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Abstract

Although neuroimaging investigations in human cocaine abusers have provided important insights into the brain changes that accompany

drug use, the interpretation of reports in human abusers can be very difficult. Studies in nonhuman primates provide a way to systematically

evaluate the structural and functional adaptations engendered by cocaine self-administration without the confounds of human research.

Functional activity, measured with metabolic mapping methods, and markers of the dopamine system, assessed autoradiographically, were

evaluated over the course of chronic cocaine self-administration (5 days, 3.3 months, and 15–22 months). Within the striatum the topography

of these responses shifts dramatically over time. Changes in functional activity and alterations in the dopamine system occupy larger and

larger portions of dorsal and ventral striatum with increasing durations of cocaine exposure. The growing impact of cocaine suggests that the

elements of the behavioral repertoire outside of the influence of cocaine become smaller and smaller with increasing durations of exposure to

drug use resulting in cocaine’s dominance over all aspects of the addict’s life.

q 2003 Elsevier Ltd. All rights reserved.
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Although the acute effects of cocaine are relatively brief,

persistent alterations in neural function that far outlast the

presence of cocaine at its binding sites are also engendered.

A vast body of research has focused on the question of

potential structural and functional adaptations that occur

along the course of cocaine use and abuse. The clinical

course of cocaine abuse has been characterized as progres-

sing through a number of temporal stages that advance from

initial experimentation through casual use and finally to

addiction. A number of investigators have described the

longitudinal course of cocaine abuse in terms of clearly

definable clinical phases [1–4]. Reports by cocaine users

portray their initial experience with cocaine as highly

pleasurable. Cocaine induces intense feelings of euphoria

and well-being, along with an intensification of emotions

and sexual feelings [3,5]. In those individuals who continue

to use the drug, use patterns shift from casual occasional use

to high-dose, long duration binges, sometimes accompanied

by intense feelings of craving and a decreased sensitivity to

the negative effects of the drug [3,4]. With continued high-

intensity use and binging, reports of panic attacks, paranoia,

and intense anxiety are frequent [1].

Underlying the temporal course of cocaine addiction and

abstinence from cocaine are changes within the central

nervous system as brain systems adapt to, and compensate

for, cocaine use and the cessation of its use. Some of the

most provocative data describing these changes have come

from studies in human cocaine users. Investigations with
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positron emission tomography (PET) as well as studies of

post-mortem tissue have provided important insights into

the nature of these processes [6,7].

Although studies in human addicts can address these

issues directly, the interpretation of studies in humans can

be limited by a large number of factors. One of the most

problematic of these issues is the contemporaneous use of

multiple drugs, both legal and illegal. Exposure to high

levels of alcohol, caffeine and nicotine is a consistent

characteristic of almost all chronic drug users. The

interaction of these and other illegal drugs such as ecstasy,

heroin and marijuana with cocaine, in combination with the

structural and functional effects that chronic use of these

drugs may produce render it exceedingly difficult to

attribute any adaptations, whether they are behavioral or

neurobiological, directly to cocaine itself.

Another problematic issue is the history of drug

experience. Abusers report considerably different patterns

of use, durations of exposure, quality or purity of cocaine,

routes of administration, periods of abstinence, and total

lifetime intake. Although self-report can be reliable in some

instances, overall the accuracy of even recent drug use is

often highly suspect in this population. This is further

complicated by the difficulties faced in studies in which

post-mortem tissue is utilized. Moreover, human drug

abusers often have signs of other forms of psychopathology.

Most prominently, depression and attention deficit disorder

are the most common co-morbid diagnoses. Obtaining

detailed histories of these conditions can be challenging,

making it difficult to determine whether these conditions

pre-date cocaine use or are the result of chronic drug

exposure, but again co-morbid psychiatric conditions can

further complicate the interpretation of human studies.

Finally, the majority of studies investigating the

neurobiological basis of the effects of cocaine in humans

have been carried out with cocaine-dependent subjects, at

times in active treatment programs. Because substantial

structural and functional changes accompany chronic

cocaine use [8–10], the functional responses of chronic

drug abusers used in most human studies are likely to be

quite different from those of subjects with minimal drug

exposure. Few studies, however, have been carried out in

human subjects with little or no drug experience. Therefore,

it is not possible to evaluate the temporal course of the

neuroadaptations that accompany drug use, particularly

without assessments of the functional response to cocaine in

the earliest stages of drug exposure. Thus, the very nature of

human research precludes a systematic evaluation of many

of the variables that may result in neuroadaptations to the

effects of drug exposure.

1. Advantages of nonhuman primate models of drug use

An alternate approach is the use of animal models in

which carefully controlled experiments can be conducted.

Nonhuman primates have been used in intravenous self-

administration studies for nearly 40 years and have proved

a valid and reliable model of human drug abuse [5,11,12].

Thus, there is a large database of scientific information

upon which to draw for interpretation of results. In

addition to this, there are several advantages to using

nonhuman primates in research compared to other animal

models. Monkeys have greater than 95% gene homology

with humans [13]. As a result, nonhuman primates are

more similar to humans in phylogeny, anatomy, physi-

ology and behavior, enhancing our ability to accurately

generalize our findings to human drug abuse. For example,

abundant evidence indicates that there are differences

between rodents and primates in the anatomy, physiology

and neurochemistry of brain DA systems [14–17].

Furthermore, nonhuman primate brain differs substantially

from the rodent brain in terms of cocaine-induced changes

in brain metabolism [18,19] and on dopamine transporter

levels [20]. Finally, the neuroendocrine system of nonhu-

man primates, particularly the HPA axis, is very similar to

humans and therefore the interactions of drug effects with

stress provide an appropriate model of the human

condition [21].

In the first publication utilizing the drug self-adminis-

tration model [22], monkeys were studied 24 h per day

under conditions in which drug self-administration was

examined along with other nondrug reinforced behaviors.

A hallmark of this first publication and a unique

characteristic of nonhuman primate research is the

characterization of individual-subject behavior. As it

pertains to models of drug abuse, this allows for the

study of individual differences, which is an important

characteristic of human drug addiction. When self-

administration is combined with various imaging mod-

alities (briefly discussed below), the ability to correlate

drug- and nondrug-maintained behavior to various CNS

markers allows for the development of extremely power-

ful animal models of ‘vulnerability’, ‘maintenance’ and

‘relapse’. A final point to be made regarding the behavior

is that nonhuman primates can learn complex tasks that

are more applicable to human drug seeking compared to

other animal species.

In addition to genetic homology and stability and

complexity of behavior, nonhuman primates are also

advantageous as research subjects because of their long

life span, which can exceed 30 years in captivity. Thus,

long-term, within-subjects, longitudinal studies can be

incorporated to characterize the progression of changes

across time. The subject serving as its own control is highly

advantageous, as is the ability to start with drug-naı̈ve

subjects, allowing for the study of neuronal adaptation to

drug exposure. Nonhuman primate models are ideally suited

for this type of investigation.

Nonhuman primates can be used in several protocols to

examine neuronal adaptations. Much of the research

reviewed here involved the study of differences in receptor
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densities in monkeys with certain cocaine self-adminis-

tration histories compared to food-reinforced control

monkeys. These studies provide unequivocal evidence for

changes in dopamine receptor densities due to reinforcing

doses of cocaine. The size of the nonhuman primate brain

allows for examination of several receptor systems, as well

as tissue for other neuronal markers using in situ

hybridization, microarrays or other methodologies. The

ability to study multiple systems at the same time point in

the progression of drug exposure is extremely advantageous

to understanding the sequelae of events leading to neuronal

adaptation.

2. Focus on the striatum

One of the goals of the work briefly reviewed here was a

systematic evaluation of the development or progression of

changes in the structural and functional response to cocaine

spanning from initial experimentation to casual or rec-

reational use to more chronic exposure and eventually

addiction. Although the temporal course of the neuroadap-

tations that result from chronic cocaine is apparent in many

regions of the brain, this progression is most evident in the

striatum.

The striatum is often considered in terms of functional

domains based on inputs it receives from the cortical mantle

(Fig. 1). The sensorimotor striatum includes most of the

caudate and putamen caudal to the decussation of the

anterior commissure and the most dorsolateral portions of

the caudate and putamen rostral to it. The association

striatum includes most of the caudate and the central

putamen rostral to the anterior commissure. Finally, the

limbic striatum comprises the nucleus accumbens, shell and

core, and the surrounding ventral putamen and ventral

caudate. For more detailed descriptions see Refs. [23,24].

Each striatal region is influenced to a differing degree by

topographically organized inputs from the cortex, ventral

midbrain, and limbic structures [25–27], thereby defining

its functionality as sensorimotor, association-cognitive, or

limbic-motivational. In the studies described here, this

heterogeneity of striatal function has been taken into

account by analyzing the entire dorsoventral, mediolateral,

rostrocaudal extent of the striatum, considering each domain

in the course of this analysis.

3. Initial phases of cocaine exposure

In order to assess the neurobiological response to

cocaine throughout the entire brain and in particular across

the full extent of the striatum in nonhuman primates,

metabolic mapping with the 2-[14C]deoxyglucose method

was used. In a series of studies this approach, along with

other imaging methods, has been used to visualize the

effects of cocaine in nonhuman primates under a variety of

experimental conditions in which dose and duration of

cocaine exposure were systematically varied (Fig. 2). In

our first studies [18,28], we examined the effects of an

acute infusion of cocaine (1.0 mg/kg) in a group of

cocaine-naı̈ve monkeys. Although the functional conse-

quences of cocaine administration encompassed the basal

ganglia, prefrontal cortex, thalamus, and hippocampus,

within the striatum the most intense effects were localized

in the ventral portions of the striatum including the nucleus

accumbens and the olfactory tubercle. However, there were

also widespread effects in the dorsal striatum throughout

both the caudate and putamen. This suggests that an initial

experience with the subjective sensations produced by

cocaine in nonhuman primates is relatively nonspecific

within the striatum with effects on sensorimotor and

cognitive functions, as well effects in reward systems.

In a second series of studies, still during the initial phases

of drug exposure, the effects of cocaine were evaluated

following self-administration (Fig. 2) [19]. For these

studies, all monkeys performed an operant task to receive

Fig. 1. Functional domains within the striatum are based on overlapping cortical inputs. The limbic domain is the ventral striatum (dark blue) and receives

inputs from orbital and limbic cortex. The association domain is the central striatum (medium blue) and receives inputs from dorsolateral prefrontal, temporal

and parietal association cortex. The sensorimotor domain is the dorsolateral striatum (light blue) and receives inputs from motor and sensory cortex. AC,

anterior commissure.
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food or cocaine. Responding by the monkeys was main-

tained under a fixed-interval (FI) 3-min schedule, with

monkeys self-administering cocaine (0.03 or 0.3 mg/kg/inj)

over five sessions for a total of 4.5 or 45 mg/kg total intake.

Mapping took place at the end of the fifth cocaine self-

administration session at a time chosen to insure that

cocaine was clearly acting as a reinforcer, but before its use

was likely to result in significant neuroadaptations. Cocaine

self-administration resulted in significant dose-dependent

changes in glucose utilization throughout all levels of the

ventral striatum, as well as in the caudate rostral to the

anterior commissure (Fig. 3). There were, however, no

changes in the putamen at any level. If we consider the

functional domains of the striatum, then at this early stage of

cocaine self-administration, cocaine’s influences were

restricted to the limbic domain subserving emotional and

motivational functions, with smaller influences in cognitive

domains, but little effect in sensorimotor striatal regions.

In the initial stages of exposure to cocaine, as expected

there were few effects on the regulation of dopamine

receptors. No significant changes in the density of either

dopamine D1 or D2 binding sites (Fig. 4) were identified

[29]. There was, however, some evidence for an alteration in

the regulation of dopamine transporters [20]. Decreases in

the concentration of dopamine transporter binding sites was

evident in the ventral striatum just rostral to the anterior

commissure, the same area of the ventral striatum in which

the greatest changes in functional activity were produced by

cocaine at this time.

Overall, the topography of the distribution of alterations

in functional activity and dopamine systems appears to

reflect the degree of increase in the concentration of

extracellular dopamine. Recent studies [30,31] have

shown that cocaine self-administration produces the greatest

elevations in dopamine levels in the ventral striatum with

the magnitude of increase diminishing in more dorsal

striatum. Although structural adaptations at this time point

were minimal, the area within the striatum most vulnerable

to such changes was the limbic domain. Cocaine in the

earliest stages of exposure, as modeled here in these studies

by short-term cocaine self-administration in nonhuman

primates, therefore, impacts largely the portions of

Fig. 2. Experimental summary. Shown are the groups of animals evaluated in the studies described here, organized according to the duration of cocaine

exposure and the dose of cocaine administered. SA, self-administration.

Fig. 3. Areas of cerebral metabolic response produced by self-administered cocaine in the striatum of rhesus monkey. Shown are representative autoradiograms

of 2-[14C]deoxyglucose uptake in coronal sections at a caudal level of the pre-commissural striatum, þ2.5 from bregma (Paxinos et al., 2000). Areas shown in

blue depict those areas in which significant decreases in rates of glucose utilization were measured in the initial (left) and chronic (right) stages of cocaine self-

administration experience. Abbreviations are: sh, nucleus accumbens-shell; co, nucleus accumbens-core; ot, olfactory tubercle; dca, dorsal caudate; vca,

ventral caudate; pu, putamen.
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the striatum that are involved in the processing of reward

and motivational information with smaller or no effects on

other functional domains.

4. Chronic phases of cocaine exposure

A second series of studies examined the effects of

repeated exposure to cocaine, evaluating changes in the

functional response to cocaine after 3.3 months of daily

cocaine self-administration, as well as the adaptations in

dopamine systems that resulted from the chronic exposure

[20,28,29]. Here, monkeys self-administered either 0.03 or

0.3 mg/kg/inj and had self-administered approximately 90

or 900 mg/kg, respectively, by the end of the 3.3 months.

This time point was chosen in an attempt to model the

effects of repeated use of cocaine beyond the stage of casual

or merely recreational drug use.

Following these longer durations of self-administration

experience, the pattern of functional changes in the ventral

striatum, as assessed by the 2-[14C]deoxyglucose method,

resembled the metabolic alterations in the initial stages of

cocaine exposure, except they were more intense. Within

the dorsal striatum, however, when compared to those in

the initial stages, the functional effects of cocaine self-

administration broadened to encompass a wider expanse

of the caudate and putamen. The striatal territory affected

by cocaine spread rostrally and dorsally to include almost

the entire extent of the dorsal striatum rostral to

the anterior commissure (Fig. 2). In addition, there was

evidence for changes in cerebral metabolism in portions

of the caudate and putamen caudal to the anterior

commissure as well. This topography of the response to

repeated cocaine exposure suggests that with increased

experience cocaine’s influence spreads over the processing

of sensorimotor, cognitive as well as motivational

information.

An important consideration is the circuitry that underlies

the gradual expansion of the functional response to cocaine.

Haber and colleagues [32] have recently described the

complex organization of striato-nigro-striatal circuitry and

how this circuitry provides a means through which

information flow between striatal regions can be achieved.

They have shown that each striatal region is connected

reciprocally with the ventral midbrain. This circuitry can be

characterized as a series of ascending spiraling connections

between adjacent striatal regions via the ventral midbrain. In

effect, the shell influences the core, the core influences the

central striatum, and the central striatum influences the

dorsolateral striatum in turn. This hierarchical arrangement

provides an anatomical framework for the expanded

functional changes in the striatum that accompany cocaine

self-administration and support for the notion that the

pattern of afferents to the striatum determines the functional

response to cocaine.

Chronic exposure to cocaine self-administration also led

to significant changes in the regulation of dopamine systems

within the striatum. One of the most prominent effects

Fig. 4. Time course of effects on D2 receptor density. Schematic diagrams illustrating changes in the density of D2 receptor binding sites in rostral (left) and

caudal (center) pre-commissural and post-commissural (right) striatum of monkeys in the initial (5 days), chronic (3.3 months), and long-term (1.5 years)

stages of self-administration. Colors represent ranges of % changes in binding densities as compared to control values: white, ,10% change; light blue, 10–

20% decrease; medium blue, 21–30% decrease; dark blue, .30% decrease.
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was the appreciable down-regulation of D2 receptors [29].

The topography of these alterations in binding patterns

paralleled the functional changes observed with metabolic

mapping methods. Specifically, the largest decrements in

the concentration of the D2 receptor sites were found in the

ventral striatum, core and shell of the nucleus accumbens.

Within the dorsal striatum, decreased densities of receptors

were seen in most portions of the caudate rostral to the

anterior commissure, but not in any portion of the caudate or

putamen caudal to it (Fig. 4).

Following even more prolonged periods (15–22 months)

of self-administration of cocaine [33] greater down-

regulation of D2 receptors was evident (Fig. 4). Decreased

receptor density was present in all of the rostral pre-

commissural striatum and large portions of the post-

commissural striatum as well. So with longer exposure to

cocaine, the decreases in D2 receptor density grew more

intense and incorporated more dorsal and rostral regions of

the striatum, as well as now the changes extended into the

post-commissural sensorimotor striatum.

These data clearly show then, that the changes in D2

receptor numbers are a result of cocaine exposure, not just a

pre-existing condition. Moreover, it is interesting to note

that the changes in the dopamine system appear to lag

behind the functional changes with areas showing altera-

tions in the concentrations of dopamine receptors and

transporters after these areas are affected functionally. The

functional changes then are predictive of the appearance of

structural changes after longer periods of exposure to

cocaine.

Another interesting conclusion from these studies is that

the dose of cocaine appeared less important than the

duration of exposure. After 3.3 months of self-adminis-

tration experience with total intakes of approximately 90

and 900 mg/kg for the low and high-dose groups, respect-

ively, similar changes occurred in the distribution of D2

receptors regardless of the dose of cocaine. The conclusion

is further supported by the fact that at 15–22 months drug

exposure, total intake was less than the high-dose group at

3.3 months, yet the receptor changes were far more

extensive with a longer duration of drug exposure [29,33].

This suggests that environmental modulation, in terms of

stimuli associated with cocaine-seeking, may be as

important to dopamine receptor changes as direct pharma-

cological consequences of cocaine exposure. The entire

behavioral repertoire, then, not just the pharmacology of

cocaine, significantly impacted D2 receptor numbers.

In contrast, the density of dopamine transporter binding

sites was shown to change as a factor of both time and dose

[20]. In contrast to the decreases observed after 5 days of

cocaine self-administration, 3.3 months of drug exposure

resulted in large increases in dopamine transporter binding

site levels (Fig. 5) at this level of the striatum. Elevations

in dopamine transporter binding sites were most evident in

the ventral striatum. At the higher dose, the effects on

dopamine transporter binding were greater and encom-

passed more of the rostral-most part of the striatum. As

was the case with D2 receptors, no alterations in the

concentration of dopamine transporter binding sites was

evident caudal to the anterior commissure. However, in

Fig. 5. Time course of effects on DAT density. Schematic diagrams illustrating changes in the density of DAT binding sites at rostral (left) and caudal (center)

pre-commissural and post-commissural (right) striatum of monkeys in the initial (5 days), chronic (3.3 months), and long-term (1.5 years) stages of self-

administration. Colors represent ranges of % changes in binding densities as compared to control values: light blue, 10–20% decrease; medium blue, 21–35%

decrease; white, ,10% change; light red, 10–20% increase; medium red, 21–35% increase; dark red, .35% increase.
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a group of monkeys that self-administered cocaine for

15–22 months, alterations in dopamine transporter (Fig. 5)

also appeared to spread rostrally and dorsally, involving

both limbic and association domains, but also affected

dopamine transporters throughout sensorimotor processing

regions of the striatum, especially in those striatal areas

caudal to the anterior commissure. In summary, with

higher doses and longer exposure to cocaine, the increases

in the density of the dopamine transporter grew more

intense and incorporated larger expanses of striatal

territory, thereby having an influence on the processing

of neuronal signaling underlying a wide range of

behavioral phenomena.

5. Conclusions

The overall goal of the studies reviewed here was to

evaluate the structural and functional adaptations engen-

dered by cocaine exposure in a nonhuman primate model

of substance abuse. We have examined the temporal

progression of these adaptations as self-administration

advances from its initial stages (5 days) through a chronic

phase (3.3 months) to a prolonged phase (15–22 months)

of drug exposure. These time points were chosen to reflect

the transition from casual use of cocaine to more repeated

use and on to the compulsive use that is a hallmark

characteristic of addiction. Each stage in the development

of addiction is accompanied by neurobiological adaptations

to drug exposure. Although cocaine administration in

nonhuman primates is only a model of drug use in humans

and may not represent all of the elements of human

cocaine-seeking, the assessment of the earliest stages of

drug use has provided a picture of the initial stages of drug

exposure, not possible in human subjects. Furthermore, we

have been able to follow the shifts in the neural response to

cocaine along the temporal course of this transition to

addiction.

Throughout this course cocaine influences functional

activity in a highly discrete network of inter-connected

limbic brain regions, but its primary effects are in the

striatum. The anatomical topography of the functional

response within the striatum, however, shifts dramatically.

Changes in functional activity and alterations in the

regulation of the dopamine system occupy larger and larger

portions of the striatum with increasing durations of cocaine

exposure. This progression is in fact quite orderly and

follows defined anatomical principles of organization within

the striatum and its extrinsic connections with cortex and the

dopaminergic ventral midbrain [32].

Recent conceptions of addiction have focused on the

habitual or compulsive nature of drug use in addicts with the

idea that control over drug use evolves from action to habit

[34–37] by shifting from goal-directed processes to habit-

based control. This shift suggests a change in the

neuroanatomical substrates of the behavior patterns, moving

from ventral striatum underlying goal-directed learning

processes [38] to the dorsal striatum necessary for habit

formation [39]. The progressive increase in the response to

cocaine advancing from the ventromedial motivational

limbic domains of the striatum through cognitive-associ-

ation domains to sensorimotor regions observed in the

studies reviewed here provides an anatomical basis for this

behavioral shift. The growing impact of cocaine further

suggests that the elements of the behavioral repertoire

outside of the influence of cocaine become smaller and

smaller with increasing durations of exposure to drug use

resulting in cocaine’s dominance over all aspects of the

addict’s life.
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