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Addiction, Dopamine, and the Review
Molecular Mechanisms of Memory

alertness and produce a sense of well-being. In animal
studies, low doses of psychostimulants reduce the time
spent sleeping or quiescent, while causing increased
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of observed behavior decreases, until at high doses
“stereotypies” are observed—perseverative repetitions

The central feature of drug addiction is compulsive drug of a motor activity, such as sniffing or biting (Randrup
use—loss of control over apparently voluntary acts of and Munkvad, 1967). If cocaine or amphetamine is used
drug seeking and drug taking (Goldstein, 1994). Addic- repeatedly, some acute drug effects may diminish (“tol-
tion is a chronic disorder, since even after treatment erance”), while others are enhanced (“sensitization”).
and extended periods of drug abstinence, the risk of Whether tolerance or sensitization occurs depends in
relapse to active drug use remains high. In this review, part on the pattern of drug administration. Animals given
we consider some molecular mechanisms and neural several drug injections spaced out at intervals of a day
circuits that may be involved in persistent, compulsive or more tend to show sensitized locomotor activity and
drug abuse. We do not attempt to provide a comprehen- stereotypy, progressively increasing with each injection.
sive account of the numerous effects of addictive drugs Animals given the drug continuously through an osmotic
on the brain. Rather, we focus principally on the conse- pump, or by closely spaced injections, show a dimin-
quences of drug-enhanced release of dopamine in the ished locomotor response to a subsequent challenge
striatum, with particular reference to psychomotor stim- dose (Post, 1980; Kuribara, 1996a).
ulants (such as cocaine and amphetamine). We contrast Neural changes responsible for tolerance and sensiti-
two different types of brain responses to addictive zation can coexist. For example, Dalia et al. (1998) gave
drugs—neuronal adaptations, which are mostly homeo- intermittent injections of cocaine (40 mg/kg, given at
static responses to excessive stimulation, and synaptic 3-day intervals) and observed a sensitized response to
plasticity, which allows for the association of drug- a challenge dose of cocaine (7.5 mg/kg). They then im-
related stimuli with specific learned behaviors. Most re- planted the same animals with an osmotic pump that
cent investigations into the molecular neurobiology of delivered cocaine continuously (80 mg/kg/day) for 7
addiction have emphasized homeostatic adaptations to days. One day after the pump was removed, the animals
drug administration (for representative reviews, see displayed tolerance to the challenge dose. However, by
Koob and Le Moal, 1997; Koob et al., 1998). However, 10 days after pump removal, they once again displayed
while homeostatic adaptations may underlie important a sensitized response to the challenge. Thus, neural
aspects of drug dependence and withdrawal symptoms, mechanisms of tolerance can mask the expression of
it is unlikely that they can account either for the compul- sensitization, but may fade more rapidly (e.g., Kalivas
sive nature of drug abuse or for the persistent tendency and Duffy, 1993). Sensitized locomotor activity can per-
to relapse. In contrast, we describe how addictive drugs sist in rats for over a year after the end of drug adminis-
can engage a set of molecular mechanisms normally tration (Paulson et al., 1991).
involved in associative learning—stimulation of dopa- A drug user who abruptly stops active drug use may
mine D1 receptors, the activation of the cAMP/PKA/ display withdrawal symptoms. Some drugs give rise to
CREB signal transduction pathway, a transient burst of clear “physical” symptoms of withdrawal, such as hy-
altered gene expression, and synaptic rearrangements. pertension or abdominal cramps after stopping opiate
The persistence of drug addiction may thus reflect the use, or seizures after ceasing heavy alcohol use (Gold-
persistence of specific altered patterns of synaptic con- stein, 1994). All addictive drugs, including psychostimu-
nectivity, as is thought to occur for normal memory for- lants, can produce emotional withdrawal symptoms
mation. Finally, we describe how plasticity in multiple such as dysphoria and anhedonia, a diminished capacity
neuronal systems may contribute to distinct phases of for experiencing pleasure (e.g., Gawin and Ellinwood,
drug taking, and argue that dorsal striatal circuits in- 1989; Markou and Koob, 1991), although such symp-
volved in normal habit learning may be of particular toms are not always observed, even in individuals who
importance in the shift from controlled drug use to com- use drugs compulsively. The behavioral phenomena of
pulsive drug abuse. tolerance and withdrawal symptoms both appear to re-

sult, at least in part, from compensatory adaptations
Tolerance, Dependence, and Sensitization

that occur during drug administration. In response to
Psychostimulants have both acute and long-lasting ef-

potent stimulation by drugs, such adaptations act to
fects on behavior. In humans, they acutely increase

maintain equilibrium by reducing drug effects (toler-
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convincingly documented for the opiate physical with- of addiction. Sensitization can be operationally defined
as a leftward shift in the drug’s dose–response curvedrawal syndrome (Nestler and Aghajanian, 1997). It
(Altman et al., 1996). Mechanistically, this could arise inshould be noted, however, that for some forms of toler-
at least two different ways. The drug could have anance, e.g., in opiate analgesia, there is increasing evi-
increased pharmacological effect, for example as a re-dence for involvement of associative learning mecha-
sult of increasing the number of drug receptors ornisms (Cepeda-Benito et al., 1999).
strengthening their coupling to effector proteins. Alter-Tolerance and withdrawal are the defining aspects
natively, an increased behavioral effect could result fromof drug “dependence.” In contrast, human addiction is
the drug acting on neural circuits in which there aredefined by uncontrolled, compulsive drug use despite
altered patterns of stored information, resulting fromnegative consequences. Dependence narrowly defined
prior associative learning. While both forms of sensitiza-can occur without addiction (for example, in patients
tion probably occur under certain circumstances, manyrequiring morphine for cancer pain, or benzodiazepines
experiments have demonstrated a role for associativefor panic disorder; Petursson, 1994; Vgontzas et al.,
learning in psychostimulant sensitization. If, for exam-1995). In addition to being insufficient for addiction, de-
ple, a rat is taken from its home cage to a novel “test”pendence is also not necessary. Both withdrawal symp-
cage for intermittent amphetamine injections, the sensi-toms and drug tolerance tend to disappear within a few
tized locomotor response to a challenge dose is muchdays or weeks (Gawin, 1991; Paulson et al., 1991) and
greater if the challenge is also given in that test cageare therefore unlikely to account for the persistence of
than if given in a different environment (e.g., Hinson anddrug addiction. As has been pointed out before, it is
Poulos, 1981; Badiani et al., 1995). Several groups havetherefore essential to distinguish between neural alter-
demonstrated that this “context dependence” can beations that account for dependence and those that re-
complete—i.e., substantial sensitization expressed insponsible for compulsive drug use (Wise and Bozarth,
the drug-associated location, no sensitization at all in a1987) and late relapse.
different environment (for reviews, see Pert et al., 1990,
and Anagnostaras and Robinson, 1996; for recent exam-Associative Learning in Relapse and Sensitization
ples, see Tirelli and Terry, 1998). Even without an acuteHumans and other animals can readily learn to take
drug injection, an animal placed back in the drug-associ-addictive drugs; this process requires the specific rec-
ated environment will often show a conditioned re-ognition of drug-associated cues and the performance
sponse, repeating in part the behavior previously per-of specific, often complex, actions. Self-administration
formed there (such as locomotor activity or stereotypy).of psychostimulants may involve several distinct forms
Discrete stimuli such as tones or lights that are pairedof learning (Robbins et al., 1989; White, 1989; White,
with drug administration can also come to control both1996). An action that is followed by administration of
sensitization and conditioned locomotion (Pickens andpsychostimulants, such as pressing a lever for intrave-
Dougherty, 1971; Bridger et al., 1982; Panlilio and Schin-nous injection, tends to be repeated (“reinforced”; e.g.,
dler, 1997). At least some aspects of sensitization alsoWoolverton, 1992). In addition, cues associated with
involve performance of learned responses to specific

drug administration acquire motivational significance;
stimuli and contexts, rather than enhancement of an

for example, rats will choose to spend more time in a
unlearned locomotor response to drug. A sensitized ste-

location in which they have passively received an injec-
reotypy response to amphetamine appears to consist

tion of psychostimulants than in another location paired largely of behavioral elements performed during the
with saline injection (“conditioned place preference”; prior exposure to drug (Ellinwood and Kilbey, 1975), and
Tzschentke, 1998). Psychostimulants act to enhance the expression of this response is diminished in a novel
memory consolidation in general, even facilitating learn- environment (Robbins et al., 1990). Also, mice prevented
ing of specific behaviors unrelated to drug intake. For from moving around freely during initial exposure to
example, systemic injections of amphetamine after psychostimulants do not exhibit locomotor sensitization
training can enhance learning of discrimination or avoid- to a subsequent dose (Kuribara, 1996b, 1997).
ance tasks (Krivanek and McGaugh, 1969; White, 1988, Context-dependent sensitization and cue-conditioned
and references therein). human relapse suggest that the brain stores specific

There is evidence that relapses among drug-addicted patterns of drug-related information. In contrast, other
humans also involve associative learning. Relapse often mechanisms appear to regulate the overall respon-
occurs when addicts encounter people, places, or other siveness of an organism. Such mechanisms can pro-
cues associated with their prior drug use (e.g., Childress duce either context-independent sensitization (see be-
et al., 1986; Shiffman et al., 1996). In contrast, the great low; Stewart, 1992) or, as in the state of psychostimulant
majority of US soldiers who became addicted to heroin withdrawal, a general reduction in responsiveness to a
in Vietnam were able to stop drug use upon returning broad range of information, resembling mild depression
to the distinct context of the United States (Robins et (Gawin and Ellinwood, 1989). In the remainder of this
al., 1975). In laboratory studies, drug users display con- review, we examine neurobiological evidence support-
ditioned emotional responses to drug-associated cues, ing this distinction (see Table 1), and consider how neu-
including increased expressed desire for drugs (e.g., ral mechanisms involved in normal memory formation
Ehrman et al., 1992). Conditioned responses to drug- might also be responsible for compulsive drug use.
associated cues persist far longer than withdrawal
symptoms (O’Brien et al., 1992) and can occur despite Architecture of Striatal Information Processing
years of abstinence from drugs. and Its Modulation by Dopamine

As behavioral sensitization to drugs can also be per- Psychostimulants act at axonal terminals of neurons
that release monoamines (dopamine, serotonin, andsistent, it has been considered a model for some aspects
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Table 1. Psychostimulant-Induced Behavioral Change: One Possible Classification

General Changes in Behavioral Responsiveness versus Associative Learning

(e.g., altered presynaptic release of dopamine, (e.g., structural plasticity of specific
altered postsynaptic dopamine signaling pathways) glutamatergic synapses)

compensatory adaptations can context-independent sensitization; conditioned responses to drug-related stimuli;
cause tolerance and withdrawal stress-induced sensitization context-dependent sensitization;
symptoms (dependence) persistent relapse liability;

compulsive drug use

norepinephrine). Psychostimulants increase the extra- pushes them into an active mode (the “up” state); once
in this mode, small changes in input can then triggercellular concentrations of these neuromodulators: co-
action potentials, and the cells fire in bursts (Stern etcaine by blocking transporter-mediated reuptake and
al., 1998). This activity of striatal neurons is frequentlyamphetamine by promoting efflux from synaptic termi-
observed to be context dependent. A striatal neuron,nals (for review, see Seiden, 1993). Many brain regions
for example, may fire in conjunction with a particularreceive monoamine inputs, including striatum, neocor-
movement made as part of a specific behavioral task,tex, amygdala, and hippocampus (Fallon and Loughlin,
but not with the same movement in a different behavioral1995), and following psychostimulant administration,
situation (e.g., Kimura et al., 1992).markers of brain activity are altered in many structures

Striatal spiny neurons themselves project out of the(e.g., Stein and Fuller, 1993; Lyons et al., 1996; Breiter
striatum; half of these projections form the “direct” path-et al., 1997). While the full diversity of drug effects is
way to the internal part of the globus pallidus (GPi; SNrmediated by multiple neurotransmitters acting in multi-
in rodents), while the other half project indirectly to GPiple brain regions, most addictive drugs share the com-
via the external part of the globus pallidus (GPe) andmon property of increasing dopamine release in the stri-
the subthalamic nucleus. From GPi there are projectionsatum (e.g., Di Chiara and Imperato, 1988; Kuczenski et
to the mediodorsal thalamus. This part of the thalamus inal., 1991). The dopamine input to the striatum is provided
turn has (reciprocal) connections with frontal neocorticalby a very dense network of axon terminals arising from
areas, including prefrontal cortex. Overall, many investi-cell bodies in the midbrain–substantia nigra pars com-
gators have suggested that neural circuits through thepacta and ventral tegmental area (see Fallon and Lough-
striatum are involved in response selection and the per-lin, 1995). The increased locomotor activity and stereo-
formance of actions (e.g., Robbins et al., 1990; Pass-typy caused by psychostimulants seem especially to
ingham, 1993; Wise et al., 1996; Brown and Marsden,involve dopamine release in ventral and dorsal parts of
1998).striatum, respectively (Kelly et al., 1975). The ventral

striatum includes the “core” and “shell” of the nucleus
accumbens (see Heimer et al., 1991); blockade of dopa-
mine neurotransmission in this region attenuates most
rewarding effects of addictive drugs, such as condi-
tioned place preference (see Wise 1996 and references
therein). The dopaminergic projection to ventral striatum
has therefore been intensely investigated for its poten-
tial involvement in addiction (for review, see Self and
Nestler, 1995).

The dorsal and ventral striatum are components of
large-scale neural circuits, encompassing the cerebral
cortex, basal ganglia, and thalamus (Figure 1; for re-
views, see Alexander et al., 1990, and Gerfen and Wilson,
1996). The striatum receives glutamatergic inputs from
all cortical areas. Neocortical areas project mainly to
more dorsal parts of striatum, while other regions such
as hippocampus and amygdala project mainly to ventral
parts of striatum (e.g., McGeorge and Faull, 1989).

Figure 1. Simplified Anatomy of Cortex–Basal Ganglia CircuitsNinety to ninety-five percent of striatal neurons are me-
Multiple circuits project from a wide range of cortical regionsdium-sized GABAergic cells, with dendrites that have a
through the basal ganglia and back to cortex. The processing ofdense population of spines. These spines receive syn-
discrete patterns of information in these circuits can be modulated

aptic contacts from glutamatergic afferents; each spiny by the diffuse dopamine input from the midbrain. D1-type dopamine
cell receives synapses from thousands of distinct corti- receptors are located pricipally on striatal neurons projecting to GPi/

SNr, while D2-type dopamine receptors are principally on striatalcal neurons (Kincaid et al., 1998). This anatomical orga-
neurons projecting to GPe. Additional important connections, suchnization is consistent with the idea that spiny cells inte-
as the direct cortical projection to STN and dopamine inputs tograte information from many sources and contrasts with
other forebrain areas, are omitted for simplicity. Abbreviations: GPe,the point-to-point transmission of information that char-
globus pallidus–external; GPi, globus pallidus–internal; STN, sub-

acterizes, for example, primary sensory cortical areas. thalamic nucleus; SNr, substantia nigra pars reticulata; SNc/VTA,
Medium spiny neurons are silent most of the time, until substantia nigra pars compacta/ventral tegmental area; THAL, thala-

mus; HIPP, hippocampus; AMYG, amygdala.simultaneous activity in many glutamatergic afferents
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Superimposed on this cortex–basal ganglia–thalamus– Consistent with the broad set of inputs to striatum,
increasing striatal dopamine can enhance behavioralfrontal lobe circuitry are the modulatory dopamine pro-
responsiveness to a broad range of information. Forjections. The architecture of dopaminergic and other
example, the ventral striatum receives inputs from nucleimonoaminergic systems in the brain differs markedly
of the amygdala that are thought to process informationfrom that of neuronal projections involved in communi-
about the emotional and motivational significance ofcation of detailed information. Dopamine is released by
environmental stimuli (Everitt et al., 1991; McDonald,a restricted number of neurons that project widely to
1991; Hatfield et al., 1996). Animals will normally worka large number of targets. The striatum is so heavily
for presentation of a cue that has been previously pre-innervated by dopamine terminals that the average dis-
sented in conjunction with reward. The amount of re-tance between release sites is only 4 mm, and the dy-
sponding for such “conditioned reinforcers” is increasednamics of dopamine reuptake allow rapid diffusion to
by injections of amphetamine either systemically or intononsynaptic receptors (Gonon, 1997). Dopamine recep-
ventral striatum (Cador et al., 1989; Kelley and Delfs,tors are commonly found at nonsynaptic sites; they do
1991). Dopamine blockade or destruction of dopaminenot seem to be clustered at synapses (Caille et al., 1996).
terminals in ventral striatum block this effect of amphet-In addition, they are G protein coupled; Hille has pointed
amine, without preventing responding for “primary” re-out that the characteristics of G protein signaling, such
wards such as food (Robbins et al., 1989; Ranaldi andas high affinity for agonists and spare receptors, encour-
Beninger, 1993; Wolterink et al., 1993). Hence, the ven-age extrasynaptic transmission (Hille, 1992). When do-
tral striatum has been described as an interface betweenpaminergic axons or cell bodies are briefly stimulated
motivational and motor systems in the brain (Mogensonwith a burst of current pulses, the resulting increase in
et al., 1980), with dopamine regulating the extent tostriatal dopamine is transient, lasting less than a second
which previously obtained information about the motiva-(Gonon, 1997; Garris et al., 1999). Thus, dopamine neu-
tional significance of cues affects ongoing behavior.rotransmission in striatum may have some temporal

specificity (see below), but it is thought that it represents
Striatal Dopamine Also Assists Consolidationa “global” signal rather than conveying spatially detailed
of New Behaviorspatterns of information (e.g., Schultz, 1998a, 1998b).
In addition to a short-term effect facilitating action, do-Neural changes that alter dopamine neurotransmission
pamine also regulates learning in striatal circuits. Parkin-are therefore unlikely, by themselves, to account for
sonian patients have specific deficits in “habit” or “skill”behavioral changes that are specific to particular pat-
learning (e.g., Flowers, 1975; Saint-Cyr et al., 1988;terns of information.
Knowlton et al., 1996). This form of associative learning
is believed to involve the dorsal striatum, and is charac-Striatal Dopamine Sets Thresholds for Action
terized by the progressively smoother execution of aStriatal dopamine levels modulate the “behavioral reac-
particular action or behavioral sequence, generally intivity” of the organism (Salamone, 1996; see also Black-
response to specific stimuli (for reviews, see Mishkin etburn et al., 1992; Robbins et al., 1998). Loss of the dopa-
al., 1984; White, 1997; Graybiel, 1998). During the initialmine input to striatum results in Parkinson’s disease,
learning of a task, one must pay attention, but with many

characterized by slowness in initiating actions. Similarly,
repetitions the process becomes increasingly auto-

mice genetically modified to lack dopamine are hypoac-
matic. This habit learning is a form of “procedural” or

tive and stop eating a few weeks after birth; they starve “implicit” memory—it is preserved in patients with am-
unless given dopaminergic drugs such as L-DOPA, in nesia who cannot consciously recall the training epi-
which case they grow at near normal rates (Zhou and sodes (Milner et al., 1998). Habit learning includes not
Palmiter, 1995). Adult animals whose dopamine cells are just overt motor actions but also other tasks involving
completely destroyed by neurotoxins such as 6-hydroxy- the gradual, incremental learning of implicit associations
dopamine (6-OHDA) or MPTP are also akinetic and (e.g., Knowlton et al., 1996). Once established, some
aphagic (Ungerstedt, 1971; Langston et al., 1984), as learned habits can be hard to extinguish, as they tend to
are animals given large doses of dopamine-blocking persist even when the outcome becomes less desirable
drugs, such as the antipsychotic drug haloperidol. Rats (i.e., they are resistant to devaluation; Altman et al., 1996;
given 6-OHDA lesions or haloperidol may not respond Balleine and Dickinson, 1998).
to normal food, but will often eat highly palatable food. Removal of dopamine interferes with striatally based
Near-normal behavior can also be induced by arousing learning processes; conversely, intrastriatal injections
stimuli such as pinching the tail (Schwab and Zieper, of psychostimulants can enhance learning of striatum-
1965; Marshall et al., 1974, 1976), and such lesioned dependent tasks. For example, if rats that are learning
animals will swim effectively if placed in a tank of water to move to a marked target in a water maze are given
(Keefe et al., 1989). Thus, rather than preventing the intrastriatal amphetamine immediately after training,
capacity for action, removal of dopamine leads to a they show enhanced performance the next day (Packard
“psychomotor” deficit, in many ways opposite to the et al., 1994). This facilitatory action of psychostimulants
effects of psychostimulants (for review, see Wise and on learning appears to respect the topography of corti-
Bozarth, 1987). Conversely, increases in striatal dopa- cal afferents to striatum. Amphetamine injections in
mine levels are observed in response to a wide array parts of striatum receiving inputs from visual cortex se-
of naturally occurring events that are arousing. These lectively improve learning of a conditioned response to
include rewarding, novel, and stressful stimuli (for re- a visual cue, while injections into regions of striatum
views, see Blackburn et al., 1992, and Salamone et al., receiving inputs from olfactory cortex selectively im-

prove learning of a conditioned response to an olfactory1997).
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cue (Viaud and White, 1989). Systemic injections of am- part of the globus pallidus/substantia nigra pars reticu-
phetamine can also facilitate learning of such tasks, lata, while D2 receptors are found on spiny neurons
provided the dopamine input to striatum is intact (White, projecting to the external part of the globus pallidus
1988). (see Figure 1). There are also D2 autoreceptors on the

This memory-enhancing effect of striatal dopamine dopaminergic terminals themselves (Le Moine and
does not require high temporal precision, since it is Bloch, 1995; Khan et al., 1998). (As shorthand, we shall
observed even with psychostimulant injections adminis- refer to D1 receptor–bearing striatal medium spiny neu-
tered just after the training episodes. However, tempo- rons as “D1 cells” and D2 receptor–bearing striatal spiny
rally precise changes in striatal dopamine may play other neurons as “D2 cells”). D1 receptors are coupled to Gs/
important roles in learning. Midbrain dopamine cells Golf and thus stimulate adenylate cyclase to produce
continuously supply dopamine to the striatum by firing the intracellular second messenger cAMP. cAMP in turn
tonically. Schultz and colleagues have found that certain activates cAMP-dependent protein kinase (PKA), which
external events, especially unexpected rewards, cause phosphorylates numerous substrates, including L-type
a transient increase in their rate of firing (for review, calcium channels, transcription factors such as CREB,
see Schultz, 1998b). This decrease disappears if the and other intracellular signaling components (see Figure
rewarding event comes to be reliably predicted by a 2). D2 receptors are coupled to Gi/Go and thus inhibit
prior cue (such as a tone) and instead occurs in response adenylate cyclase and also activate an inwardly rectify-
to the predictive cue. Rewards presented without prior ing potassium channel.
cues still elicit an increased response, and if a reward Striatal D2 receptors are tonically (continuously) stim-
is “expected” from prior cues but omitted, there is a ulated by basal levels of dopamine, and this tonic activity
suppression of cell firing at the expected time of reward is important for normal motor behavior. Mice lacking
(Schultz et al., 1993). Recent results using high-speed D2 receptors show parkinsonian symptoms (Baik et al.,
voltammetry to measure brief changes in dopamine in 1995), as do normal animals given D2 antagonists. Dopa-
the rat ventral striatum have also found an important minergic drugs effective in the treatment of Parkinson’s
role for prediction (Garris et al., 1999). In animals learning disease vary in their efficacy at D1 receptors, but they
to press a lever to cause brief stimulation of dopamine all cause stimulation of D2 receptors (Cummings, 1991).
cell bodies (intracranial self-stimulation), the first few Administration of D2 antagonists, or dopamine deple-
lever presses resulted in increased dopamine release, tion with reserpine, causes disinhibition of the cAMP/
and this dopamine release was necessary for the ani- PKA/CREB pathway and induction of immediate-early
mals to learn to consistently perform the lever-pressing genes (IEGs) in D2 cells (Dragunow et al., 1990; Robert-
behavior. However, this dopamine response faded after son et al., 1992; Konradi and Heckers, 1995; Adams et
the first few presses, even though the animals kept al., 1997). This is blocked by coadministered D2 agonists
pressing the lever to receive stimulation. Unpredictable but not D1 agonists (Dragunow et al., 1990; Cole and
stimulation of dopamine cell bodies still caused a brief Di Figlia, 1994).
increase in dopamine release. Given these properties, D1 receptor stimulation leads to phosphorylation of
it has been suggested that such transient changes in striatal ion channels (including calcium, sodium, and
dopamine release may be evoked when the animal’s potassium channels and NMDA receptors), with com-
predictions of rewarding events turn out to be inaccurate plex effects on cell firing that depend, in part, on the
and that dopamine is involved in adjusting those predic- activation state of the neuron (Surmeier and Kitai, 1993;
tions (Schultz et al., 1995b; Schultz et al., 1997). Tran- Hernandez-Lopez et al., 1997; Cepeda et al., 1998; Can-
sient changes in dopamine levels may correspond to trell et al., 1999). Mice lacking D1 receptors do not show
the “error signal” found in certain neural network models parkinsonian symptoms or other gross motor abnormali-
of reinforcement learning (Barto, 1995; Sutton and Barto,

ties (Drago et al., 1994; Xu et al., 1994), suggesting that
1998; but see Redgrave et al., 1999).

D2 receptor stimulation may be more essential for the
Dopamine release in striatum can thus both potentiate

enabling role of striatal dopamine on behavior. D1 recep-performance of previously established behaviors (psy-
tors may have a greater role in the effects of dopaminechostimulation) and assist in the learning of new pat-
on learning (see below; Beninger and Miller, 1998). How-terns of behavior (reinforcement/consolidation). We next
ever, activation of both D1 and D2 receptors can haveturn to some of the molecular mechanisms underlying
synergistic effects on acute neural activity, gene expres-these effects, which are both likely to be important in
sion, and behavior (Paul et al., 1992; LaHoste et al., 1993;the long-term effects of addictive drugs.
Gerfen et al., 1995; Hu and White, 1997). The activating
effect of increased striatal dopamine release on behav-Molecular Actions of Dopamine in Striatum
ior may result in part from coordinated actions of D1There are at least five types of dopamine receptors in
and D2 receptor stimulation on “direct” and “indirect”the vertebrate CNS, and these fall into two classes: D1-
basal ganglia pathways, respectively (Wise et al., 1996),type (D1, D5) and D2-type (D2, D3, D4) (for reviews, see
although the exact nature of the information processingNeve and Neve, 1997; Robinson, 1997). The striatum has
achieved through these circuits remains unclear.a very high density of D1 and D2 dopamine receptors,

localized concentrations of D3 receptors in regions of
Prolonged Dopamine Stimulation Causesthe ventral striatum, and lower levels of D4 and D5 recep-
Compensatory Cellular Adaptationstors (Mansour and Watson, 1995; Bordet et al., 1997).
Intracellular signaling produced by D1 receptor stimula-In view of their high striatal density, we focus here on
tion can cause a variety of cellular responses, with vary-D1 and D2 receptors. D1 receptors are localized primar-

ily on striatal spiny neurons that project to the internal ing time courses. Some of these changes cause altered
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Figure 2. Neurotransmitter Control of Striatal
IEG Expression

Induction of IEG expression is under the joint
control of calcium- and cAMP-dependent
signal transduction pathways. In striatum
these pathways appear to be mutually inhibi-
tory at many stages (not shown), but their
effects inside the nucleus can be cooperative.
Both PKA and CaMKIV can phosphorylate
CREB at serine 133. Calcium-dependent
CREB phosporylation may also occur as a
result of activation of the ERK MAPKs in stria-
tal cells. ERK MAPKs also increase transcrip-
tion of striatal IEGs through phosphorylation
of the transcription factor Elk-1. A complex
set of genes can be induced in striatal neu-
rons. Some genes appear to be part of a ho-
meostatic response, reducing sensitivity to
subsequent stimulation; others may be in-
volved in consolidating changes in the

strength of specific synaptic connections. Abbreviations: D1, dopamine D1 receptor; D2, dopamine D2 receptor; PKA, cAMP-dependent
protein kinase; CaM, calmodulin; CaMKIV, calcium/calmodulin-dependent protein kinase IV; MEK, MAP and ERK kinase; MAPK, mitogen-
activated protein kinase; SRF, serum response factor; AP-1, activator protein-1; CRE, cAMP response element; CREB, CRE binding protein;
TBP, TATA binding protein; RNA pol II, RNA polymerase II.

sensitivity to neurotransmitters and may therefore be al., 1998). The increase in striatal dynorphin mRNA levels
is one of the longest-lasting of the dozens of mRNAinvolved in altered behavioral responses to drugs. For

example, phosphorylation and internalization of striatal changes induced by cocaine or D1 agonists (Spangler
et al., 1996; Berke et al., 1998), yet even this increaseD1 receptors can occur within minutes of exposure to

amphetamine or D1 agonists and are associated with a fades within days if no further drugs are administered.
Thus, the upregulation of striatal dynorphin by psycho-diminished cAMP response to subsequent D1 stimula-

tion (e.g., Roseboom and Gnegy, 1989; Tiberi et al., stimulants is an example of a reversible homeostatic
adaptation that may contribute to withdrawal symp-1996; Dumartin et al., 1998). This type of rapid adaptation

may be responsible for the first cocaine administration in toms. The set of withdrawal symptoms produced by a
given addictive drug result from multiple such homeo-a “binge” having the largest subjective and physiological

D1 effects (“acute tolerance”). Longer-lasting changes in static responses, in multiple brain regions (Rasmussen
et al., 1990; Hyman, 1996; Koob et al., 1998b; Zhang etdopamine neurotransmission can be achieved through

altered gene expression. For example, prolonged activa- al., 1998). When drug administration ceases, these neu-
ral systems gradually return to their normal sensitivity.tion of D1 receptors can lead to increased expression

of the neuropeptide dynorphin in striatal D1 cells (Ger- This can take anywhere from minutes to weeks de-
pending on the particular homeostatic response, but sofen et al., 1990; Cole et al., 1995). Increased dynorphin

precursor mRNA is also seen in the striata of human far none appears sufficiently long-lasting to be involved
in the persistent tendency of addicted individuals tococaine abusers postmortem (Hurd and Herkenham,

1993). Dynorphin activates k opioid receptors on presyn- relapse.
aptic dopamine terminals, causing decreased dopamine
release (Spanagel et al., 1992). Thus, some effects of Nonassociative Mechanisms Contributing

to Sensitizationpsychostimulants on gene expression appear to be
compensatory adaptations to excessive stimulation of The idea that changes in behavioral responses to psy-

chostimulants reflect altered dopamine neurotransmis-neurotransmitter receptors. Following an extended pe-
riod of cocaine self-administration, extracellular levels of sion is attractively straightforward and has been exten-

sively investigated. Psychostimulants can evoke a widedopamine are depressed below normal baseline levels
(Weiss et al., 1992). Increases in dynorphin expression range of changes in both midbrain dopamine neurons

and their forebrain targets (Self and Nestler, 1995); amay be one of the mechanisms involved in this blunting
of normal dopamine neurotransmission (Steiner and subset of these likely contribute to some forms of sensi-

tization. For example, after a period of psychostimulantGerfen, 1996). k receptor agonists are aversive in both
humans and rats (Shippenberg et al., 1993), so an in- administration, the ability of a subsequent dose to evoke

dopamine release in the striatum can be increased (forcrease in dynorphin expression due to psychostimulant
administration may contribute to the dysphoria seen reviews, see Kalivas and Stewart, 1991, and Robinson

and Becker, 1986). This effect can persist for at leastduring withdrawal (Shippenberg and Rea, 1997). Dopa-
mine-induced increases in dynorphin expression require several weeks (e.g., Robinson et al., 1982; Kalivas and

Duffy, 1993; Hooks et al., 1994). Injections of amphet-prolonged stimulation of D1 receptors (J. D. B. and
S. E. H., unpublished data) and increased phosphory- amine or D1 agonists directly into the vicinity of midbrain

dopamine cells can also lead to an enhanced ability oflation of CREB (Cole et al., 1995). Prolonged overex-
pression of phospho-CREB in the ventral striatum via a subsequent doses of psychostimulants to cause dopa-

mine release from terminals in the striatum (Kalivas andviral vector also increases dynorphin expression and
reduces the rewarding effects of cocaine (Carlezon et Weber, 1988; Vezina, 1993, 1996; Pierce et al., 1996).
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Enhanced dopamine release can be observed even in (Cole et al., 1992; Douglass et al., 1995; Berke et al.,
dissociated striatal slices and may involve alterations 1998). However, this induction seems to be transient,
to signal transduction pathways in dopamine terminals with most mRNAs returning to baseline expression
(e.g., Kantor et al., 1999). within a few hours to a day (Wang et al., 1995; Berke et

Other behavioral manipulations, notably stress or so- al., 1998). Certain protein products of psychostimulant-
cial isolation, can also enhance the locomotor effects induced genes can persist longer in striatum (Cha et al.,
of subsequent doses of psychostimulants (Sahakian et 1997). To date the longest-lived known are posttransla-
al., 1975; Piazza and Le Moal, 1996). Stress-induced tionally modified products of the fosB gene, referred to
sensitization occurs most readily when the stressor is as “chronic Fos-related antigens” (chronic FRAs; Hope
unpredictable and/or uncontrollable (MacLennan and et al., 1994). These have been shown to exhibit increased
Maier, 1983; Goeders and Guerin, 1994). Components levels for up to 4 weeks and may alter the ability of
of stress pathways may also be important in the devel- subsequent stimuli to induce genes regulated by AP-1
opment of some forms of psychostimulant sensitization transcription factors; thus, they could alter subsequent
(Deroche et al., 1995; Rouge-Pont et al., 1998). Psycho- patterns of psychostimulant-induced gene expression.
stimulant injections cause increased levels of stress hor- Overexpression of DFosB in the striatum of transgenic
mones such as glucocorticoids, which may produce ad- mice is correlated with altered behavioral sensitivity to
aptations in midbrain dopamine neurons, leading to cocaine (Kelz et al., 1999). Overall, however, there is no
enhanced subsequent release of dopamine (Piazza and evidence to date for up- or downregulated mRNA or
Le Moal, 1996). protein levels in the brain that last long enough to ac-

However, behavioral sensitization to psychostimu- count for the persistence of some forms of sensitiza-
lants can occur without increased striatal dopamine re- tion—and in humans, addiction.
lease (e.g., Segal and Kuczenski, 1992a, 1992b; Kalivas If long-term changes in gene expression are impor-
and Duffy, 1993; Heidbreder et al., 1996; Kuczenski et tant, it is not as a result of altering dopamine release
al., 1997). In addition, behavioral sensitization to direct or postsynaptic dopamine sensitivity alone. Enhancing
dopamine agonists occurs even when the dopamine dopamine neurotransmission in striatum, which appears
projection to forebrain is absent. In 6-OHDA-lesioned to lack spatial specificity, would be expected to enhance
rodents, repeated administration of L-DOPA or dopa- the behavioral response to psychostimulants irrespec-
mine agonists causes a progressively enhanced loco- tive of any specific behavioral situation. It is not therefore
motor response to these drugs (“priming”; e.g., Jenner obvious how such mechanisms could account for the
and Marsden, 1987; Morelli and Di Chiara, 1987; Carey, observations that both sensitization and drug taking can
1991). This effect may contribute to the dyskinesias, come under the control of specific cues (for a thorough
response fluctuations, and psychotic symptoms experi- experimental analysis of context-dependent sensitiza-
enced by most human patients receiving long-term tion, see Anagnostaras and Robinson, 1996).
L-DOPA therapy for Parkinson’s disease (Cummings, When the acute behavioral effects of psychostimu-
1991; Olanow and Koller, 1998). Like psychostimulant lants occur in association with specific (especially novel)
sensitization, priming can persist for many months in cues, there is an opportunity for the animal to learn this
the absence of drugs (e.g., Criswell et al., 1989). association. Most reports cited above of neurochemical

Alterations in postsynaptic responsiveness to dopa- or neurophysiological changes with repeated psycho-
mine may be involved in some forms of sensitization stimulant injections used drug administration paradigms
(for review, see Nestler et al., 1996). Although psycho- (such as injections in the home cage) that avoid pairing
stimulant sensitization is not consistently correlated drug infusions with distinct contexts. Such unpredict-
with lasting changes in dopamine receptor mRNA or able drug injections may preferentially evoke nonasso-
protein levels (e.g., Meador-Woodruff et al., 1993), psy- ciative forms of sensitization.
chostimulants can cause changes in levels of G proteins
and other components of intracellular signaling path-

Dopamine D1 Receptors Are Coupled to Mechanismsways (Terwilliger et al., 1991; Striplin and Kalivas, 1993).
of Synaptic PlasticityFor example, multiple components of the cyclic AMP
For context-dependent sensitization and for addiction,signaling pathway are upregulated by psychostimulants
a state in which cues can initiate complex foraging and(Terwilliger et al., 1991; Nestler et al., 1996). Such obser-
drug-taking behaviors, additional or alternative associa-vations may explain reports of increased coupling of D1
tive learning processes must be involved. It is strikingreceptors to adenylate cyclase (e.g., Sala et al., 1995).
that striatal D1 receptors are coupled to the cAMP/PKA/At the electrophysiological level, it is also known that
CREB intracellular cascade (Konradi et al., 1994; Hyman,the ability of cocaine or D1 agonists to inhibit glutamate-
1996), a pathway implicated in memory formation andevoked firing of striatal neurons in anesthetized rats
synaptic change in species as diverse as fruit flies, mol-can be enhanced by prior cocaine treatment (Henry and
lusks, and mice (for review, see Silva et al., 1998). D1White, 1991; Henry and White, 1995), and this change
receptors have been shown to have an important rolecan be observed for 1 month after the last cocaine in-
in hippocampal long-term potentiation (LTP), the mostjection.
influential current model of synaptic plasticity. In theJust as increased dynorphin expression is thought
CA1 hippocampal region, simultaneous depolarizationto contribute to behavioral tolerance and withdrawal,
of pre- and postsynaptic neurons leads to opening ofphysiological changes underlying persistent sensitiza-
NMDA receptors, calcium entry into the cell, and en-tion and addiction might be due to persistent changes
hancement of the strength of specific synaptic connec-in gene expression. Psychostimulants can cause the

induction of a large number of genes in striatal D1 cells tions (Malenka and Nicoll, 1993; Milner et al., 1998). For



Neuron
522

LTP to persist for more than 2–3 hr (“late-phase” LTP al. (1996) found that a modest dose of systemic D1
agonists increased the striatal IEG response to auditoryor L-LTP) requires increases in postsynaptic cAMP,
stimuli, or to direct stimulation of auditory cortex. Thisphosphorylation of CREB, gene transcription, and pro-
response was specific to areas of striatum receivingtein synthesis (Bourtchuladze et al., 1994; Nguyen et al.,
inputs from auditory cortex. Conversely, if cortical pro-1994; Frey et al., 1996; Nguyen and Kandel, 1996). The
jections to striatum are severed, the striatal IEG re-requirement for activation of gene expression seems to
sponse to amphetamine is reduced (Cenci and Bjork-be transient, since hippocampal L-LTP is disrupted by
lund, 1993). Increased activity of cortical areas mayblockers of transcription or translation if they are given
also account for observations that giving an amphet-within a few hours of the LTP-inducing stimulus but
amine injection in a novel environment greatly enhancesnot if given later (Frey and Morris, 1997). Activators of
the degree of both striatal IEG induction and behavioralthe cAMP cascade, including D1 agonists, can induce
sensitization, without affecting the extent of striatal do-L-LTP (Frey et al., 1993; Huang and Kandel, 1995), and
pamine release (Badiani et al., 1998).D1 agonists can prevent depotentiation of potentiated

Cocaine, amphetamine, nicotine, and morphine allsynapses (Otmakhova and Lisman, 1998). D1 blockade
cause induction of IEG expression in striatum; for eachblocks hippocampal L-LTP (Frey et al., 1990, 1991; Hu-
of these drugs IEG induction is blocked by either D1ang and Kandel, 1995), and D1 knockout mice do not
antagonists or NMDA receptor antagonists (Young etshow L-LTP (Matthies et al., 1997). In the hippocampus,
al., 1991; Kiba and Jayaraman, 1994; Liu et al., 1994).therefore, D1 receptor activation may act to gate synap-
Mutant mice lacking D1 receptors do not show this IEGtic plasticity, helping to determine whether changes in
response (Moratalla et al., 1996); in such mice locomotorsynaptic strength are long lasting or merely transient.
sensitization to amphetamine is diminished and doesA role for dopamine receptors in the modification of
not progressively increase with repeated injectionssynaptic strength fits well with the idea that increases
(Crawford et al., 1997). Similarly, the development ofin extracellular dopamine can act as a reinforcement
psychostimulant sensitization is blocked by NMDA re-learning signal in striatum (Wickens and Kotter, 1995).
ceptor antagonists (Karler et al., 1989; Wolf and Khansa,LTP (and also LTD, long-term depression) is found at
1991). NMDA receptor blockade also prevents develop-corticostriatal synapses in vivo (Charpier and Deniau,
ment of a conditioned locomotor response to a psycho-1997) and in vitro (e.g., Kombian and Malenka, 1994;
stimulant-associated environment (Wolf and Khansa,Calabresi et al., 1997). Some groups have found that
1991). Infusions of NMDA antagonists into the nucleusstriatal LTP can be modified by dopamine receptor stim-
accumbens interfere with acquisition of an operant task,ulation (Wickens et al., 1996; Calabresi et al., 1997; but
in which a rat has to learn to press a lever to receivesee Pennartz et al., 1993). To our knowledge, however,
food (Kelley et al., 1997). In that experiment, NMDA an-existing studies of the effects of dopamine on striatal
tagonism did not interfere with performance of a pre-synaptic plasticity have only examined effects at early
viously learned task. Similarly, doses of NMDA antago-time points after LTP induction rather than L-LTP.
nists that prevent development of sensitization do notChanges in gene expression resulting from CREB
prevent expression of previously established psycho-phosphorylation can affect the whole neuron (Casadio
stimulant sensitization (Karler et al., 1991; for review,et al., 1999), but hippocampal LTP involves change at
see Wolf, 1998).specific synapses. To account for this, one current the-

As in the hippocampus, combined increases in theory suggests that appropriate activation of a synapse
second messengers cAMP and calcium appear to besets up a “tag” that marks the synapse as eligible for
critical in altering striatal gene expression. In culturedlong-lasting modification by a subsequent signal from
striatal cells, D1 agonists cause phosphorylation ofthe nucleus (Frey and Morris, 1997, 1998; Martin et al.,
CREB and IEG expression, but this is blocked by NMDA1997b). Theories of striatal reinforcement learning sug-
receptor antagonists or calcium removal (Konradi et al.,

gest that following an action, there is a period during
1996; Das et al., 1997). Increased intracellular calcium

which an “eligibility trace” allows the representation of
can contribute to CREB phosphorylation by multiple

that action to be modified if the reinforcement signal is signal transduction mechanisms (Figure 2). Phosphory-
received (e.g., Houk et al., 1995; Schultz, 1998a). While lation via mitogen-activated protein kinase (MAPK) path-
there may well be multiple mechanisms acting at differ- ways (Xing et al., 1996) is thought to be important for
ent time scales, one candidate mechanism for an eligi- synaptic plasticity and certain forms of learning (Korn-
bility trace is the establishment of synaptic tags, with hauser and Greenberg, 1997; Martin et al., 1997a; Impey
dopamine effects on gene expression acting as the rein- et al., 1998). Stimulation of cortex causes activation of
forcement signal. the ERK MAPKs in striatal cells (Sgambato et al., 1998a),

and this is dependent on NMDA receptor stimulation
Addictive Drugs and Synaptic Change and calcium entry (Vincent et al., 1998). ERK activation
Just as dopamine and glutamate receptors are jointly can also contribute to striatal IEG induction through
involved in hippocampal synaptic plasticity, dopamine phosphorylation of Elk-1 (Sgambato et al., 1998b).
and glutamate inputs to striatum cooperate in the induc- Psychostimulants cause the rapid, transient induction
tion of gene expression and behavioral change. In nor- of a large number of distinct genes in striatal D1 cells
mal animals, selective stimulation of striatal D1 recep- (Berretta et al., 1992; Cole et al., 1992; Berke et al., 1998).
tors alone causes only a modest induction of IEG Although the function of most of these genes is not yet
expression (Robertson et al., 1992). However, D1 recep- clear, there is substantial overlap with the set of genes
tor activation can increase the striatal IEG expression induced in hippocampal LTP. This includes genes such

as homer-1a, narp, and arc that are potentially involvedcaused by cortical stimulation. For example, Arnauld et
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in regulation of synaptic function (e.g., Cole et al., 1989; and Robinson, 1996; Carey and Gui, 1998). One possibil-
ity is that context-dependent sensitization may ariseYamagata et al., 1994; Fosnaugh et al., 1995; Lyford et
from the acute drug enhancement of previously condi-al., 1995; Brakeman et al., 1997; O’Brien et al., 1999).
tioned behavioral responses to drug-associated stimuli.In some systems, persistent alterations in behavior are
Psychostimulants, nonselective dopamine agonists suchassociated with structural changes to synaptic connec-
as apomorphine, and specific D1 receptor agonists cantions (Bailey and Kandel, 1993). Similarly, the late phase
all produce increases in locomotor activity that becomeof hippocampal LTP may also involve localized forma-
persistently conditioned to specific contexts (Silvermantion of new synaptic contacts (Engert and Bonhoeffer,
and Ho, 1981; Schiff, 1982; Moller et al., 1987; Silverman,1999). Such structural modifications may also be in-
1991; Page and Terry, 1997). Once established, the ex-volved in the long-lasting effects of psychostimulants.
pression of conditioned locomotor responses does notChronic amphetamine administration causes increased
require acute dopamine release (Beninger and Hahn,dendritic spine density in the nucleus accumbens (and
1983; Brown and Fibiger, 1992; Carey, 1992; Burechailoalso in prefrontal cortex), as well as an increased number
and Martin-Iverson, 1996). However, the acute effect ofof branched spines (Robinson and Kolb, 1997). Con-
a psychostimulant challenge dose will be to facilitateversely, dopamine denervation causes a reduction in
expression of previously established, cue-conditionedstriatal dendritic spine density (Ingham et al., 1989, 1993;
behaviors—increasing the observed locomotor effectsMeredith et al., 1995) and in the number of asymmetric
of the drug (this effect may also be involved in the abilitysynapses in the striatum (Ingham et al., 1998). Dopamine
of low doses of addictive drugs or D2 agonists to causecan stimulate neurite extension and growth cone forma-
reinstatement of drug self-administration; Stewart et al.,tion in embryonic striatal cultured neurons; this action of
1984; Self et al., 1996).dopamine involves D1 receptors, the cAMP/PKA pathway,

While stimulation of striatal D1 receptors may be nec-and protein synthesis (Schmidt et al., 1996, 1998).
essary for the acquistion of conditioned responses to
psychostimulant-paired environments, it may not beLearning Mechanisms in Addiction
sufficient. Direct amphetamine injections into striatumand Sensitization
appear to produce neither conditioned responses norAddictive drugs cause dopamine release in the striatum,
context-dependent sensitization (Dougherty and Ellin-stimulation of D1 receptors, and induction of gene ex-
wood, 1981; Kalivas and Weber, 1988; Vezina and Stew-pression. D1 stimulation of gene expression is associ-
art, 1990). An additional drug action on midbrain dopa-ated with long-lasting changes in synaptic efficacy and
mine cells may be involved, though how this interactsstructural synaptic change. Many aspects of persistent
with associative learning mechanisms remains unclear.drug-induced behavioral change may thus result from

Although molecular events are crucial, the presentaltered synaptic connectivity, without requiring persis-
view of sensitization and relapse is an attempt at a sys-tent changes in overall neurotransmitter release, post-
tems-level explanation, involving storage of specific in-synaptic sensitivity, or gene expression. Despite much
formation in neuronal circuits. This stands in contrastresearch on addiction and associative learning at the
to most conceptions of sensitization, in which the func-

behavioral level, homeostatic mechanisms have been a
tioning of a brain pathway shows a general change irre-

more significant focus at the molecular and cellular level
spective of particular patterns of information (e.g.,

(Koob et al., 1998b).
Pierce and Kalivas, 1997). Both types of mechanism

The ability of addictive drugs to engage molecular may have important roles in addiction. For example,
mechanisms of synaptic plasticity, and thus to alter the nonassociative changes in dopamine neurotransmis-
functioning of specific circuits, is likely to be central to sion may set thresholds for the effects of drugs on asso-
their ability to reinforce and thereby establish addictive ciative learning. Animals that have high general behav-
behaviors. Striatal neurons are components of brain cir- ioral reactivity (indicated by a large locomotor response
cuits involved in the control of behavioral responses, to a novel environment) appear to release larger amounts
particularly in specific contexts (Schultz et al., 1995a; of dopamine into the striatum in response to stress or
Wise et al., 1996). By preferentially facilitating change psychostimulants (Rouge-Pont et al., 1993). Such ani-
at active glutamatergic striatal synapses, dopamine can mals are more likely to acquire psychostimulant self-
reinforce an association between a particular set of stim- administration (Piazza et al., 1989) and are also more
uli and a particular behavioral response. The engage- likely to acquire a conditioned locomotor response to
ment of these striatal “habit”-learning mechanisms by an amphetamine-associated environment (Jodogne et
addictive drugs could similarly promote a tendency for al., 1994). Once drug addiction is established, nonasso-
drug-related cues and contexts to provoke specific be- ciative sensitization might also serve to exacerbate the
haviors, such as drug self-administration (White, 1996; action of stressful circumstances to increase the proba-
Robbins and Everitt, 1999). The development of stimu- bility of drug use (Shaham and Stewart, 1995). Nonasso-
lus–response habits has been attributed particularly to ciative sensitization of dopamine neurotransmission in
learning processes involving dorsal parts of striatum. ventral areas of striatum may be responsible for en-
Facilitation of synaptic plasticity in ventral striatum may hanced learning about the incentive/motivational prop-
also contribute to drug use through enhanced learning erties of stimuli (e.g., Shippenberg and Heidbreder,
about the motivational significance of drug-related cues 1995), and such mechanisms have been suggested to
(Carr and White, 1983). underlie addiction (Robinson and Berridge, 1993). How-

The exact nature of the relationship between associa- ever it is not clear how nonassociative forms of sensitiza-
tive learning and sensitization is controversial (Pert et al., tion could account for the specificity of drug self-admin-

istration—why do addictive drugs become such a focus1990; Stewart, 1992; Jodogne et al., 1994; Anagnostaras
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Table 2. Hypothetical Scheme of the Changing Neural Substrates for Addictive Drug Use

Phase of Drug Use Cumulative Reasons for Drug Use Possible Neural Systems

Initial Experimentation, self-medication, ?
peer group behavior

Early/medium PLUS:
Explicit memories of pleasure, Synaptic plasticity in hippocampus,
increased incentive value of amygdala, and their projections to
drug-related stimuli ventral striatum

Relief or avoidance of Compensatory adaptations in
withdrawal symptoms many brain regions, including

striatum (and locus ceruleus for
opiates)

Late/relapse PLUS:
Automatized stimulus–response Synaptic plasticity of neocortical
habits projections to dorsal striatum

of behavior (as opposed to, for example, food or sex)? perform actions without the need for deliberate, atten-
tive control. In normal learning, behavioral flexibility canNonassociative sensitization mechanisms also cannot

account for the specific ability of drug-associated cues be achieved by overriding automatic responses that
have become inappropriate; this executive process isto provoke drug relapse.
thought to involve prefrontal cortex (e.g., Goldman-
Rakic, 1987). The abnormal strengthening of drug-takingAbnormal Associative Learning
behaviors may make this progressively more difficult.and Compulsive Behavior

The activation of synaptic plasticity is tightly regulatedAssociative learning is necessary for the establishment
by numerous intracellular mechanisms. Simulations ofof drug-taking behavior. But is it sufficient for addiction?
associative learning in neural networks indicate that ifAfter all, most psychostimulant users do not become
synaptic plasticity occurs too readily, new learning canaddicted (Gawin, 1991). It is therefore important to sepa-
interfere with previously stored representations (e.g.,rate the question “why do people take drugs?” from the
McClelland et al., 1995; Hasselmo, 1997). Such mecha-question “why do people take drugs compulsively?” For
nisms have been proposed to be involved in the patho-this reason, simple drug self-administration in animals
genesis of schizophrenia (Greenstein-Messica and Rup-may not necessarily be a particularly good model for
pin, 1998). Psychostimulants can cause abnormallyhuman addiction, though there have been recent efforts
strong and prolonged release of neurotransmitters. Theto find improved models (e.g., Ahmed and Koob, 1998).
diminished specificity of synaptic plasticity induced byOne key factor may be the unusual way in which drugs
psychostimulants may be another factor contributing tocan engage synaptic plasticity. In current models of
the narrowing of behavioral repertoire.the role of dopamine in normal reinforcement learning,

reinforcing events that are fully predicted do not evoke
dopamine release and hence do not provoke further Multiple Memory Systems and the Development

of Addictionlearning (Schultz, 1998b). However, the direct pharma-
cological actions of psychostimulants and other ad- Modern conceptions of learning and memory recognize

the importance of multiple, semi-independent brain cir-dictive drugs may override such normal constraints on
learning (Di Chiara, 1998). This could lead to excessive cuits (e.g., McDonald and White, 1993; Milner et al.,

1998). Though interconnected, these different circuitsstrengthening of synaptic patterns representing drug-
taking behavior, relative to other behaviors performed contribute to distinct aspects of behavior. We have fo-

cused on the role of brain circuits involving the striatum,by the animal. To put this another way, compulsive drug
use could be the result of an increasingly biased compe- for the many reasons discussed above. However, ad-

dictive drugs likely engage learning mechanisms intition between behavioral options (for related ideas, see
Rolls, 1996; Bigelow et al., 1998). Drug-addicted humans many brain regions. These include other targets of dopa-

mine innervation such as hippocampus, amygdala, anddisplay an overall narrowing of behavioral repertoire
(Koob et al., 1998a), with progressively more of the ad- prefrontal cortex (Goldman-Rakic, 1995). The contribu-

tions of multiple memory circuits to addiction has beendict’s time spent in drug-related activities.
In addition, the manner of drug intake becomes pro- the subject of an extensive recent review (White, 1996).

An unexpected “rewarding” event provokes multiplegressively more fixed—particular sequences of actions
become “ritualized” and automatic (Tiffany, 1990), con- forms of learning, each of which contributes to the over-

all “reinforcing” effects of that event (White and Milner,sistent with the involvement of the dorsal striatal “habit”-
learning system. Among all brain regions, it is dorsal 1992; Robbins and Everitt, 1996). These include stimu-

lus–response learning, assignment of emotional signifi-parts of striatum that show the most robust and consis-
tent induction of IEGs following a wide range of addictive cance to cues and contexts associated with the re-

warding event, and an enhanced explicit memory fordrugs (for review, see Harlan and Garcia, 1998). Loss
of control over drug taking may therefore arise from the episode in which the event occurred. As a given

task is repeatedly performed, the neural circuits mostexcessive synaptic plasticity in a neural system used to
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important for performing the task may change, reflecting memory is yielding results that can usefully be applied
to the understanding of addiction.a shift in behavioral strategy (McDonald and White,

1993). For example, rats may initially move toward a
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