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Abstract
Neuroimaging techniques have lead to significant advances in our understanding of the
neurobiology and treatment of drug addiction in humans. The capability to conduct parallel studies
in nonhuman primates and human subjects provides a powerful translational approach to link
findings in human and animal research. A significant advantage of nonhuman primate models is
the ability to use drug-naïve subjects in longitudinal designs that document the neurobiological
changes that are associated with chronic drug use. Moreover, experimental therapeutics can be
evaluated in subjects with well-documented histories of drug exposure. The in vivo distribution
and pharmacokinetics of drug binding in brain have been related to the time-course of behavioral
effects associated with the addictive properties of stimulants. Importantly, the characterization of
drug interactions with specific protein targets in brain has identified potential targets for
medications development. Neuroimaging has proven especially useful in studying the dynamic
changes in neuronal function that may be associated with environmental variables. Lastly,
neuroimaging has been used effectively in nonhuman primates to characterize both transient and
long-lasting changes in brain chemistry associated with chronic drug exposure. Although there is
some evidence to suggest neurotoxicity in humans with long histories of stimulant use, parallel
studies in nonhuman primates have not identified consistent long-term changes in such
neurochemical markers. Collectively, the results of these studies of nonhuman primates have
enhanced our understanding of the neurobiological basis of stimulant addiction and should have a
significant impact on efforts to develop medications to treat stimulant abuse.
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Introduction
Non-invasive neuroimaging techniques have lead to significant advances in our current
understanding of the neurobiology and treatment of drug addiction in humans. Nuclear
imaging with positron emission tomography (PET) and single photon emission computed
tomography (SPECT) has defined the pharmacokinetics of abused stimulants in vivo in the
human brain and related these findings to the time-course of behavioral effects associated
with their addictive properties. With support from work that has provided new radiotracers
and enhanced the resolution of imaging systems, nuclear medicine techniques have also
been employed to characterize drug interactions in vivo with specific protein targets in brain,
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including neurotransmitter receptors and transporters. Moreover, documentation of the long-
term neurobiological consequences of chronic drug use and potential neurotoxicity has lead
to novel insights regarding of the pathology and treatment of stimulant addiction. Lastly,
recent advances in functional magnetic resonance imaging (fMRI) have begun to localize
brain circuits implicated in the acute effects of stimulants and with drug-associated
environmental stimuli, providing enhanced temporal and spatial resolution. The results of
theses studies have markedly enhanced our understanding of the neurobiological bases of
stimulant addiction and should have a significant impact on future medications
development.

The capability to conduct parallel neuroimaging studies in nonhuman primates and human
subjects provides a powerful translational approach that can link findings from human and
laboratory animal research. A significant advantage of nonhuman primate models is the use
of initially drug naïve subjects in longitudinal designs to characterize within-subject changes
in aspects of the neurobiology associated with chronic drug use. Moreover, experimental
drugs under investigation can be evaluated in subjects with well-documented drug histories.
As with all animal models, enhanced experimental control is a noted advantage over the
necessary restrictions imposed in human clinical research. Nonhuman primates also offer
several distinct advantages over other laboratory animal species. Their longevity is an
important consideration. Nonhuman primates provide unique relevance to understanding the
neurochemical basis of substance abuse in humans. Species differences in the complex
topographical organization of the ventral striatum and its connections with surrounding
areas, for example, complicate extrapolations from rodents to primates.1,2,3 Neuroimaging
studies have documented that the nonhuman primate brain differs markedly from the rodent
brain in the cerebral metabolic response to cocaine.4,5 Compared to rodents, nonhuman
primates are more similar to humans in the pharmacokinetics and metabolism of several
drug classes including 3,4-methylenedioxymethamphetamine (see6 for review).7 Lastly,
nonhuman primates exhibit complex social behaviors that provide unique opportunities for
examining the influence of social variables on the abuse-related effects of drugs (see 8,9 for
reviews).10 Collectively, theses important species differences illustrate the importance of
nonhuman primate models in neuroimaging and in substance abuse research.

With few exceptions, neuroimaging studies in nonhuman primates have employed PET,
SPECT, or fMRI. Accordingly, these techniques will be the focus of the current review. In
PET imaging, ligands of interest are radiolabeled with unstable atomic isotopes that emit
positrons (see11,12 for basic description). When positrons collide with electrons, dual
photons are emitted that can be recognized by detector arrays in the tomograph. A computer
algorithm then uses this information to map the source and concentration of the radiotracer.
SPECT imaging uses different radiotracers that emit a single photon. Due to methodological
differences in single versus dual photon detection, SPECT imaging has lower sensitivity and
resolution compared to PET imaging. Numerous radiotracers have been developed for use in
PET and SPECT imaging that enable the in vivo measurement of brain neurochemistry and
physiology. Development of radiotracers involves the conversion of a single atom to a heavy
isotope. Accordingly, the chemical structures can be negligibly changed in ways that are
unlikely to substantially alter the pharmacological properties of the labeled tracer. Since
radiotracers can be used to label compounds without influencing dramatically their
pharmacology, functional imaging can accurately measure drug distribution and
pharmacokinetics in brain. In contrast to PET and SPECT imaging, fMRI does not require
the use of radiotracers. Instead, the subject is placed in a homogeneous magnetic field where
presentations of radiofrequency pulses cause transient energy changes (see11.13 for basic
description). The blood oxygenation level dependent “BOLD” technique at the center of all
of the fRMI studies reviewed here relies on changes in signal intensity associated with
hemodynamic responses as an indirect measure of neuronal activity. Among brain imaging
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techniques, fMRI provides the highest spatial resolution for mapping brain activity. Each of
these techniques has been used effectively in nonhuman primates to enhance our
understanding of the neurobiology of stimulant addiction.

Acute Neuropharmacology of Psychostimulants
Drug Distribution and Pharmacokinetics

Some of the earliest studies to use functional neuroimaging in nonhuman primates focused
on the distribution of cocaine binding in brain.14 Experiments were conducted in
anesthetized baboons using PET imaging with C-11 labeled cocaine. Cocaine binding was
heterogeneous with the highest concentration in the striatum. Binding in striatum was
inhibited by pretreatments with pharmacological doses of cocaine and dopamine transporter
(DAT) inhibitors but not by norepinephrine transporter (NET) or serotonin transporter
(SERT) inhibitors. Direct comparisons in human subjects showed a similar distribution of
binding with the highest concentration in the striatum followed by the thalamus, cingulate
gyrus, temporal cortex, and frontal and occipital cortices. Subsequent studies documented
significant overlaps in the distributions of binding of C-11 labeled cocaine and
methylphenidate; both drugs were effective in inhibiting the binding of the other in the
striatum.15 A remarkable direct relationship was established between self-reports of “high”
induced by cocaine and the time course of striatal uptake.16 A more recent study compared
the pharmacokinetics of methamphetamine to those of cocaine in brain.11 Experiments were
conducted in anesthetized baboons using PET imaging and C-11 labeled d-
methamphetamine, l-methamphetamine and (-) cocaine. Both d- and l-methamphetamine
showed high uptake and widespread distribution in brain, with pharmacokinetics that did not
differ appreciably between the enantiomers. Therefore, brain pharmacokinetics are unlikely
to account for the more intense stimulant effects of d-methamphetamine reported in humans.
Direct comparisons between d-methamphetamine and (-) cocaine in the same subjects
showed that the slower clearance of methamphetamine is likely to contribute to its longer
lasting stimulant effects relative to those of cocaine. Finally, an elegant study in pregnant
nonhuman primates compared the pharmacokinetics of cocaine in maternal and fetal brains.
17 Experiments were conducted in anesthetized bonnet macaques during the third-trimester
of their pregnancies using PET imaging and C-11 labeled cocaine. Although the uptake of
radioactivity into the fetal brain was lower and slower compared to that identified in the
maternal brain, a measurable quantity of cocaine or labeled metabolites did accumulate in
the fetal brain shortly after drug injection. These results add to our understanding of the risks
associated with in utero exposure to cocaine, and clearly illustrate the unique advantages of
nonhuman primate models in neuroimaging and substance abuse research.

Brain Activation
The noninvasive measurement of cerebral blood flow with PET neuroimaging and O-15
water provides a useful functional measure to characterize acute drug-induced changes in
brain activity. Functional changes in cerebral blood flow using PET imaging were
determined in conscious, drug-naïve rhesus monkeys following acute intravenous
administration of cocaine.18,19 Use of unanesthetized subjects allowed us to eliminate
potential confounding effects of anesthetics on measures of cerebral blood flow. Cocaine
displayed significant dose-related effects on cerebral blood flow at 5 minutes post-injection;
these effects diminished markedly by 15 minutes. Brain activation maps normalized to
global flow showed prominent cocaine-induced activation of prefrontal cortex, especially
dorsolaterally. These brain activation effects were blocked by pretreatment with the
selective SERT inhibitor, alaproclate. Importantly, the same dose of alaproclate that blocked
cocaine-induced brain activation was also effective in attenuating cocaine self-
administration and cocaine-induced elevations of extracellular dopamine in squirrel
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monkeys.20 Hence, there was close concordance among in vivo measures of behavior,
neurochemistry and functional imaging (Figure 1). More recently, fMRI has been used to
characterize stimulant-induced changes in brain activity. In one study, experiments in
anesthetized cynomolgus monkeys used an iron oxide nanoparticle (IRON) technique to
measure changes in relative cerebral blood volume (rCBV) following acute intravenous
administration of amphetamine.21 Amphetamine caused marked changes in rCBV in areas
with high dopamine receptor density as well as associated circuitry. The largest increases in
rCBV were observed in the parafascicular thalamus, nucleus accumbens, putamen, caudate,
substantia nigra and ventral tegmental area. In a separate series of studies, experiments were
conducted in conscious marmoset monkeys using BOLD techniques to characterize changes
in brain activity following acute oral administration of the abused amphetamine congener
MDMA.22,23 MDMA caused significant activation of the midbrain raphe nuclei and
substania nigra, which represent major sources of forebrain serotonin and dopamine,
respectively, as well as the hippocampus, hypothalamus and amygdala. Interestingly, there
was little activation of the nucleus accumbens and prefrontal cortex, two important
components of mesolimbic and mesocortical circuitry, respectively, or of other cortical
areas. Collectively, the results indicate that stimulants with varied mechanisms of action
may each induce a unique profile of effects on brain activity. Understanding these unique
profiles can help us to better understand the neural circuits that underlie drug effects on
behavior.

The acute effects of stimulants on cerebral blood flow and metabolism have been examined
in human subjects, often those seeking to define neuronal bases for drug-induced euphoria.
Acute intravenous administration of cocaine in human users resulted in significant blood
flow decreases in selected frontal and basal ganglia regions, as measured by SPECT
imaging.24,25,26 Cocaine-induced euphoria following acute intravenous administration was
also associated with regional decreases in cerebral metabolism as measured by F-18 labeled
fluorodeoxyglucose (FDG) PET imaging.27 Intravenous administration of methylphenidate
in normal subjects caused variable changes in brain metabolism.28 Subjects with higher
dopamine D2 receptor availability tended to show increased metabolism whereas those with
lower D2 availability tended to show decreased metabolism. Similar results were observed
in cocaine users, in whom methylphenidate-induced increases in metabolism in the right
orbitofrontal cortex and right striatum were associated with drug craving.29 Other
investigators have reported that acute cocaine administration increases cerebral blood flow
mainly in the frontal and parietal regions.30 A BOLD fMRI study in cocaine-dependent
subjects reported dynamic patterns of brain activation following intravenous cocaine
administration.31 Some regions showed short duration actions that were correlated with
ratings of “rush”. Other regions showed sustained activation associated with ratings of
“craving”. Intravenous cocaine administration in cocaine users activated mesolimbic and
mesocortical regions that receive dopaminergic afferents.32 This transient pattern of brain
activation induced by cocaine in humans is consistent with the pattern that we have observed
in conscious rhesus monkeys which are imaged 5 minutes post-injection.18,19 It is
noteworthy that most studies have measured drug effects at time points up to 45 minutes
post-injection; at these later times, cocaine induces decreased cerebral blood flow and
metabolism in chronic cocaine users. Not surprisingly, the time at which measurements are
taken provides a major determinant for results observed, especially when using cocaine, a
rapid-acting, short-duration drug. Notwithstanding such differences in experimental
procedures and outcomes, however, accumulated collective evidence allows us to
summarize the ways in which acute drug effects on cerebral blood flow and metabolism now
provide us with a tool to characterize the functional neuroanatomy that underlies the
etiology of stimulant abuse (Table 1).
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Monoamine Transporter Occupancy
Neuroimaging has been used in nonhuman primates to study the relationship between drug
occupancy at monoamine transporters on the one hand and the behavioral effects of cocaine
and cocaine-like stimulants on the other (Figures 2 and 3). Studies were conducted in rhesus
monkeys using PET imaging and F-18 labeled FECNT as a DAT selective radioligand. DAT
occupancy by cocaine was determined by displacement of FECNT using a reference tissue
method of kinetic modeling.33 The results documented that FECNT labels a cocaine-
sensitive binding site, and that high levels of DAT occupancy are associated with
behaviorally- active cocaine doses. In a related study, the reinforcing effects of cocaine were
compared to those of its phenyltropane analog, RTI-113, in rhesus monkeys which were
responding under a second-order schedule of intravenous drug self-administration.34 Both
drugs reliably and equipotently maintained self-administration when DAT occupancies were
65-76% and 94-99% for optimal doses of cocaine and RTI-113, respectively. When
administered as a pretreatment, RTI-113 dose-dependently reduced responding maintained
by cocaine. DAT occupancies ranged between 72-84% for pretreatment doses that
effectively suppressed cocaine self-administration. Similar results have been observed with
the DAT-selective inhibitors RTI-177, a phenyltropane analog of cocaine, and GBR 12909,
a phenylpiperazine derivative.35 Direct within-subject comparisons between drug effects on
behavior and in vivo DAT occupancy measured with PET imaging were made in rhesus
monkeys. At doses that decreased rates of cocaine self-administration by 50%, DAT
occupancy was approximately 70% for both compounds. Doses of GBR 12909 that
decreased cocaine self-administration in rhesus monkeys resulted in similar > 50% DAT
occupancies in baboons, based on results from PET imaging using C-11 labeled WIN
35,428.36 Clearly, DAT inhibitors are effective in reducing cocaine self-administration.
However, high levels of DAT occupancy may be required. RTI-112, a mixed-action
inhibitor of DAT and SERT, did not exhibit levels of DAT occupancy above the threshold
of detection at doses that significantly reduced cocaine self-administration in rhesus
monkeys.35 This RTI-112 dose, however, did exhibit high levels of SERT occupancy,
showing apparent in vivo selectivity for SERT over DAT at a behaviorally relevant dose.
Co-administration of the selective SERT inhibitors fluoxetine or citalopram in combination
with the selective DAT inhibitor RTI-336 produced more robust reductions in cocaine self-
administration than RTI-336 alone, even at comparable levels of DAT occupancy.37 Hence,
the effectiveness of DAT inhibitors to suppress cocaine self-administration may be enhanced
by actions at other monoamine transporters. Combined inhibition of DAT and SERT
warrants consideration as a viable approach in the development of cocaine medications.

A possible limitation to the use of selective DAT inhibitors for the treatment of cocaine
addiction is their potential for abuse, given their well documented reinforcing effects.38
Phenyltropane analogs of cocaine reliably maintain self-administration in nonhuman
primates,34,35,39,40,41,37 consistent with results reported for the phenylpiperazine DAT-
selective blocker, GBR 12909.35,39,42 Local anesthetics that bind to the DAT and inhibit
dopamine uptake are also self-administered by rhesus monkeys, with reinforcing potencies
that correlate well with their in vitro affinities for DAT43 and their effectiveness in
inhibiting dopamine uptake.45 More recently, the reinforcing effects of local anesthetics
were compared to DAT occupancy in vivo and to drug-induced increases in dopamine in
awake rhesus monkeys.45 The local anesthetics dimethocaine and procaine were selected
based on their similar pharmacokinetic profiles. Substitution of dimethocaine for cocaine
reliably maintained self-administration in all monkeys tested. In contrast, procaine
maintained self-administration at a single dose in only one monkey. Interestingly, doses of
dimethocaine that maintained maximum rates of responding produced DAT occupancy
between 66-82%. These values correlate well with results of human PET imaging studies,
which found that DAT occupancy by rewarding doses of cocaine was between 60-77%.16
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They also correlate with PET imaging data in rhesus monkeys that reveal DAT occupancy
between 65-76% following cocaine doses that maintain peak rates of responding.34 In
contrast, peak doses of procaine were ineffective in maintaining self-administration and
resulted in low levels of DAT occupancy, between 10-41%.45 When in vivo microdialysis
was used in awake monkeys to evaluate elevations in extracellular dopamine at the
maximum reinforcing doses of cocaine, dimethocaine and procaine, administration of either
cocaine or dimethocaine produced robust increases in extracellular dopamine, whereas
procaine was relatively ineffective. Hence, the reinforcing effects of DAT inhibitors from
several distinct chemical classes were closely related to DAT occupancy and to drug-
induced increases in extracellular dopamine.

It is important to note, however, that several selective DAT inhibitors from some of these
same chemical classes, including phenyltropane analogs of cocaine and GBR 12909,
produced lower self-administration rates than cocaine in nonhuman primates even though
they produced DAT occupancies equal to or even greater than those observed for cocaine.
34,35,37 In behavioral studies in rodents and nonhuman primates, these compounds
displayed slower onset and longer duration of action.44,46 Hence, the reinforcing effects
and pattern of self-administration of these drugs may be influenced by pharmacokinetics in
addition to steady-state levels of DAT occupancy. With regard to pharmacokinetic profile,
PET imaging studies with C-11 labeled WIN 35,428 have confirmed that, when compared to
cocaine, GBR 12909 has a slower onset and longer duration of DAT occupancy in awake
rhesus monkeys.47 The time course effects of DAT occupancy in these studies closely
parallel those of drug-induced increases in extracellular dopamine measured with in vivo
microdialysis in rhesus monkeys or squirrel monkeys.20 Moreover, the time course and
potency differences in neurochemical effects paralleled differences in the stimulant effects
of these drugs on operant behavior in squirrel monkeys.41,48 Taken together, these data
offer compelling evidence that DAT occupancy measures obtained with PET imaging,
including those that assess rate and those that assess “equilibrium” binding, are closely
linked to functional changes in dopamine neurochemistry and in behavior.

Neuroimaging studies in human drug users have attempted to relate the acute neurochemical
effects of stimulants to their reinforcing effects. Many of the results are in close agreement
with preclinical studies conducted in nonhuman primates. For example, methylphenidate has
affinity for the DAT comparable to cocaine. Behaviorally-relevant doses of methylphenidate
can block the uptake of C-11 labeled cocaine.15 Similarly, doses of cocaine that induce
euphoria can block uptake of C-11 labeled methylphenidate. In human cocaine abusers,
subjective ratings of “high” correlate with percent DAT occupancy measured with PET
imaging using C-11 labeled cocaine following acute administration of cocaine16 or
methyphenidate.49 Approximately 50% occupancy of striatal DAT is required for subjects
to identify cocaine when it is delivered as an intravenous injection.16 Therapeutic doses of
methylphenidate commonly used in the treatment of attention deficit disorder also result in
approximately 50% DAT occupancy. The time to reach peak uptake in brain corresponds
well with the reported time course to reach peak behavioral effect.50 A subsequent study
compared the levels of DAT occupancy by cocaine that was administered via different
routes.51 Although similar levels of DAT occupancy were obtained across all routes of
administration, smoked cocaine with the most rapid onset of action induced significantly
greater self-reports of “high” than intranasal cocaine, again highlighting the importance of
pharmacokinetic factors in the subjective effects of cocaine.

Dopamine Release
Competition between radiolabeled ligands and endogenous neurotransmitters for receptor
binding can provide an effective means to evaluate drug-induced changes in extracellular
concentrations of neurotransmitters in vivo (see52 for review). Both SPECT and PET
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imaging have been used in nonhuman primates to provide indirect measures of stimulant-
induced changes in dopamine. For example, SPECT imaging with the dopamine D2 receptor
ligand I-123 labeled iodobenzamide (IBZM) in baboons and rhesus monkeys documented
amphetamine-induced displacement of binding, ostensibly due to drug-induced elevations in
extracelluar dopamine.53 After methamphetamine administration, there were positive
correlations between reductions in D2 receptor binding in baboons and peak dopamine
release measured with microdialysis in vervet monkeys.54 Moreover, pretreatment with the
dopamine synthesis inhibitor, alpha-methyl-paratyrosine, attenuated amphetamine-induced
increases in extracellular dopamine and displacement of D2 receptor binding, confirming
that the latter effect was mediated through dopamine release. PET imaging with F-18
labeled fluoroclebopride (FCP) as a reversible D2 receptor ligand also characterized
stimulant-induced dopamine release in rhesus monkeys.55 Intravenous administration of
cocaine, amphetamine, methylphenidate and methamphetamine each increased rates of FCP
washout from the basal ganglia in manners consistent with the ability of each of these drugs
to elevate extracellular dopamine. The effects of cocaine, amphetamine and methylphenidate
have been replicated in dopamine D2 receptor PET studies. C-11 labeled raclopride studies
in baboons36,56, 57 and F-18 labeled fallypride studies in rhesus monkeys58 document that
these effects can be demonstrated with several radioligands and in several primate species.
More recent studies in baboon and rhesus monkeys have begun to document the usefulness
of drug-induced displacement of F-18 labeled fallypride to characterize dopamine release in
extrastriatal brain regions. These regions include thalamus, cingulate cortex and
hippocampus, which are important constituents of nigrostrial, mesolimbic and mesocortical
dopamine systems, respectively.59,60 Taken together, these results validate the use of
functional neuroimaging as a measure neurotransmitter release in nonhuman primates and
provide a solid foundation for human studies.

Early human imaging studies extended the findings observed in animals to cocaine abusers
by identifying positive correlations between stimulant-induced displacement of D2 receptor
ligands and euphoric effects of acute stimulant administration. For example, PET imaging
with C-11 labeled raclopride evaluated effects of cocaine on D2 receptor binding in the
putamen.61 All subjects reported subjective stimulation and euphoria in response to cocaine
and there were corresponding decreases in D2 receptor binding that were likely to reflect
cocaine-induced elevations in dopamine. Another study that directly compared cocaine
addicts to healthy control subjects demonstrated that addicts exhibited reduced dopamine
release in the striatum and reduced self-reports of “high” in response to methylphenidate.62
In contrast, addicts showed increased thalamic responses to methylphenidate that were
associated with cocaine craving; these were not seen in control subjects. These provocative
findings challenged simple models in which cocaine addiction involved only enhanced
striatal dopamine response to cocaine and corresponding induction of euphoria. Subsequent
studies used PET imaging and C-11 raclopride to correlate methyphenidate-induced changes
in dopamine release with self-reported measures of drug effects in healthy control subjects.
63 The intensity of the “high” induced by methylphenidate was significantly correlated with
levels of dopamine release, as measured by displacement of D2 receptor binding.
Importantly, subjects who did not show increases in dopamine did not perceive the “high”.
This was the first human study to demonstrate a quantitative relationship between levels of
D2 receptor occupancy by dopamine and the intensity of stimulant-induced euphoria.

Dopamine D2 Receptor Availability as a Predictor of Stimulant Use
It has become well accepted that behavior, brain chemistry and neuronal function can be
readily influenced by environmental conditions as well as by pharmacological challenges.
Neuroimaging techniques are especially useful for studying the dynamic changes in
neuronal function that may be associated with environmental variables. For example,
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differences in housing conditions and the dominance rank among socially housed nonhuman
primates have been associated with differential levels of dopamine D2 receptors. An initial
study using PET imaging with F-18 labeled FCP in socially-housed female cynomolgus
monkeys documented reduced availability of D2 receptors in subordinate monkeys
compared to dominant monkeys.64 However, it was unclear whether the observed
differences in D2 binding reflected a predisposition that helped to determine dominance
rank or a neurochemical response to dominance rank. In a subsequent series of experiments,
male cynomolgus monkeys were first scanned using PET imaging with F-18 labeled FCP
while individually housed. They were scanned again after they were placed in social groups
in which they were allowed to establish stable social hierarchies.8 The levels of D2 receptor
binding during individual housing did not predict eventual social rank. However, when the
animals were rescanned after 3 months of social housing, there were significant differences
between groups. Social housing increased the availability of D2 receptors in dominant
monkeys without producing any changes in subordinate group members. Importantly, these
neurochemical changes appeared to exert significant effects on cocaine use. Intravenous
cocaine delivery reliably functioned as a reinforcer in subordinate subjects but failed to
maintain self-administration in dominant monkeys. Subordinate monkeys reliably self-
administered cocaine over a range of doses. In contrast, cocaine at several doses failed to
maintain rates of responding higher than saline in dominant monkeys, indicating that
cocaine did not function as a reinforcer in these subjects. During self-administration
sessions, subordinate monkeys also displayed higher cocaine intakes compared to dominant
monkeys. These provocative findings from repeated PET imaging in individual subjects
document rapid neurochemical changes in response to environmental conditions, and
subsequent alterations in subjects' propensity to use cocaine.

Analogous relationships between dopamine receptor densities and behavioral effects of
stimulants also have been documented in human subjects. D2 receptor levels were
determined in healthy men who had no history of drug abuse.65 Subjects who reported
liking effects of methylphenidate had significantly lower D2 receptor levels in the striatum
when compared to subjects who disliked the drug. In addition, there was a direct relationship
between the intensity of unpleasant effects and D2 receptor levels. The results indicated that
subjective responses to stimulants in humans may be correlated with D2 receptor levels, and
that low levels of D2 receptors may contribute to stimulant abuse. These findings parallel
those obtained in nonhuman primates, as described above.8 The ability to experimentally
change D2 receptor density by altering environmental conditions in nonhuman primates
provides especially strong support for orderly relationships between D2 receptor densities
and reinforcing effects of cocaine.

Long-Term Consequences of Psychostimulant Administration
Dopamine D2 Receptor Availability

A major advantage of functional neuroimaging is the ability to employ longitudinal designs
that involve repeated measures over extended periods of time. This approach has been used
effectively in nonhuman primates to characterize both transient and long-lasting changes in
brain chemistries that are associated with chronic drug exposure. For example, PET imaging
studies conducted in socially housed cynomolgus monkeys were extended to characterize
the effects of chronic cocaine exposure in dominant and subordinate individuals. Although
dominant monkeys initially exhibited higher D2 receptor availability and were less likely to
self-administer cocaine,8 chronic exposure to self-administered cocaine resulted in D2 levels
that did not differ significantly from those found in subordinate monkeys66 The authors
concluded that chronic exposure to cocaine attenuated the effects of environmental context
on dopamine receptor availability. This conclusion was supported by in vitro receptor
autoradiographic studies. Monkeys with long-term histories of cocaine self-administration
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reliably display lower D2 receptor densities in ways that correlate with cocaine dose and
duration of exposure.67,68 A subsequent study examined D2 receptor availability during
extended abstinence from cocaine.69 In three subjects exposed to cocaine for only one
week, D2 receptor availability returned to baseline, pre-drug levels within three weeks. Five
subjects that self-administered cocaine for twelve months were studied during cocaine
abstinence. Three of the five subjects showed complete recovery of D2 receptor availability
within three months of abstinence, whereas the other two subjects did not recover after one
year of abstinence. Rate of recovery was not related to total drug intake over the twelve
months of cocaine self-administration. It is interesting to note that individual differences in
rate of recovery of D2 receptor availability have also been observed following drug-induced
increases by the D2 receptor antagonist.70

Monoamine Transporter Availability
A recent study of DAT availability using PET imaging and F-18 labeled FCT examined the
effects of cocaine self-administration in rhesus monkeys under conditions that resulted in
low drug intake.71 Self-administration of a low cocaine dose over nine weeks did not
significantly affect DAT availability in any brain region. This result contrasts with a
previous study using quantitative in vitro receptor autoradiography in rhesus monkeys.72 In
the initial stage of cocaine self-administration (e.g. after five days of exposure), DAT levels
were moderately reduced. After more prolonged cocaine self-administration over three
months, however, increased DAT binding densities were evident. Importantly, a higher
cocaine dose per injection resulted in more robust increases in DAT compared to a lower
unit dose of cocaine. The absence of cocaine-induced changes in DAT observed in the PET
imaging study might thus reflect the relatively low dose and short duration of drug exposure.
71 In rhesus monkeys with more prolonged histories of cocaine self-administration,
significant increases in SERT in the caudate nucleus and putamen have been observed in
PET imaging studies using C-11 labeled DASB.73

There has been significant interest in the potential neurotoxic effects of amphetamine
derivatives that include methamphetamine and 3,4-methylenedioxymethamphetamine
(MDMA). There is evidence from multiple laboratories and studies of several species that
MDMA can have selective and enduring effects on markers of brain serotonin systems that
some investigators interpret to indicate neurotoxicity.74,75 These early studies were limited
by biochemical and histological analyses that required between-subject comparisons in drug
treated versus drug naïve control subjects. One of the first neuroimaging studies to
characterize the effects of MDMA in vivo in a nonhuman primate used PET imaging and
C-11 labeled McN5652 to evaluate SERT availability in a baboon.76 Following baseline
PET scans, the subject was treated with MDMA twice daily for four consecutive days.
Subsequent PET scans acquired at 13-40 days post-drug treatment showed reductions in
SERT availability in all brain regions analyzed. Additional PET scans at nine and thirteen
months showed regional differences in the apparent recovery of SERT availability, with
increases back to normal levels observed in some brain regions including the hypothalamus,
but no recovery in other brain regions that included the neocortex. Similar results have been
reported for methamphetamine-induced reductions in DAT availability.77 Baboons were
treated with one of three different doses of methamphetamine. PET imaging with C-11
labeled WIN-35,428 was used to quantify DAT availability. Two-three weeks after drug
treatment, DAT availability was significantly reduced; decreases were larger in animals
treated with higher methamphetamine doses. Moreover, reductions in striatal DAT
determined by PET imaging were highly correlated with postmortem neurochemical
determinations of dopamine axonal markers. Methamphetamine-induced reductions in DAT
availability have also been observed in rhesus monkeys.78 Subjects received three injections
at three-hour intervals PET imaging with C-11 CFT either one or seven days later revealed
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significant reductions in striatal DAT availability. Interestingly, treatment with the
neuroprotective candidate drug minocycline significantly attenuated methamphetamine-
induced reductions in DAT availability.

It is critical to note that studies reporting neurotoxic effects of amphetamine derivatives have
relied on noncontingent drug administration and have typically administered large and/or
repeated doses. In one of the first studies to characterize the neurochemical effects of self-
administered MDMA in nonhuman primates, rhesus monkeys self-administered MDMA and
its enantiomers for approximately eighteen months. PET imaging with C-11 labeled DTBZ
was used to quantify vesicular monoamine transporter (VMAT) availability following at
least two months of drug abstinence.79 The reinforcing effects of MDMA were selectively
attenuated by chronic MDMA self-administration. However, there was no significant change
in VMAT binding potential as determined by PET imaging. There were no significant
changes in levels of serotonin or dopamine in postmortem brains. Hence, long-term self-
administration of MDMA could lead to significant behavioral alterations in the absence of
any significant neurochemical correlate. These results are supported by a recent study
conducted in rhesus monkeys using C-11 labeled DASB to quantify SERT availability.73 In
subjects with an extensive (6-18 month) histories of MDMA self-administration, there were
no significant differences in SERT availability in any region of interest compared to control
subjects. Studies that have more closely modeled the human abuse condition in nonhuman
primates have thus failed to identify significant reproducible changes in neurochemical
markers associated with neurotoxicity.

Clinical Relevance
Clinical studies that have used functional imaging to characterize the effects of stimulants
have focused primarily on long-term changes in individuals with a complex histories of
multidrug use. PET imaging has documented decreased blood flow in the prefrontal cortices
of chronic cocaine users.80 Additional studies with PET and SPECT imaging have
confirmed those results, demonstrating that brain perfusion deficits occur with high
frequency.81,82,83,84 Local perfusion deficits have been linked closely to changes in
cerebral metabolism. Measures of brain glucose metabolism with FDG in chronic users
documented transient increases in metabolic activity in dopamine-associated brain regions
during cocaine withdrawa.85 Decreases in frontal brain metabolism persisted after months
of detoxification. The same pattern of decreased glucose metabolism86 and perfusion
deficits80 was observed in the prefrontal cortices of a subset of cocaine users who were
imaged on multiple occasions. More recently, mood disturbances have been linked to
regional cerebral metabolic abnormalities in methamphetamine abusers87 (see also London
and colleagues, this volume).

Chronic exposure to stimulant drugs in humans may also lead to significant reductions in
neuronal markers of dopaminergic function. PET studies using C-11 labeled WIN-35,428 to
quantify DAT availability in methamphetamine abusers showed reduced DAT availability in
the nucleus accumbens, striatum and prefrontal cortex.88,89 The reduced DAT availability
in these studies correlated with the duration of drug use and the severity of persistent
psychiatric symptoms. PET imaging using C-11 labeled d-threo-methylphenidate to quantify
DAT availability identified partial recovery of DAT binding in methamphetamine abusers
during protracted abstinence.90 However, neuropsychological function did not improve to
the same extent. The authors suggested that recovery of DAT availability is thus not
sufficient for complete behavioral recovery. Dual-tracer PET imaging with FDG and C-11
labeled raclopride allows measurement of both brain metabolism and D2 receptor binding.
These studies document both reduced frontal metabolism and decreased dopamine D2
receptor availability in cocaine or methamphetamine abusers.91,92 Moreover, D2 receptor
availability was associated with metabolic rate in the orbitofrontal cortex. Based on such
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findings, the authors speculated that D2 receptor-mediated dysregulation of the orbitofrontal
cortex could underlie compulsive drug taking. This intriguing suggestion awaits additional
experimental evidence.

Some of the evidence for long-term changes in neurochemistry associated with stimulant use
in humans can be interpreted as evidence for neurotoxicity. PET imaging studies using C-11
labeled McN-5652 to quantify SERT availability in human MDMA users reported enduring
decrements in global brain binding that were correlated with the extent of prior MDMA use.
93 These human studies are consistent with findings in nonhuman primates reported by the
same research group. Likewise, humans with histories of methamphetamine use who were
imaged after approximately three years of abstinence displayed reduced DAT availability in
the caudate and putamen, based on C-11 WIN-35,428 PET studies.94 A preliminary study
of amphetamine use by recreational users of MDMA also reported reduced striatal DAT
binding, as determined by SPECT imaging using I-123 labeled B-CIT.95 However, this area
of research has produced equivocal findings. As noted previously, a major advantage of
neuroimaging techniques is the ability to employ longitudinal designs that minimize
between-subject variability. Recent studies using longitudinal designs did not find a
significant correlation between reductions in SERT availability and extent of MDMA. There
were no improvements in markers for SERT during periods of drug abstinence.96,97

In addition to PET and SPECT neuroimaging, magnetic resonance spectroscopy (MRS) is an
effective technique for quantifying neurotransmitters, their metabolites as well as putative
biochemical markers for gliosis and cell death in discrete brain regions in vivo (see98 for
basic description). Limited research that has been conducted in human MDMA users has
provided mixed results. In one study, decreased ratios of N-acetyl-aspartate to creatine were
associated with memory deficits in MDMA users.95 Other studies, however, have reported
no differences in biochemical markers between MDMA users and control subjects99,100 It
should be recognized that low magnetic field strength or a limited number of
neuroanatomical regions of interest could lead to reduced sensitivity and potential false-
negative results. Nonhuman primate research using more tightly controlled subject
populations, high field strength magnets, and sufficient access to subjects to provide
replication across many brain regions should allow us to address these issues.

Conclusions
Recent advances in nonhuman primate neuroimaging have documented drug-induced
functional changes in brain activity under physiologically relevant conditions.
Neuroimaging of cerebral blood flow changes coupled to cerebral metabolism measured
with PET and fMRI is particularly well suited to define the neuronal circuitry that underlies
drug effects on behavior. The ability to study drug interactions with specific protein targets
in vivo has supported medications development efforts that have focused primarily on
behavioral models of drug abuse. For example, neuroimaging has been used in nonhuman
primates to study the relationship between drug occupancy at monoamine transporters and
the behavioral effects of cocaine and cocaine-like agonist medications. Similar approaches
have proven especially useful in studying dynamic changes in brain chemistry that may be
associated with environmental variables. For example, differences in social status have been
linked to dopamine receptor availability and propensity to use cocaine in nonhuman
primates. The ability to conduct within-subject, longitudinal assessments of brain chemistry
and neuronal function should enhance our efforts to document long-term changes due to
chronic drug exposure and to elucidate recovery during prolonged abstinence or during
treatment interventions. This review documents the close concordance that can be achieved
among functional measures of neuroimaging, neurochemistry and behavior. Importantly, the
clinical relevance of information derived from nonhuman primates has been established in
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several instances, when compared to the outcome of functional imaging studies in humans.
Future progress in the field will rely on additional technical advances and novel research
applications. MRI offers several advantages over PET and SPECT imaging, including
improved temporal and spatial resolution. Appropriate contrast agents need to be developed
that can adequately quantify specific protein targets in brain. Current technology with PET
and SPECT radiochemistry should focus on the quantification of additional protein targets
other than monoamine receptors and transporters. These include GABA, glutamate and other
systems which play important roles in drug addiction. The long-term consequences of drug
use on brain metabolism and cerebral blood flow have not received adequate attention in
nonhuman primates with well controlled and documented histories of drug use. Finally,
there is a clear need to apply neuroimaging techniques to evaluate classes of abused drugs
other than psychostimulants. These complementary and integrative approaches should have
important implications for medications development to treat drug abuse and addiction.
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Figure 1.
All data were obtained from unanesthetized nonhuman primates. A. PET cerebral blood
flow images in coronal orientation from a group of four rhesus monkeys showing increases
in dorsolateral prefrontal areas in response to non-contingent i.v. administration of 1.0 mg/
kg of cocaine (top), absence of blood flow effects in response to the serotonin reuptake
inhibitor, alaproclate, administered alone (middle), and complete blockade of cocaine-
induced increases in cerebral blood flow when alaproclate was administered prior to cocaine
(bottom). B. Rate of responding maintained under a schedule of i.v. cocaine self-
administration in a group of four squirrel monkeys. Data show responding maintained by
two different unit doses of cocaine (0.1 and 0.3 mg/kg) during sessions where subjects were
pretreated with saline vehicle or alaproclate (3 or 10 mg/kg). Rate of responding was dose-
dependently decreased by pretreatment with alaproclate. Abscissa: Dose of alaproclate
pretreatment. Ordinate: Rate of responding expressed as a percentage of control. C. Time
course of cocaine-induced increases in extracellular levels of dopamine in the caudate
nucleus following pretreatment with saline vehicle or alaproclate in a group of three squirrel
monkeys. Alaproclate dose-dependently inhibited cocaine-induced increases in extracellular
dopamine. Abscissae: Time in 10-minute sampling intervals. Ordinates: Extracellular levels
of dopamine expressed as a percentage of baseline. Note the consistency of effects across
three different experimental assays. The selective SERT inhibitor effectively attenuated
cocaine-induced brain activation and elevations in extracellular dopamine, and cocaine self-
administration.
Panel A is reproduced from Howell et al., 2002.19 Panels B and C are reproduced from
Czoty et al., 2002.20
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Figure 2.
A. Representative images from a single rhesus monkey showing binding of the selective
DAT radiotracer [18F]-FECNT. Images are displayed in transverse (left), sagittal (top right),
and coronal (bottom right) orientations. All images are oriented in radiological convention.
Binding is highly localized to striatal areas. B. Representative images from a single rhesus
monkey showing binding of the selective SERT radiotracer [18F]-m-ZIENT. Images are
displayed in transverse (left), sagittal (top right), and coronal (bottom right) orientations. All
images are oriented in radiological convention. Binding is diffuse and extends through
cortical and sub-cortical areas. However, the highest levels of binding are localized to the
raphe nucleus.
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Figure 3.
A. Representative images from a single rhesus monkey showing binding of the selective
DAT radiotracer [18F]-FECNT at the level of the striatum (top row) or the cerebellum
(bottom row). Images from left to right in each row represent increasing time over the
course of the scan. Unlabelled cocaine was administered i.v. before the third image. Binding
of [18F]-FECNT is rapidly and significantly reduced in the final three images. B.
Representative time-activity curves from the striatum and cerebellum in the same subject
depicted in panel A. Time points are identified for the administration of [18F]-FECNT (1)
and cocaine (2). Abscissae: Time in minutes. Ordinates: Uptake within a given brain region
in nanoCuries per milliliter.
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Table 1

Acute effects of stimulants on cerebral metabolism, blood flow, blood volume, and blood oxygenation

Decreases in cerebral metabolism

London et al. 1990 Human polydrug abusers PET, [18F]FDG 40mg (IV) cocaine

Decreases in cerebral blood flow

Pearlson et al. 1993 Human cocaine dependent SPECT, technetium-99-m-exametazine 48 mg (IV) cocaine

Wallace et al. 1996 Human cocaine dependent SPECT, technetium-99-m- exametazine 40 mg (IV) cocaine

Johnson et al. 1998 Human cocaine dependent SPECT, technetium-99-m-bicisate 0.325 and 0.650 mg/kg (IV) cocaine

Transient regional increases in cerebral blood flow, volume, or oxygenation

Mathew et al. 1996 Human cocaine dependent laser Doppler, 133 xenon 0.3mg/kg (IV) cocaine

Breiter et al. 1997 Human cocaine dependent fMRI, BOLD 0.6mg/kg (IV) cocaine

Howell et al. 2002 Rhesus macaques PET, (CBF), [15O]H20 0.3 and 1.0 mg/kg (IV) cocaine

Jenkins et al. 2004 Cynomolgous macaques fMRI, (CBV), MION 2.5 mg/kg (IV) amphetamine

Kufahl et al. 2005 Human polydrug abusers fMRI, BOLD 0.285 mg/kg (IV) cocaine

Sustained regional increases in cerebral blood oxygenation

Brevard et al. 2006 Marmosets fMRI, BOLD 1.0 mg/kg (PO) MDMA
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Table 2

Long-term consequences of stimulants on monoamine transporters and dopamine D2 receptors

No change in SERT availability

Buchert et al. 2006 Humans PET, [11C](+)McN5652 MDMA abusers – longitudinal design

Thomasius et al. 2006 Humans PET, [11C](+)McN5652 MDMA abusers – longitudinal design

Banks et al. 2008 Rhesus macaques PET, [11C]DASB 0.03 and 0.3 mg/kg/infusion (IV) MDMA

Decreases in SERT availability

Scheffel et al. 1998 Baboons PET, [11C](+)McN5652 5 mg/kg bidaily X 4 days (SC) MDMA

Ricaurte et al. 2000 Humans PET, [11C](+)McN5652 MDMA abusers

Increases in SERT availability

Banks et al. 2008 Rhesus macaques PET, [11C]DASB 0.03 and 0.3 mg/kg/infusion (IV) cocaine

No change in DAT availability

Czoty et al. 2007 Rhesus macaques PET, [18F]FCT 0.03 mg/kg/infusion (IV) cocaine - limited drug intake

Decreases in DAT availability

McCann et al. 1998 Humans PET, [11C]WIN 35,428 methamphetamine abusers

Villemagne et al. 1998 Baboons PET, [11C]WIN 35,428 0.5, 1, or 2 mg/kg X 4 injections (IM) methamphetamine

Sekine et al. 2001, 2003 Humans PET, [11C]WIN 35,428 methamphetamine abusers

Reneman et al. 2002 Humans SPECT, [123I]B-CIT amphetamine/MDMA abusers

Hashimoto et al. 2007 Rhesus macaques PET, [11C]CFT 2 mg/kg X 3 injections (IM) methamphetamine

Volkow et al. 2001a Humans PET, [11C]d-threo-methylphenidate methamphetamine abusers

No change in vMAT levels

Fantegrossi et al. 2004 Rhesus macaques PET, [11C]DTBZ 0.003 to 0.3 mg/kg/infusion (IV) MDMA

Decreases in D2 receptor availability

Volkow et al. 1993 Humans PET, [11C]raclopride cocaine abusers

Volkow et al. 2001b Humans PET, [11C]raclopride methamphetamine abusers

Nader et al. 2006 Rhesus macaques PET, [18F]FCP 0.2 mg/kg/infusion (IV) cocaine
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