tides, serotonin, GABA, and glutamate. The neural

substrates associated with the motivational aspects of

dependence-tolerance, acute drug withdrawal, pro-

tracted abstinence, and vulnerability-remain largely to

be determined but may involve molecular, cellular, and

system-level adaptations to the same neurochemical

elements implicated in the acute reinforcing actions of

drugs of abuse. A subsystem of the basal forebrain

termed the extended amygdala may play a particularly

important role in the motivational aspects of drug rein-

forcement, both positive and negative.
The clinical implications of this work are numerous.

Understanding the biological basis of a disease provides

important insight for therapeutic intervention. Distur-

bances in specific signal transduction pathways in the

brain that underlie addiction provide a conceptual

anchor for psychotherapeutic as well as pharma-

cotherapeutic intervention. There are already new

treatments for opiate and ethanol dependence that are

based on a neurobiological understanding of these dis-
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orders, and considerable activity is now centered on basis of vulnerability to drug abuse and relapse that will

developing treatments for cocaine dependence as well. guide the development of sound prevention interven-

Basic research in the neurobiology of addiction also tions in vulnerable individuals.

provides the key elements for identifying the biological
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