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People take addictive drugs to elevate mood, but with repeated use these drugs produce serious
unwanted effects, which can include tolerance to some drug effects, sensitization to others, and
an adapted state — dependence — which sets the stage for withdrawal symptoms when drug
use stops. The most serious consequence of repetitive drug taking, however, is addiction: a
persistent state in which compulsive drug use escapes control, even when serious negative
conseguences ensue. Addiction is characterized by a long-lasting risk of relapse, which is often
initiated by exposure to drug-related cues. Substantial progress has been made in understanding
the molecular and cellular mechanisms of tolerance, dependence and withdrawal, but as yet we
understand little of the neural substrates of compulsive drug use and its remarkable persistence.
Here we review evidence for the possibility that compulsion and its persistence are based on a

The defining characteristic of addiction is compulsive,
out-of-control drug use despite serious negative conse-
quences. The life of an addicted person becomes pro-
gressively focused on obtaining, using and recovering
from the effects of drugs, despite illness, disrupted rela-
tionships and failures in life roles'?. For example, we
know of a physician who, despite extensive vascular
surgery and threatened amputations, continues to
smoke cigarettes; many clinicians have seen individuals
who attempt to smoke through a tracheotomy tube
after a laryngectomy for cancer; and, despite loss of
employment and life-threatening complications of
cirrhosis, many people continue to drink alcohol even
when drinking yields depression rather than pleasure.
These examples highlight the central question of addic-
tion: what happens in the brain to cause an addicted
person to lose control of drug-taking behaviour even
when experiencing serious drug-related harm?
Compulsive actions that are readily misinterpreted as
willful self-destruction frustrate family members and
clinicians alike, but perhaps the most problematic aspect
of addiction is the high risk of relapse to drug use that

pathological usurpation of molecular mechanisms that are normally involved in memory.

persists even in abstinent addicts long after any with-
drawal symptoms have abated and perhaps for a life-
time'~. Addiction can appropriately be considered as a
chronic medical illness®. In a 33-year follow-up study of
581 male heroin addicts admitted to a California-state
drug-treatment programme between 1962 and 1964, 284
were dead by 1997, most as a result of drug overdose or
violence; of the 241 subjects who could be found (mean
age 57.4 years), 40.5% admitted to heroin use in the past
year, 20.7% had urine that was positive for heroin at the
time of the follow-up interview, and 23.5% either refused
to provide a specimen or were incarcerated’.

As is true of many chronic brain diseases, current
treatments for addiction are helpful to some, but far
from satisfactory. Therefore, a central goal of current
research is to identify molecular mechanisms that will
lead to new treatments. To achieve this goal, and to
understand the pathophysiology of addiction, we must
address questions that require the integration of behav-
ioural, systems-level, cellular and molecular neuro-
science. Recent reviews have addressed the complex mol-
ecular changes induced by addictive drugs in relevant
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Table 1 | Addictive drugs
Drugs

Opioids (morphine-like drugs
including heroin)

Barbiturates and benzodiazepines

Psychomotor stimulants (cocaine
and amphetamines)

Phencyclidine (PCP) and
related drugs

Cannabinoids
Nicotine
Ethyl alcohol

Inhalants

Molecular targets relevant to addiction
u- and &-opioid receptors (agonists)

GABA, receptor (enhance activation of the CI-
channel by different mechanisms)

Cocaine blocks dopamine, serotonin (5-HT) and
noradrenaline transporters; amphetamines cause
transporter-mediated release; the dopamine
transporter (DAT) is the most significant target

NMDA glutamate receptor channel (blocker)

CB1 cannabinoid receptor (agonist)
Nicotinic acetylcholine receptor (agonist)

GABA, receptor (facilitates), NMDA glutamate
receptor (inhibits) and many other targets

Unknown

Caffeine can produce mild physical dependence, but does not produce addiction (compulsive use).
Hallucinogens, such as lysergic acid diethylamide (LSD), mescaline and psilocybin, are illegal drugs
of abuse that are not known to produce compulsive use. 5-HT, 5-hydroxytryptamine; GABA,
y-aminobutyric acid; NMDA, N-methyl-o-asparate.

neural circuits® and the hypothesis that addictive drugs
produce long-lived alterations in behaviour largely by
usurping normal mechanisms of associative memory’.
Here we review recent data that are consistent with this
view, with the goal of providing a framework within
which to study the problem of relapse and its persistence.

Tolerance, dependence and withdrawal
Addictive drugs (TABLE 1) are both rewarding (interpret-
ed by the brain as intrinsically positive) and reinforcing
(behaviours associated with such drugs tend to be
repeated)'’. When these drugs are used repeatedly by
vulnerable humans''?, molecular changes in the brain®
promote continued drug taking that becomes increas-
ingly difficult for the individual to control>'*!'*. Once
addiction has taken hold, it tends to follow a chronic
course, in which periods of abstinence are followed by
relapse to active drug use>.

In addition to producing compulsive use, the drugs
listed in TABLE 1 can produce tolerance, dependence and
withdrawal symptoms. Tolerance is defined as a decrease
in the effect of a drug despite a constant dose, or a need
for increased dosage to maintain a stable effect. Tolerance
often develops to the desired pleasurable effects of
cocaine, heroin and other abused drugs, leading to dosage
increases that can exacerbate the molecular changes that
lead to addiction. Depending on the pattern of use, some
drugs, of which cocaine and amphetamine are the best
studied, can also produce sensitization (enhancement) of
some drug responses'>"7. Tolerance to some drug effects
can coexist with sensitization to others, presumably
reflecting the different properties of the circuits affected.

Despite the conflation of the terms ‘dependence’ and
‘addiction’ in some clinical diagnostic systems'®, they are
not scientifically equivalent. Dependence, narrowly
defined, refers to an adapted state of cells, circuits or
organ systems that occurs in response to excessive drug
stimulation. When unmasked by drug cessation, this
adapted state can result in the production of cognitive,

emotional or ‘physical’ withdrawal symptoms. Many
drugs used in general medicine also produce tolerance,
dependence and withdrawal without producing com-
pulsive use (for example, B-adrenergic-agonist inhalers
for asthma, ai-adrenergic-agonist nasal decongestants,
and several agents used to treat hypertension or angina
pectoris). So-called ‘physical dependence’ on drugs of
abuse results from adaptations that occur in brain cir-
cuits that control directly observable bodily functions,
such as heart rate or blood pressure. Ethanol, barbitur-
ates and opiates produce physical dependence; the high-
ly addictive drugs cocaine and amphetamine do not.
Mechanisms of dependence, withdrawal and sensitiza-
tion have been studied extensively using animal mod-
els'®'71°21 In particular, the neural and molecular basis
of physical opiate dependence and withdrawal has been
thoroughly investigated as a model of drug action in the
brain (reviewed in REFS 8,19,22). By contrast, convincing
animal models of addiction — compulsive use despite
negative consequences — are lacking’.

The desire to elevate or otherwise alter mood often
motivates initial drug use. However, the pleasure (or
relief of dysphoric moods) produced by drugs often
habituates; for drugs such as alcohol and nicotine, plea-
sure can be markedly reduced over time by medical com-
plications. Addicted individuals sometimes describe their
continuing drug use as an attempt to re-experience
remembered ‘highs; often without success. Robinson and
Berridge” have argued that in addiction, as opposed to
drug experimentation, the dominant emotional
response to drugs is no longer ‘liking), but intense drug
urges or ‘wanting’. They have proposed an incentive—
sensitization theory of addiction, which posits that brain
systems that are normally involved in incentive motiva-
tion (but not in pleasure) become hypersensitive to
drugs and drug-associated stimuli, markedly increasing
the incentive salience of these stimuli'>*.

Just as reliable drug-induced pleasure does not
explain compulsive use, neither does the desire to avoid
withdrawal symptoms. If the discomfort associated with
withdrawal were the major obstacle to recovery, close
supervision of addicted individuals for several weeks
until withdrawal symptoms diminished would yield a
cure — even for drugs such as alcohol, barbiturates and
opiates, which produce the most serious withdrawal
syndromes. In fact, late relapse, long after withdrawal
symptoms have cleared, is a fundamental problem for
addicts. Moreover, for psychostimulants such as cocaine
and amphetamine, physical withdrawal symptoms are
absent, and emotional withdrawal symptoms are vari-
able and can be mild. Finally, it is worth recalling that
withdrawal symptoms from non-addictive drugs can
also be severe at times. In summary, pleasure, tolerance,
dependence and withdrawal are clinically significant, but
do not explain compulsive drug use or late relapses®***.

Cue-mediated relapse

Cues associated with previous drug use can initiate drug
craving and conditioned emotional responses in addicts,
and are associated clinically with relapse both during
active drug use and after a period of abstinence®*.

696 | OCTOBER 2001 [ VOLUME 2

www.nature.com/reviews/neuro

#2 © 2001 Macmillan Magazines Ltd



REVIEWS

Drug-conditioned cues can be environmental or intero-
ceptive. For example, the risk of relapse is elevated when
addicts encounter people, places or paraphernalia associ-
ated with earlier drug use. Cues can elicit drug-related
behaviour in animal models**, including sensitized
responses to psychostimulants®*=!. That sensitization in
animal models can be context dependent and long-lived
has raised the possibility that it could be a model of
relapse in humans, and it has been incorporated into the
incentive—sensitization model of addiction'>?. Stress
also produces resumption of drug self-administration in
rodent models®’; its role in relapses in human addicts
seems to be significant and deserves further study.

In laboratory settings, drug-associated cues can elicit
conditioned emotional responses, including drug
urges, in human addicts®. Studies of responses to drug-
conditioned cues using positron emission tomography
(PET)*¢ and functional magnetic resonance imaging
(fMRI)*” have shown activation of prefrontal cortical
regions and the amygdala, a brain region involved in the
consolidation of stimulus—reward associations*. Some
of these imaging studies have also found activation of
the nucleus accumbens (NAc) and other regions. The
cue-induced brain activations observed with PET and
fMRI correlate with the onset of subjective drug urges
and physiological responses, such as activation of the
autonomic nervous system.

A debate continues as to whether cues initiate relaps-
es through the mediation of intense urges”, which can
be consciously experienced, by the activation of over-
learned and unconscious behavioural repertoires®, or
by some combination of the two. However, there is
agreement that cue-initiated relapses can occur even in
individuals who have strongly resolved never to use
drugs again, often without the addicted person having
insight into what is happening to them**.

Neural substrates of addictive drug action

There is strong evidence that the dopaminergic system
that projects from the ventral tegmental area (VTA) of
the midbrain to the NAc, and to other forebrain sites
including the dorsal striatum, is the major substrate of
reward and reinforcement for both natural rewards and
addictive drugs****2. The NAc is involved in responding
to the motivational significance of stimuli, and the dorsal
striatum is involved in the learning and execution of
behavioural sequences that permit an efficient response
to those cues. Addictive drugs increase the levels of
synaptic dopamine in the NAc; pharmacological antago-
nist and lesion experiments have shown that dopamine
is generally required for reward and reinforcement****.
Opiates represent a partial exception to the central role of
dopamine. Although opiates can produce reinforcement
by dopamine release*, they can also interact directly
with opioid receptors on NAc neurons”. Under normal
circumstances, this dopaminergic circuit is a crucial
substrate for the rewarding and reinforcing effects of
positive natural stimuli associated with survival, such as
food and reproductive opportunities. Whether related to
drug taking or survival, actions that increase synaptic
dopamine in this brain ‘reward’ circuitry tend to be

repeated'®®. The use of fMRI during drug infusions has
begun to show that this reward circuit is also activated by
addictive drugs in humans*.

Studies by Schultz and colleagues have shown that
the function of dopamine in this circuit is not simply to
signal reward. The midbrain dopamine neurons of
monkeys show a complex and changing response to
rewards as the monkey learns. An unanticipated reward
produces transient firing of dopamine neurons, but as
the monkey learns to recognize the signals that predict a
reward (for example, a programmed flash of light or the
noise of the test apparatus), the response of dopamine
neurons changes. The response to the reward itself
habituates and, instead, the dopamine neurons fire in
response to the predictors. If a predicted reward is
omitted, normal basal levels of firing are suppressed; if
the reward exceeds expectation, firing is enhanced*’~>°.
These data support the hypothesis that one function of
dopamine release in the forebrain is to serve as an ‘error-
detection’ or learning signal. The firing pattern is con-
sistent with the idea that midbrain dopamine neurons
receive highly processed information from the cerebral
cortex and other regions. If the significance of specific
reward predictors and appropriate motor responses to
them are to be learned, dopamine released in the NAc
and dorsal striatum must interact with excitatory
neurotransmitters carried by projection neurons from
the cerebral cortex, hippocampus and amygdala, which
provide many of the main inputs to the striatum.
These projections carry detailed information about
external context, and internal emotional and physio-
logical states. Drug-induced synaptic plasticity in the
NAc and dorsal striatum therefore contribute to
addiction by consolidating drug-wanting, drug-seeking
and drug-taking behaviours.

The powerful control over behaviour exerted by
addictive drugs is thought to result from the brain’s
inability to distinguish between the activation of
reward circuitry by naturally rewarding activities, such
as eating, and by the consumption of drugs*? (BOX 1).
Drugs can stimulate brain reward circuitry with a
strength, time course and reliability that exceeds almost
any natural stimulus, powerfully consolidating responses
to drug-associated stimuli’.

Candidate cellular mechanisms

If dopamine release is to change the behaviour of an
organism so that it responds adaptively to future cues,
dopamine must contribute to alterations in neural cir-
cuits that evaluate and respond to those cues. For exam-
ple, the cue-dependent learning found in the monkeys
studied by Schultz**>*°, and the phenomena of cue-
conditioned human drug urges and conditioned
relapse, require the storage of specific patterns of infor-
mation in the brain. This stored information must pro-
vide internal representations of reward-related stimuli,
including both their nature and emotional valence;
there must also be stored patterns of information that
can give rise to efficient behavioural responses. It is
important to distinguish the storage of specific infor-
mation related to drug experiences from changes in
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Box 1 | Dopamine and euphoria: not so simple

Use of the term ‘reward circuit’ to refer to the mesolimbic dopamine system (and
occasionally to its downstream connections) has long provided a useful heuristic for the
role of these neurons in the powerful effects of addictive drugs. At the same time, this
terminology implies that an important role for dopamine in the nucleus accumbens (NAc)
or prefrontal cortex is to directly mediate the hedonic impact of drugs; that is, the subjective
experience of ‘pleasure’ There is substantial evidence that this is not the case and, indeed,
that dopamine has more complex roles. Unpleasant, noxious stimuli, such as tail pinch in a
rat, can increase the firing of midbrain dopamine cells and thereby cause the release of
dopamine in the NAc, as can novel stimuli that have no obvious rewarding or pleasurable
properties. As described in the main text, after an experimental animal has learned about
the cues that predict reward, the timing of dopamine neuron firing, and therefore of release,
is such that dopamine is released with the cues, not with consumption of the reward. This
observation is more consistent with dopamine serving as an ‘error’ or ‘learning’ signal than
as a mediator of hedonic experience’’>’. Moreover, rats with extensive dopamine depletion
in the NAc and dorsal striatum (produced by the neurotoxin 6-hydroxydopamine) have
normal hedonic reaction patterns to sweet (sucrose) versus bitter tastes, and can even learn
about new hedonic stimuli, indicating that dopamine might be more involved in learning
the motivational significance of a stimulus than in learning new ‘likes’ and ‘dislikes™'2.
Delineating the exact circuitry and neurotransmitters (a role for endogenous opioid
peptides has been proposed) that do mediate ‘pleasure’ will require further investigation.
The investigation of circuitry mediating pleasure could benefit from neuroimaging in
humans, as pleasure is a subjective experience that can be defined only operationally in
animals, but can be directly described by human subjects.

overall dopamine release or dopamin e responsiveness.
For example, globally diminished dopamine responsive-
ness might develop as a homeostatic response to exces-
sive drug stimulation. This adaptation might affect the
overall responsiveness of an organism during the drug
withdrawal period. Such global changes cannot explain
the response to particular drug-conditioned cues. The
encoding of specific information about cues and their
significance cannot rely on dopamine alone, because
dopamine neurons seem to fire in unison***** and to
affect their targets diffusely. There is extensive evidence
that dopamine interacts with cortically derived glutamate
to produce changes in behaviour®®*'->3 (FIG. 1).

The experience-dependent or drug-dependent re-
organization of neural circuitry can occur by several
general mechanisms. Changes in synaptic strength
(synaptic plasticity) might result from a change in
neurotransmitter release, neurotransmitter receptors or
receptor-mediated signalling. Alternatively, changes in
the intrinsic excitability of neurons might follow changes
in the properties or numbers of voltage-dependent ion
channels. A third possibility is that morphological
changes, such as the generation of new synaptic con-
nections or the pruning away of pre-existing ones,
might be initiated by various forms of synaptic plas-
ticity. The best candidate mechanisms for associative,
synapse-specific plasticity are various forms of long-
term potentiation (LTP) and long-term depression
(LTD). These are suggested to be crucial for many
forms of experience-dependent plasticity, including
learning and memory>*%. LTP and LTD are therefore
important candidate mechanisms for the drug-induced
reorganization of neural circuitry that occurs during
addiction. Indeed, there is abundant correlative evi-
dence that LTP- and LTD-like changes can occur in
mesolimbic dopamine structures as a consequence of

drug administration, and that these are important in
the development of addiction®"*>%.

Much of the work on the detailed mechanisms
underlying LTP and LTD has been carried out in the
hippocampus, both because of its importance in declar-
ative memory and for technical reasons®”*®. However, it
is clear that virtually all excitatory synapses in the mam-
malian brain express LI'P and LTD, although the mecha-
nisms differ among different brain regions. In the con-
text of addiction, it is important to study synaptic
plasticity in the relevant neurons found in the midbrain,
NAc and dorsal striatum.

Both LTP and LTD can be elicited at excitatory
synapses in the NAc. Like forms of plasticity studied
in the hippocampus, both require the activation of
NMDA (N-methyl-p-aspartate) glutamate receptors
(NMDAR)*-#1. Initial studies have focused primarily on
the synapses made by prelimbic cortical afferents, and it
remains to be determined whether other excitatory affer-
ents to the NAc express similar forms of plasticity. In
contrast to findings in the dorsal striatum (see below),
the activation of dopamine receptors is not required for
the generation of LTP or LTD in the NAc**-¢'. However,
the application of amphetamine (which increases the
concentration of dopamine at the synapse by inducing
release) blocks the generation of LTP®, perhaps because
dopamine mediates the depression of glutamate release,
even during an LTP-inducing tetanus®. An intriguing
feature of LTP in the NAc is that it seems to be accompa-
nied by a decrease in the NMDAR-mediated component
of synaptic responses®. The functional significance of
this is not yet understood.

Very little is known about the detailed biochemical
and molecular mechanisms that underlie LTP and LTD in
the NAc. By contrast, a great deal is known about the
mechanisms of synaptic plasticity, particularly LTD, in the
dorsal striatum. LTD in this area does not require
NMDAR activation, but instead requires a rise in Ca**
that is mediated by the activation of voltage-dependent
Ca?* channels®. It also requires the activation of both D1-
like and D2-like dopamine receptors by endogenously
released dopamine, and involves a complex cascade of
intracellular signals that include several protein kinas-
es®% On the other hand, LTP in the dorsal striatum
requires NMDAR activation as well as the activation of
D1-like receptors; moreover, it is enhanced by the inhibi-
tion of D2-like receptors®. (In the striatum, D1 receptors
are coupled to G /G, stimulating adenylyl cyclase to pro-
duce the intracellular second messenger cyclic AMP,
which in turn activates the cAMP-dependent protein
kinase (PKA); D2 receptors are coupled to G/ Go, and so
tend to inhibit adenylyl cyclase and to activate an inwardly
rectifying K* current.) So, the forms of synaptic plasticity
in the dorsal striatum seem to differ markedly from those
observed in the NAc. Indeed, even the basic synaptic
actions of dopamine differ in the two structures®.

The study of synaptic plasticity in midbrain dopamine
regions (the VTA and substantia nigra pars compacta) is
in its infancy. LTP at excitatory synapses on midbrain
dopamine neurons is NMDAR dependent, but for rea-
sons that are unclear, it is often difficult to generate.
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Figure 1 | Dopamine-glutamate interactions in the striatum. Approximately 95% of neurons in the dorsal striatum and nucleus
accumbens (NAc) are medium-sized spiny projection neurons, which use GABA (y-aminobutyric acid) as their main
neurotransmitter. These neurons receive glutamatergic projections from the cerebral cortex, which form well-defined synapses on
the heads of dendritic spines. Dopaminergic axons from the midbrain pass by the necks of spines, where they release
neurotransmitter; however, dopamine receptors are widely distributed on the cell membrane, including the soma. The figure shows
the principal brain regions discussed in the main text. VP, ventral pallidum; VTA, ventral tegmental area.

GABA (y-aminobutyric acid)-releasing cells in the VTA
do not express LTPY. LTD is generated by the activation
of voltage-dependent Ca** channels and does not require
the activation of dopamine receptors®"%. However, it is
inhibited or blocked by dopamine and amphetamine
through the activation of D2-like receptors®"®, a modu-
lation with potentially important functional implica-
tions (see below). Recent work has begun to explore the
intracellular mechanisms that mediate LTD in the VTA,
which seem to involve increases in cAMP and the activa-
tion of PKA — a mechanism quite distinct from other
forms of LTD that have been studied®.

The demonstration of synaptic plasticity at excitato-
ry synapses in mesolimbic dopaminergic structures, as
well as the correlative evidence for changes in glutamate
receptor expression® and single-unit responses to gluta-
mate after in vivo exposure to drugs of abuse, support a
role for synaptic plasticity in the development of addic-
tion. However, the crucial question remains as to
whether drugs of abuse actually elicit changes in synap-
tic strength in vivo. To address this issue, Ungless et al.”’
prepared midbrain slices from animals that had received
a single injection of cocaine one day earlier, and assayed
synaptic strength using whole-cell recording techniques.
The single in vivo exposure to cocaine caused a marked
potentiation of synaptic strength that was due to an
upregulation of the number or function (or both) of
synaptic AMPA (o-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid) glutamate receptors (AMPAR)
and shared mechanisms with the LTP induced in slices.
The cocaine-induced potentiation was detectable 5 but
not 10 days after exposure to cocaine; like LTP, it did
not occur in GABA-containing cells, and was prevented
in vivo by the co-administration of an NMDAR antago-
nist. The mechanisms by which cocaine causes the
change in synaptic weights are unknown, but one con-
tributing factor might be the dopamine-mediated inhi-
bition of LTD mentioned above®"%S. When applied to a
slice preparation of the VTA, nicotine also elicits LTP in

dopaminergic cells when paired with postsynaptic
depolarization”. So, it will be interesting to learn
whether the in vivo administration of nicotine and
other drugs of abuse causes similar changes to those
observed with cocaine. The idea that such drug-induced
synaptic plasticity can contribute significantly to aspects
of addiction is bolstered by the recent finding that stim-
ulation of glutamatergic synaptic transmission in the
VTA leads to a relapse in cocaine-seeking behaviour?,
although the source of such stimulation under more
natural conditions remains unclear”.

A similar study has been carried out in the NAc,
slices of which were prepared 10—14 days after prolonged
(5-day) in vivo administration of cocaine, which caused
behavioural sensitization” (M. J. Thomas et al., unpub-
lished observations). Cells in the shell but not the core of
NAc slices prepared from the cocaine-treated animals
showed a decrease in strength at excitatory synapses
made by prefrontal cortical afferents. LTD was also
diminished, indicating that the decrease was due to
mechanisms shared with ITD. As is the case for changes
in the VTA, the mechanisms responsible for this drug-
induced synaptic plasticity in the NAc are unclear. The
acute administration of amphetamine to slices blocks
LTP in the NAc, and this effect disappears in slices pre-
pared from animals that have been chronically exposed
to amphetamine®. If this also occurs after in vivo cocaine
exposure, such an action could initially enhance the
likelihood of generating L'TD.

It has long been suggested that long-term memories
are associated with the formation of new synaptic con-
nections that lead to altered circuit function. Morpho-
logical changes associated with synaptic plasticity have
been demonstrated in the marine sea slug Aplysia” and
in rodents. For example, localized formation of new
spine-like structures has been observed in association
with a later phase of hippocampal LTP?. In classically
conditioned rabbits, synaptogenesis, limited to newly
formed multiple-synapse boutons, occurred in the CA1
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ASYMMETRICAL SYNAPSES
Synaptic contacts in which the
postsynaptic thickening is wider
than the presynaptic one. They
are thought to comprise largely
excitatory connections.
Symmetrical synapses, in
contrast, are characterized by
pre- and postsynaptic
thickenings of roughly similar
widths and are thought to be
inhibitory.

CONDITIONED PLACE
PREFERENCE

The development in an
experimental animal of a
preference for a location that is
repeatedly paired with a
rewarding stimulus (for
example, cocaine).
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Figure 2 | Signalling to the nucleus stimulated by dopamine and glutamate. A D1 dopamine receptor and NMDA (N-methyl-
p-aspartate) glutamate receptor (NMDAR) are shown, as might be co-expressed on a medium spiny neuron. D1 stimulation
activates the cyclic AMP cascade (see text) and NMDAR stimulation permits Ca®* entry. These second messengers activate
multiple kinases, including cAMP-dependent protein kinase (PKA) and calcium/calmodulin-dependent protein kinase type IV
(CaMKIV), and the mitogen-activated protein kinase (MAPK)-ribosomal protein S6 kinase (RSK) pathways, which converge on the
transcription factor CREB (cAMP response element (CRE)-binding protein, shown binding a CRE on the DNA). Other elements
shown are a serum response element (SRE) and the AP-1 binding site, and the TATA element, which binds general transcription
factors and RNA polymerase Il (POLR2). The figure illustrates the hypothesis that CREB is a key regulator of genes involved in
homeostatic neuroadaptations, such as dynorphin, and also of genes that might have a role in synaptic remodelling. Clearly,
however, other transcription factors must also be involved in both processes. CaM, calmodulin; CBPF, CREB-binding protein;
ELK1, member of the ETS family of transcription factors; MKP-1, dual-specificity MAPK phosphatase; SRF, serum response
factor; TBP, TATA-box-binding protein. Adapted with permission from REE. 9 © 2000 Elsevier Science.

region of the hippocampus”. Structural modifications
to dendritic structures have also been sought after
alterations in dopaminergic inputs to the striatum and
NAc. Dopamine denervation reduces dendritic spine
density’®** and the number of ASYMMETRICAL SYNAPSES in
the striatum®. By contrast, repeated treatments with
amphetamine or cocaine increase dendritic spine
density and the number of branched spines in the NAc
and in prefrontal cortex. These alterations last for at
least 4 weeks after drug exposure ends®>*. However,
demonstration of the effect of drug-induced alter-
ations in spine morphology on altered synaptic num-
ber and function, and ultimately on altered behaviour
such as context-dependent sensitization, remains an
important challenge.

Clearly, the work reviewed here represents the early
stages of investigation into the mechanisms of synaptic
plasticity in the NAc, dorsal striatum and other brain
regions associated with addiction. As mechanisms of
synaptic plasticity are identified in reduced prepara-
tions, it will be important to examine their role in
intact, behaving animals. However, it is already appar-
ent that, like other forms of experience-dependent
plasticity that have been studied, persistent drug-
induced behavioural changes probably occur because
of their ability to elicit long-lasting changes in synaptic
weights in crucial brain circuits.

Candidate molecular mechanisms

Because addiction is a long-lasting if not permanent
state, the focus of many recent molecular investigations
has been on mechanisms that could be responsible for
this persistence. At the extremes of time course, two types
of molecular change could be responsible for the persis-
tence of addiction: long-lived or permanent up- or
downregulation of the expression of crucial molecular
species; or a brief burst of gene expression or protein
translation that confers long-term alterations on behav-
iour by causing the physical remodelling of synapses and
circuits. Relatively long-lasting, but not permanent,
drug-induced changes in the expression levels of messen-
ger RNA species and proteins have been documented®,
as has the transient drug-regulated expression of many
genes®. Many molecular changes have been correlated
with alterations in behavioural measures related to drug
use, such as CONDITIONED PLACE PREFERENCE OF sensitization,
but demonstrating causal relationships in behaving ani-
mals has been difficult®. The pieces of the puzzle have not
yet fallen into place to give a satisfactory picture of the
molecular underpinnings of synaptic plasticity in the
VTA, NAc and dorsal striatum, let alone in addiction.
The task will be complex because, rather than a single
lynchpin molecule, there are likely to be complicated cas-
cades of events in multiple cells and circuits. Because the
panoply of molecular adaptations to drugs of abuse has
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IMMEDIATE-EARLY GENES
Genes that are induced rapidly
and transiently without a need
for new protein synthesis. Many
immediate-early genes, such as
Fos, control the transcription of
other genes, and thereby provide
the early stages in the control of
the production of specific
proteins.

DYSPHORIA

A negative or aversive emotional
state that is usually associated
with anxiety and depression.

recently been reviewed®®, we will discuss only a few
illustrative examples.

Perhaps the longest-lived molecular alterations yet
found to be induced by drugs of abuse (but also by
other perturbations of dopamine signalling) are stable,
post-translationally modified forms of the AFosB pro-
tein®. The acute administration of cocaine, opioids or
nicotine causes the transient induction of several mem-
bers of the Fos family of transcription factors, which
couple with Jun proteins in the AP-1 complex of tran-
scription factors. However, with repeated treatment
with cocaine or other drugs, immeDiaTE-EARLY GENES (IEGS)
become refractory to further induction and stable iso-
forms of AFosB are expressed. Transgenic mice that are
engineered to overexpress AFosB in the dorsal striatum
and NAc, under the control of a tetracycline-responsive
element, show increased conditioned place preference to
cocaine, and increased expression of the AMPAR sub-
unit GluR2¥. Levels of AFosB can be increased by drugs
of abuse for up to 4 weeks, but because they return to
basal levels they cannot, by themselves, explain late
relapses. However, because AFosB is a transcription fac-
tor, its downstream effects could far outlast its expres-
sion. Mice overexpressing AFosB show upregulated
expression of the cyclin-dependent kinase Cdk5, which
has been implicated in the remodelling of neural
processes®. As such, Cdk5 is an attractive candidate for
involvement in the remodelling of neuronal circuits in
response to addictive drugs.

The search for prolonged but ultimately reversible
up- or downregulation of particular molecules has been
fruitful in the investigation of tolerance, dependence
and withdrawal. But if addiction is based on mecha-
nisms of memory similar to those that have been inves-
tigated in invertebrate models, such as Aplysia and
Drosophila, and in the mammalian hippocampus, a dif-
ferent search strategy would be more appropriate.
Although there is a long way to go in understanding
memory, its persistence does not seem to depend on
increased levels of one or more proteins, but rather on
altered patterns of synaptic connectivity. Relevant
alterations in protein phosphorylation, gene expression
and protein levels are generally thought to be transient,
and to create permanence by remodelling synapses
and circuits. Indeed, the long-term upregulation of
crucial molecules might occlude mechanisms needed
to reorganize or add to existing memories.

Interestingly, one transcription factor, the cAMP-
response-element-binding protein (CREB), is involved
in the expression of genes that show prolonged upreg-
ulation in response to stimulation by addictive drugs,
and also in the expression of genes that are induced
rapidly and transiently, including IEGs such as Fos
(FIG.2). CREB is activated by multiple protein kinases,
including PKA, and several Ca**-dependent protein
kinases®, including calcium/calmodulin-dependent
protein kinase type IV (CaMKIV), which is found in
the nucleus of many neurons. Because CREB is a ‘coin-
cidence detector’, in that it can be conjointly regulated
by both the cAMP and Ca** pathways, it has long been
a candidate for involvement in processes related to LTP

and long-term memory. CREB is involved in synaptic
plasticity, including late-phase LTP, and behaviours
requiring long-term memory, with different pieces of
the puzzle being investigated in Aplysia, Drosophila
and mouse™*.

In the striatum, psychostimulants such as ampheta-
mine produce phosphorylation of CREB on serine 133
through stimulation of dopamine D1 receptors and the
cAMP cascade®®. However, there is evidence that signifi-
cant levels of CREB phosphorylation in the striatum
can be achieved only when both the cAMP and Ca?*
pathways are activated. For example, in primary cul-
tures of embryonic striatal neurons, D1 agonists cause
phosphorylation of CREB and IEG expression, but this
is blocked by NMDAR antagonists or removal of Ca**
from the medium®*”.

In rodent models, prolonged activation of D1 recep-
tors or administration of drugs that increase synaptic
dopamine, such as cocaine and amphetamine, lead to
increased expression of several gene products, including
dynorphin, an endogenous opioid peptide that is encod-
ed by a CREB-regulated gene®®. Dynorphin precursor
mRNA has also been found to be elevated in the dorsal
striatum and NAc of human cocaine abusers that are
studied post mortem®. Dynorphin activates K-opioid
receptors on presynaptic dopamine terminals, causing
decreased dopamine release'®. So, increases in dynor-
phin expression could be one of the many compensatory
mechanisms that would blunt excess drug-induced
dopamine stimulation'”'. Moreover, K-receptor agonists
are aversive in both humans and rats'*, so an increase in
dynorphin expression resulting from cocaine or amphet-
amine administration could contribute to pyspHORIA
during withdrawal'®. The overexpression of CREB in
the ventral striatum, mediated by a CREB-expressing
viral vector, also increases dynorphin expression, and
reduces the rewarding effects of cocaine!®. The increase
in striatal dynorphin mRNA levels is relatively long-
lasting®>'%, but diminishes over several days when drug
administration ceases. On the basis of these observa-
tions, the upregulation of striatal dynorphin by cocaine
and amphetamine has been proposed to contribute to
tolerance, dependence and withdrawal symptoms by
opposing dopamine release. Because neuropeptides are
thought to diffuse over long distances in the brain, and
because the upregulation of prodynorphin mRNA
occurs throughout the striatum and NAc, dynorphin
is not a good candidate for involvement in synapse-
specific information storage. So, in the search for mole-
cules that might be important in late cue-dependent
relapses, other molecular candidates, including other
CREB-regulated genes, have been sought.

On the basis of the hypothesis that transiently
expressed genes might initiate persistent changes in
synaptic structure, several groups have initiated screens
of dopamine-regulated genes in relevant brain regions.
Dopamine D1 receptor agonists, cocaine and ampheta-
mine induce many genes in striatal neurons®**'%. Most
of the mRNAs induced by these treatments are tran-
siently expressed and return to baseline levels of expres-
sion within a few hours to a day®»'?. Interestingly, these
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genes overlap substanstially with those that are induced
in association with hippocampal LTP, including Hormer,
Narp (neuronal-activity-regulated pentraxin) and Arc
(activity-regulated cytoskeleton-associated protein)
which might be involved in the regulation of synaptic
function'®-"1,

Concluding remarks

Clearly, the task of relating genes that are induced by
addictive drugs to synaptic plasticity and synaptic
remodelling, and relating synaptic plasticity to relevant
behaviours, is in its early stages. One central part of the
effort will be the development of improved models of
compulsive drug use despite negative consequences.
Although drug self-administration by rodents has pro-
vided important information, it is difficult to argue
that it truly models compulsion, when the alternative
to self-administration is solitude in a shoebox cage.
Despite the challenges in terms of physiology and
behaviour, it would be ideal if models could be devel-

oped in the mouse, because of its status as a genetic
model. The ability to make transgenic animals with
increasing spatio-temporal control of transgene
expression, combined with the use of gene micro-
arrays® and, ultimately, proteomics tools to study the
downstream consequences of gene expression, should
permit substantial inroads into a difficult but clinically
important set of problems.

Here we have described recent evidence for the con-
cept® that the central behavioural features of addiction
result from the ability of drugs to usurp normal mecha-
nisms of memory in crucial survival circuits. The persis-
tence of addiction, with its striking phenomenon of cue-
dependent relapse risk, is proposed to result from
molecular processes that ultimately remodel synapses
and circuits. We believe that more rapid progress will be
made in the study of addiction if it increasingly pro-
ceeds together with, rather than in isolation from, other
areas of neuroscience that are focused on understanding
the mechanisms of learning and memory.
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adenylyl cyclase | AMPAR | Arc | calmodulin | CaMKIV | CBP |
Cdk5 | CREB | D1 receptor | D2 receptor | dynorphin | ELK1 | Fos |
AFosB | GIuR2 | Homer | Jun | MKP-1 | Narp | NMDAR | k-opioid
receptor | PKA | POLR2 | RSK | SRF | TBP

MIT Encyclopedia of Cognitive Sciences:
http://cognet.mit.edu/MITECS/

magnetic resonance imaging | positron emission tomography
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