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Abstract
Rationale—Neuroimaging techniques have led to significant advances in our understanding of
the neurobiology of drug-taking and the treatment of drug addiction in humans. Neuroimaging
approaches provide a powerful translational approach that can link findings from humans and
laboratory animals.

Objective—This review describes the utility of neuroimaging toward understanding the
neurobiological basis of drug taking, and documents the close concordance that can be achieved
among neuroimaging, neurochemical and behavioral endpoints.

Results—The study of drug interactions with dopamine and serotonin transporters in vivo has
identified pharmacological mechanisms of action associated with the abuse liability of stimulants.
Neuroimaging has identified the extended limbic system, including the prefrontal cortex and
anterior cingulate, as important neuronal circuitry that underlies drug taking. The ability to
conduct within-subject, longitudinal assessments of brain chemistry and neuronal function has
enhanced our efforts to document long-term changes in dopamine D2 receptors, monoamine
transporters, and prefrontal metabolism due to chronic drug exposure. Dysregulation of dopamine
function and brain metabolic changes in areas involved in reward circuitry have been linked to
drug-taking behavior, cognitive impairment and treatment response.

Conclusions—Experimental designs employing neuroimaging should consider well-
documented determinants of drug taking, including pharmacokinetic considerations, subject
history and environmental variables. Methodological issues to consider include limited molecular
probes, lack of neurochemical specificity in brain activation studies, and the potential influence of
anesthetics in animal studies. Nevertheless, these integrative approaches should have important
implications for understanding drug-taking behavior and the treatment of drug addiction.
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Introduction
It has been known for over 50 years that drug-taking behavior can be maintained in
laboratory animals. Early studies examined the effects of morphine in opiate-dependent
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primates (Laties 1986; Spragg 1940; Thompson and Schuster 1964). At that time, it was
assumed that physical dependence was required to maintain drug taking in laboratory
animals, and that drug taking was maintained by the alleviation of aversive withdrawal
symptoms. However, in a pioneering study, Deneau, Yanagita, and Seevers (1969)
documented that nondrug-dependent rhesus monkeys would acquire persistent self-
administration of a variety of compounds, including morphine, cocaine, ethanol, and
codeine. This initial demonstration has been subsequently confirmed with a large variety of
drugs over a wide range of conditions. Furthermore, it revolutionized the conceptualization
of drug-taking behavior in laboratory animals, as it demonstrated that the reduction or
elimination of aversive withdrawal symptoms was not necessary for maintenance of drug
taking. In concert with the results of studies examining the maintenance of behavior by food
delivery or termination of aversive stimuli (Kelleher and Morse 1968), drug self-
administration became conceptualized as deriving from reinforcing effects. It is now well
recognized that drug-taking behavior is determined by an array of variables including the
dose, pharmacokinetics, and neurochemistry of the drug, the history of the organism,
environmental variables, and drug-elicited subjective effects.

In combination with behavioral pharmacology, non-invasive neuroimaging techniques have
led to significant advances in our understanding of the neurobiology of drug-taking behavior
and the treatment of drug addiction in humans. Neuroimaging approaches have the distinct
and unusual strength that the same technique can be applied in laboratory animals and
human subjects, allowing for a powerful translational approach that can link findings from
humans and laboratory animals. Laboratory animal models complement human research by
allowing for initially drug-naïve subjects and longitudinal designs, which support
characterization of within-subject neurobiological changes associated with chronic drug use.
Moreover, the use of laboratory animals provides for high levels of experimental control and
well documented drug histories, both of which may not be as widely available in studies of
human subjects.

Considerable evidence suggests that nonhuman primate neuroanatomy, drug responses, and
behavior offer distinct advantages for the use of neuroimaging in the study of drug taking
compared to other laboratory animal models. The organizational structure and connections
within brain regions with important roles in drug taking, such as the striatum and prefrontal
cortex, may have features unique to primates (Haber 1986; Haber and Fudge 1997; Haber
and Knutson 2010; Haber and McFarland 1999). As will be described, dopamine is a key
neurotransmitter in drug taking, and there are pronounced differences in cortical
innervations by dopamine projections between rodents and primates (Berger et al. 1988;
Haber et al. 2006). Compared to rodents, nonhuman primates are more similar to humans in
the pharmacokinetics and metabolism of several drug classes including 3,4-
methylenedioxymethamphetamine (MDMA) (Banks et al. 2007; Weerts et al. 2007).
Furthermore, the brain distribution of imaging probes exhibits some heterogeneity even
within primates, suggesting greater differences may be encountered when comparisons are
drawn across orders (Yokoyama et al. 2010). Lastly, nonhuman primates exhibit complex
social behaviors that provide unique opportunities for examining the influence of the
environment on the reinforcing effects of drugs (Morgan et al. 2002; Nader and Czoty 2005;
Nader et al. 2008).

With few exceptions, neuroimaging studies in nonhuman primates have employed positron
emission tomography (PET), single photon emission tomography (SPECT), or functional
magnetic resonance imaging (fMRI). Accordingly, these techniques will be the focus of the
current review. Researchers have used nuclear imaging with PET and SPECT to define the
behaviorally relevant dose range and pharmacokinetics of drugs with high abuse liability in
the human and nonhuman primate brain. With the development of new radiotracers and
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enhanced resolution of imaging systems, nuclear medicine techniques have also been
employed to characterize the in vivo neurochemical effects of abused drugs, including
effects at neurotransmitter receptors and transporters. Moreover, documentation of the long-
term neurobiological consequences of well characterized drug histories has led to novel
insights regarding of the pathology and treatment of drug addiction. Significant progress has
been achieved in the study of environmental determinants of drug-taking behavior using
nuclear medicine and fMRI techniques. In addition, these techniques have informed our
understanding of the neurobiology of drug-elicited subjective effects.

Pharmacological Imaging
Neuroimaging techniques provide a minimally invasive approach toward understanding drug
effects on central nervous system (CNS) function and the neural mechanisms underlying
drug-taking behavior. In PET imaging, ligands of interest are radiolabeled with unstable
atomic isotopes (see Fowler et al. 2007; Phelps and Mazziotta 1985; Senda et al. 2002).
Detector arrays and computer algorithms map the source and concentration of the
radiotracer. Numerous radiotracers have been developed for use in PET neuroimaging that
enable in vivo measurement of effective dose ranges, brain pharmacokinetics, and brain
neurochemistry. An important advantage of PET imaging over other approaches is that the
chemical properties of the radiotracers do not substantially vary from the unlabeled ligand,
allowing for the study of function with minimal alterations in pharmacological properties.
SPECT is a related approach that uses different radiotracers that emit a single photon. Due
to methodological differences, SPECT imaging has lower sensitivity and resolution
compared to PET imaging, and it is used less frequently.

In fMRI, function is typically studied using powerful static magnetic fields, strong and
rapidly changing magnetic gradients, and Fourier reconstruction techniques. fMRI studies
using blood oxygen level dependent (BOLD) contrast are the most widely utilized and infer
changes in neuronal function by physiological changes in hemodynamics and oxygen
metabolism (Fox 1988; Kwong 1992; Ogawa 1992). Compared to PET and SPECT, fMRI
provides higher temporal and spatial resolution for mapping brain activity, allowing for
more precise measurements of certain neurobiological changes that result from drug-taking
behavior. Pharmacological imaging is simply defined as the use of imaging techniques in the
context of drug administration, and accordingly has been used to study acute effects of drugs
of abuse. The vast majority of drug abuse research that has utilized neuroimaging in
primates has focused on cocaine and related stimulants. Accordingly, the current review will
focus on abused stimulants.

Pharmacokinetics
The pharmacokinetic properties of a drug are an important determinant of drug taking
behavior. Because of the rapid pharmacokinetics of this route of administration, drug-taking
behavior is typically studied in laboratory animals by intravenous drug infusions contingent
upon the behavior of the organism. A simple and straightforward way to regulate the time-
course of the drug is to alter the rate at which the drug is infused. In such studies, changes in
infusion rate dramatically alter drug-taking behavior. In a highly illustrative example, rhesus
monkeys were provided access to cocaine self-administration at different infusion rates
across different sessions. Drug-taking behavior monotonically decreased as the infusion rate
slowed. Strikingly, at the slowest infusion rate, a dose of cocaine that maintained drug-
taking behavior at other infusion rates no longer did so. In other words, at this infusion rate,
this dose of cocaine no longer functioned as a reinforcer (Panlilio et al. 1998). Similar
findings have been reported in both monkeys (Woolverton and Wang 2004) and human
subjects (Abreu et al. 2001; Marsch et al. 2001; Nelson et al. 2006).
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In addition to studies examining alterations in infusion rate, pharmacokinetics as a
determinant of drug-taking behavior have also been established by comparing the effects of
drugs with intrinsically different time-courses of action. To this end, several phenyltropane
analogs of cocaine have been developed that vary in terms of their neurochemical and
pharmacokinetic effects. When neurochemical effects were matched to cocaine but
pharmacokinetic variables varied, monkeys self-administered drugs with slower onsets and
longer durations of action than cocaine at lower rates than they self-administered cocaine
(Howell et al. 2007; Howell et al. 2000; Lindsey et al. 2004; Wilcox et al. 2002). PET
neuroimaging of drug biodistribution and kinetics has contributed to a better understanding
the mechanism of action of cocaine and related stimulants. An early study focused on the
distribution of cocaine binding in the brain of anesthetized baboons using [11C]-labeled
cocaine (Fowler et al. 1989). Cocaine binding was heterogeneous but showed some
selectivity for dopamine transporter (DAT) rich striatal regions. Striatal cocaine binding was
inhibited by pretreatments with pharmacological doses of cocaine and 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. A subsequent study documented significant overlap in the
distributions of binding of [11C]-labeled cocaine and methylphenidate (Volkow et al. 1995).
Importantly, a direct relationship was established between self-reports of “high” on the VAS
induced by cocaine and the time-course of striatal uptake (Volkow et al. 1997a). A
subsequent study compared the levels of DAT occupancy by cocaine that was administered
via different routes (Volkow et al. 2000). 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” on the VAS than intranasal
cocaine, again highlighting the importance of pharmacokinetic factors in the subjective
effects of cocaine. Collectively, these studies demonstrate that the brain distribution and
kinetics of a drug strongly predict key determinants of drug taking behavior, including
neurochemical and subjective effects.

Recently, the brain pharmacokinetics of methamphetamine were compared to cocaine in
anesthetized baboons using [11C]-labeled d-methamphetamine and (−) cocaine (Fowler et al.
2007). The results indicated that the slower clearance of methamphetamine compared to
cocaine likely contributed to its longer-lasting stimulant effects. Finally, the reinforcing
effects of several cocaine analogs were compared to the time-course of uptake of the [11C]-
labeled drugs in the putamen of awake rhesus monkeys (Kimmel et al. 2008). The cocaine
analogs were reliably self-administered but rates of responding were lower than those
maintained by cocaine. Importantly, there was a clear trend towards an inverse relationship
between the time to peak uptake of [11C]-labeled drugs in putamen and the peak number of
i.v. infusions received, such that the faster-onset drugs produced greater levels of responding
relative to the slower-onset drugs. There was also a close correspondence between the time-
course of drug uptake in brain and drug-induced increases in extracellular dopamine in
caudate (Czoty et al. 2002; Ginsburg et al. 2005; Kimmel et al. 2008; Kimmel et al. 2007).
These studies clearly show that PET measures of biodistribution and kinetics directly predict
drug taking across drugs and across subjects. However, as these studies exclusively
examined the effects of stimulants, it remains to be determined if these techniques will prove
to be as useful when applied to other drug classes.

Neurochemistry
Another important determinant of drug-taking behavior is the underlying neurochemistry of
the drug under study. Generally, reinforcement of behavior by a variety of stimuli has been
associated with the neurotransmitter dopamine. In one of the most widely cited studies of the
effects of psychomotor-stimulants, a significant correlation was shown between the potency
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of a series of cocaine analogs to be self-administered and their affinities at the DAT (Ritz et
al. 1989). This study has been supported by other research showing that selective DAT
inhibitors function as positive reinforcers (Wilcox et al. 2002). Importantly, these data lie in
stark contrast to the effects of selective inhibitors of the SERT or the NET, as these
compounds have not been found to be self-administered by laboratory animals nor do they
exhibit appreciable abuse liability (Howell 2008; Howell and Byrd 1995).

In human subjects, consistent with the data derived from nonhuman primates, dopamine has
also been linked to drug taking. These studies have primarily been conducted using
neuroimaging, and many of the results are in close agreement with preclinical studies
conducted in nonhuman primates. For example, across subjects, the subjective effects of
cocaine (Volkow et al. 1997a) or methylphenidate (Volkow et al. 1999b) correlate with
occupancy of the DAT. Accordingly, in both nonhuman and human primates, the
dopaminergic system has been closely tied to drug-taking behavior. However, it is important
to note that other systems, particularly the serotonergic and glutamatergic systems, may also
play key roles in drug-taking behavior (Bubar and Cunningham 2006; Howell and Murnane
2008; Kalivas and O'Brien 2008; Kalivas and Volkow 2005).

PET neuroimaging has been used most frequently to characterize drug interactions with
protein targets that can be related to their behavioral effects. For example, PET imaging in
rhesus monkeys using the [18F]-FECNT, a DAT selective radioligand, showed that FECNT
labels a cocaine-sensitive binding site. Moreover, consistent with the importance of drug
dose in drug taking, doses of cocaine that produced high levels of DAT occupancy were
required for behavioral effects to emerge (Votaw et al. 2002). Similarly, the relationship
between doses of local anesthetics that engender significant DAT occupancies and
reinforcing effects were evaluated in rhesus monkeys (Wilcox et al. 2005). Doses of
dimethocaine that maintained peak response rates under a second-order schedule of i.v. drug
delivery produced DAT occupancies between 66–82%. These values are highly concordant
with results from human PET imaging studies, which found that DAT occupancies were
between 60–77% for cocaine doses that subjects reported as rewarding (Volkow et al.,
1997). They are also concordant with PET imaging data in rhesus monkeys, which revealed
that cocaine DAT occupancies between 65–76% maintain peak response rates (Wilcox et al.
2002).

Unlike dimethocaine, and consistent with previous reports of marginal reinforcing effects
(Ford and Balster 1977; Johanson 1980; Wilcox et al. 1999; Woolverton 1995), procaine
was ineffective in maintaining self-administration and resulted in DAT occupancies between
10–41% (Wilcox et al. 2005). However, irrespective of the drug, in vivo microdialysis
showed that reinforcing effects and DAT occupancy were closely related to drug-induced
increases in extracellular dopamine. These studies illustrate the power of PET imaging to
unmask the mechanisms underlying drug-taking behavior, particularly as it relates to
monoamine transporters, and they highlight the utility of the translational nature of PET
imaging in nonhuman primates. For an illustration of the relationship between known
determinants of drug taking and the findings of neuroimaging studies see Table 1.
Consistent with these findings, it has been shown recently that DAT occupancy by
methylphenidate is highly concordant between rhesus monkeys and humans when blood
levels of the drug are matched (Wilcox et al. 2008).

PET neuroimaging has also been used to study protein occupancy by other stimulants. For
example, until recently, the role of the DAT in the behavioral effects of the wake promoting
drug modafinil was not well documented. Consistent with the importance of subjective
effects in drug taking, a number of clinical studies suggest that modafinil may improve
clinical outcomes for treatment of cocaine dependence by reducing self reports of craving
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and cocaine-induced euphoria (Anderson et al. 2009; Dackis et al. 2005; Dackis et al. 2003;
Hart et al. 2008) through a possible DAT-mediated mechanism (Volkow et al. 2009;
Zolkowska et al. 2009). To this end, a recent study in rhesus monkeys demonstrated that the
in vivo effects of modafinil at the DAT are similar to other stimulants, such as cocaine
(Andersen et al. 2010). Modafinil induced nocturnal locomotor-stimulant effects and
reinstated extinguished responding previously maintained by cocaine. An effective dose of
modafinil resulted in approximately 60% DAT occupancy in the striatum and significantly
increased extracellular dopamine levels, comparable to effects observed following cocaine
doses that reliably maintain self-administration (Ito et al. 2002; Votaw et al. 2002; Wilcox et
al. 2005; Wilcox et al. 2002). Consistent with these findings, Madras and colleagues (2006)
found that modafinil (8.0 mg/kg) resulted in approximately 54% DAT occupancy in the
striatum of baboons. Similarly, clinically relevant doses of modafinil significantly increased
extracellular levels of dopamine through blockade of DAT in the human brain (Volkow et
al. 2009).

The results obtained with neuroimaging provide important information about the mechanism
of action of modafinil and show low potency DAT-related effects in nonhuman primates that
may be relevant for its abuse in humans. Indeed, doses of modafinil that are considerably
higher than the clinically-relevant dose range maintain drug taking in rhesus monkeys (Gold
and Balster 1996) and humans self-administer modafinil at greater rates than placebo under
certain laboratory conditions (Stoops et al. 2005). However, its low potency at the DAT
appears to limit modafinil self-administration in nonhuman primates (Gold and Balster
1996) and its abuse liability in humans (Jasinski 2000; Vosburg et al. 2010). These studies
collectively demonstrate the power of PET imaging to characterize the transporter-related
effects of stimulants and their relationship to drug-taking behavior.

Despite extensive efforts directed toward the development of medications to treat cocaine
abuse, no effective pharmacotherapy is currently in clinical use. Given the important role of
the DAT in drug taking, the development of compounds that target the DAT represents a
reasonable approach for the pharmacological treatment of cocaine abuse. A series of studies
was conducted in nonhuman primates that evaluated the effectiveness of DAT inhibitors in
reducing cocaine self-administration. PET neuroimaging quantified DAT occupancy at
behaviorally-relevant doses, characterized the time-course of drug uptake in brain, and
documented drug-induced changes in cerebral blood flow as a model of brain activation.
Selective DAT inhibitors were effective in reducing cocaine taking, but only at high (>70%)
levels of DAT occupancy. For example, effective doses of the DAT-selective inhibitor
RTI-113, which dose-dependently reduced cocaine-maintained responding, produced DAT
occupancies between 72–84% (Wilcox et al., 2002). Similar results were observed with
other DAT-selective inhibitors, including the phenyltropane RTI-177 and the
phenylpiperazine GBR 12909 (Lindsey et al. 2004).

Selective serotonin transporter (SERT) inhibitors were also effective in reducing cocaine
taking and blocked cocaine-induced brain activation and increases in extracellular dopamine
(Czoty et al. 2002; Howell et al. 2002; Howell and Wilcox 2002). Similarly, a mixed-action
inhibitor of the DAT and the SERT, RTI-112, significantly reduced cocaine self-
administration by rhesus monkeys at doses producing levels of DAT occupancy below the
limit of detection (Lindsey et al., 2004). Furthermore, co-administrations of the selective
SERT inhibitors fluoxetine or citalopram and 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 by RTI-336 (Howell et al. 2007). Similar to its
suppression of stimulant-induced increases in operant responding, and consistent with the
importance of neurochemistry in determining drug-taking behavior, it appears that
serotonergic effects enhance suppression of cocaine self-administration by DAT inhibitors.
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Competition between radiolabeled ligands and endogenous neurotransmitters provides an
alternative means of evaluating neurochemical determinants of drug taking. Specifically,
this technique supplies an effective means of evaluating drug-induced changes in
extracellular neurotransmitter concentrations in vivo (see Laruelle 2000). For example,
SPECT imaging with the dopamine D2 receptor ligand [123I]-labeled iodobenzamide
(IBZM) in baboons and rhesus monkeys documented amphetamine-induced displacement of
binding, ostensibly due to drug-induced elevations in extracelluar dopamine (Innis et al.
1992). 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 (Laruelle et al. 1997). 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 neuroimaging with [18F]-labeled fluoroclebopride (FCP) as a reversible D2 receptor
ligand characterized stimulant-induced dopamine release in rhesus monkeys (Mach et al.
1997). Intravenous administration of cocaine, amphetamine, methylphenidate and
methamphetamine each increased rates of FCP washout from the basal ganglia, consistent
with the capacity of each drug to elevate extracellular dopamine. [11C]-labeled raclopride
studies in baboons (Dewey et al. 1992; Villemagne et al. 1998; Volkow et al. 1999a) and
[18F]-labeled fallypride studies in rhesus monkeys (Mukherjee et al. 1997) documented that
these effects can be demonstrated with several radioligands and in multiple primate species.
As such, drug-induced displacement of radioligand binding is an important tool for studying
the role of in vivo neurochemistry in drug-taking behavior. However, it is important to note
that drug mechanism of action, the relative affinity of the radioligand and the endogenous
neurotransmitter, protein density in specific brain regions, and direct interactions between
the drug and its metabolites with the protein target are all important considerations that may
influence the outcome and interpretation of in vivo displacement studies.

PET imaging has also been used in nonhuman primates to examine the receptor
pharmacology influencing dopamine release. In one study, pretreatment with the mGluR1
receptor antagonist 2-methyl-6-(phenylethynyl)pyridine (MPEP) attenuated dopamine
release by methamphetamine, as measured by [11C]-labeled MNPA (Tokunaga et al. 2009).
Similarly, the mGluR2 agonist LY354740 potentiated amphetamine-elicited dopamine
release, as measured by [11C]-labeled raclopride (van Berckel et al. 2006). Similar to
biodistribution studies, displacement of radiotracers by drug-induced increases in
neurotransmitter levels can be used to study the time-course of drug action (Narendran et al.
2007). In addition, the importance of the intrinsic efficacy of PET radioligands has recently
become recognized. For example, the D2 receptor agonist radioligand MNPA is more
sensitive than the D2 antagonist radioligand raclopride to amphetamine-elicited increases in
dopamine levels (Seneca et al. 2006). This is consistent with prior in vitro competition
binding work showing that agonists have a higher apparent affinity for receptors labeled
with agonist radioligands than antagonist radioligands (Sleight et al. 1996). Moving forward,
an enhanced understanding of these pharmacodynamic and pharmacokinetic factors is likely
to yield new insights into the neural mechanisms that mediate drug-taking behavior.

Neurocircuitry
The noninvasive measurement of cerebral blood flow with PET neuroimaging and [15O]
water provides a useful means to characterize acute drug-induced changes in brain activity.
For example, functional changes in cerebral blood flow using PET imaging have been
determined in awake, drug-naïve rhesus monkeys following acute i.v. cocaine administration
(Howell et al. 2001; Howell et al. 2002). In these studies, brain activation maps normalized
to global flow showed prominent cocaine-induced activation of prefrontal cortex, especially
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dorsolaterally. Importantly, the same dose of the selective SERT inhibitor alaproclate
attenuated the brain activational effects, drug-induced increases in striatal dopamine, and
self-administration of cocaine (Czoty et al. 2002; Howell et al. 2002). Hence, there was
close concordance between in vivo measures of drug taking, neurochemistry and functional
imaging.

A more recent study was the first to use PET imaging with [15O] water to document acute
cocaine-induced changes in brain activity during cocaine self-administration in nonhuman
primates (Howell et al. 2010). The area of major activation included anterior cingulate
cortex, a region associated with the extended limbic system. Furthermore, similar to studies
reporting conditioned responses to drug-associated environmental stimuli in humans, drug-
associated stimuli increased regional cerebral blood flow in the dorsomedial prefrontal
cortex, indicating robust cortical activation. Consistent with a well-established literature
reporting both quantitative and qualitative differences in the response to cocaine depending
on whether the drug is administered passively or self-administered (Dworkin et al. 1995;
Hemby et al. 1997), these results document qualitative differences in the pattern of brain
activation induced by cocaine during contingent versus non-contingent drug administration.
Also consistent with this literature, the brain metabolic effects of self-administered cocaine
in rhesus monkeys determined with 2DG autoradiography (Porrino et al. 2002) differed
qualitatively from results obtained in previous experiments utilizing non-contingent drug
administration in drug naïve monkeys (Lyons et al. 1996). These studies highlight the
importance of preclinical models that incorporate voluntary drug taking and provide
important insights into the neurocircuitry of drug-taking behavior.

Recently, there has been some success in implementing pharmacological fMRI to study the
neurocircuitry of drug taking in nonhuman primates (Brevard et al. 2006; Jenkins et al.
2004; Murnane and Howell 2010). 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 (Jenkins et al.
2004). 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.

To eliminate the confounding effects of anesthetics, other ambitious work has attempted to
extend these findings by determining the neurocircuity of drug taking in awake nonhuman
primates. However, there are significant challenges associated with the conduct of fMRI
imaging in awake animals as it is inherently more sensitive to subject motion than PET
imaging and requires restraint equipment built entirely from non-ferrous materials. Despite
these challenges, fMRI should prove to be highly effective in characterizing drug-induced
changes in brain activity at a systems level. Indeed, similar to its neurochemical effects
(Baumann et al. 2008; Murnane et al. 2010), a recent study found that MDMA-activated
brain regions matched the innervation patterns of the mesolimbic and mesocortical
dopamine pathways and the raphe-originated serotonergic pathways (Brevard et al. 2006). In
further support of these findings, preliminary data from our laboratory using fMRI in rhesus
monkeys showed a comparable complex pattern of brain activational effects engendered by
MDMA, with elements of dopaminergic and serotonergic activation (Figure 1). Collectively,
the results indicate that stimulants with varied mechanisms of action may each induce a
unique profile of effects on brain activity. Comparing these unique profiles to differences in
drug self-administration would provide a better conceptualization of the neurocircuitry of
drug-taking behavior.
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The acute effects of stimulants on cerebral blood flow and metabolism have been examined
in human subjects, often by those seeking to define neuronal bases for drug-induced
euphoria as a determinant of drug taking. Activation of the anterior cingulate has been
observed in response to acute administration of cocaine and related stimulants (Breiter et al.
1997; Volkow et al. 1999c) and cocaine-related environmental cues (Childress et al. 1999;
Kilts et al. 2001; Maas et al. 1998; Wexler et al. 2001). Moreover, activation of the
dorsolateral prefrontal cortex has also been observed in response to cocaine (Kufahl et al.
2005) and cocaine cues (Grant et al. 1996; Maas et al. 1998). Intravenous administration of
methylphenidate in normal subjects caused variable changes in brain metabolism (Volkow et
al. 1997b). 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 (Volkow et al. 1999c). Other investigators have reported that acute cocaine
administration increases cerebral blood flow mainly in the frontal and parietal regions
(Mathew et al. 1996).

These regional effects highlight the important role of an integrated circuitry in the context of
cocaine addiction. The anterior cingulate, part of the extended limbic system, is
anatomically linked to the prefrontal cortex and nucleus accumbens, and serves diverse
functions including the integration of mood and cognition (Devinsky et al. 1995; Vogt et al.
1992). The dorsolateral and dorsomedial prefrontal cortices are activated during the
performance of a variety of cognitive tasks that require working memory or goal-directed
behavior (Fuster 1997). Hence, it is apparent that the effects of cocaine extend beyond the
limbic system to engage brain areas underlying complex cognitive processes.

It is well documented that environmental variables such as cocaine-associated cues can
effectively elicit physiological responses and self reports of cocaine craving and withdrawal
(Ehrman et al. 1992). One potential mechanism for this finding is cue-induced dopamine
release in the dorsal striatum (Volkow et al. 2006). In support of this contention, others have
reported conditioned dopamine release in the ventral striatum in response to amphetamine
cues (Boileau et al. 2007). Interestingly, oral methylphenidate administration in cocaine
abusers significantly increased dopamine in the striatum as measured by displacement of
C11 raclopride, but failed to induce craving unless subjects were concomitantly exposed to
cocaine cues (Volkow et al. 2008). Similarly, drug-associated cues have been shown to
modulate the brain metabolic effects of stimulants in cocaine abusers. In one study, the brain
metabolic effects of methylphenidate were enhanced in cocaine abusers when
methylphenidate was administered in the presence of methylphenidate-associated cues
(Volkow et al. 2003). Drug-induced increases in self reports of drug “high” were also
greater when subjects received methylphenidate in the presence of methylphenidate-
associated cues, and self-report measures were significantly correlated with brain metabolic
effects. Similar results have been reported for subjects who had minimal experience with
stimulant drugs (Volkow et al. 2006). Accordingly, neuroimaging provides an important
means of evaluating the mechanisms that mediate the modulation of drug taking by
environmental stimuli.

In other work evaluating the role of environmental variables in drug taking, researchers have
used fMRI to compare the neural circuitry activated by presentation of cocaine-associated
versus neutral stimuli in humans with a history of crack cocaine abuse. Cocaine-associated
stimuli activated the anterior cingulate and prefrontal cortex, and activity levels in these
regions predicted self reports of craving (Maas et al. 1998). A more tightly controlled study
compared the effects of viewing cocaine-associated stimuli, outdoor nature scenes, and
sexually explicit content in both cocaine abusers and normal control subjects (Garavan et al.
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2000). Brain regions specifically relevant for mediating drug cue processing and cue-elicited
craving were operationally defined as those showing significantly greater activation when
cocaine abusers viewed cocaine-associated stimuli than when they viewed nature scenes or
sexually explicit scenes, and significantly greater activation when cocaine abusers viewed
cocaine-associated stimuli than when normal control subjects viewed cocaine-associated
stimuli. Across the entire brain, the anterior cingulate, parietal lobe, and caudate were the
only regions identified using these criteria as specifically involved in processing cocaine-
associated cues and possibly mediated cue-elicited craving. Importantly, the anterior
cingulate has been implicated in cognition, including decision making (Walton et al. 2007).
Later work examined the relationship between cue-elicited brain activation in cocaine
dependent but abstinent subjects and subsequent relapse to cocaine abuse (Kosten et al.
2006). In this study, brain activation in sensory, motor, and cognitive-emotional processing
areas was highly predictive of subsequent relapse, and was significantly more predictive of
relapse than subjective reports of craving, supporting the use of functional neuroimaging as
a tool for medications development.

Long-Term Consequences of Drug Taking
Neurochemistry

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 chemistry that are associated with drug taking. For example, PET imaging studies have
been conducted in socially housed cynomolgus monkeys to characterize the effects of
chronic cocaine exposure in dominant and subordinate individuals. Although dominant
monkeys initially exhibit higher D2 receptor availability (Grant et al. 1998; Morgan et al.
2002), chronic exposure to self-administered cocaine resulted in D2 levels that did not differ
significantly from those found in subordinate monkeys (Czoty et al. 2004). The authors
concluded that chronic exposure to cocaine reduced dopamine receptor availability. A
subsequent study examined D2 receptor availability during extended abstinence from
cocaine (Nader et al. 2006). 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 raclopride (Czoty et al. 2005). Despite any
discrepancies, these studies demonstrate that monkeys with long-term histories of cocaine
use reliably display lower D2 receptor densities in ways that correlate with cocaine dose and
duration of exposure (Moore et al. 1998; Nader et al. 2002).

It has become well accepted that drug-taking behavior can be readily influenced by
environmental conditions as well as drug history. Neuroimaging approaches have been used
to identify neurobiological mechanisms underlying the influence of environmental
determinants of drug-taking behavior. As previously described, cocaine can reliably function
as a reinforcer in subordinate monkeys yet fail to maintain self-administration in dominant
monkeys. Similarly, subordinate animals were more sensitive to the reinforcing effects of
cocaine evaluated with a choice procedure, such that they would choose a lower dose of
cocaine over food compared to dominant animals (Czoty et al. 2005). These differences in
the dominance rank among socially-housed nonhuman primates have been associated with
differential levels of dopamine D2 receptors as measured with [18F]-labeled FCP (see Nader
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and Czoty 2005). Social housing of male cynomolgus monkeys increased the availability of
D2 receptors in dominant animals without producing any changes in subordinate group
members, and these changes appeared to exert significant effects on cocaine self-
administration (Morgan et al., 2002).

Importantly, the protective effects associated with high D2 receptor density in dominant
animals can be attenuated with prolonged exposure to cocaine (Czoty et al. 2004),
suggesting that there is a pronounced interaction between environmental and drug history on
drug taking. Furthermore, the observation that female cynomolgus monkeys show
significant changes in D2 binding potential associated with menstrual cycle phase indicates
that sex differences warrants study as an additional determinant of drug-taking behavior
(Czoty et al. 2009). For an overview of the anatomical localization of changes that have
been measured in primates as a consequence of drug history see Figure 2. Collectively, these
studies demonstrate drug history as a determinant of drug-taking behavior may, in some
cases, be mediated by plasticity of monoamine systems.

Clinical studies that have used functional imaging to characterize the effects of drug history
have focused primarily on long-term changes in individuals with a complex history of
multidrug use. Similarly to nonhuman primates, chronic exposure to stimulant drugs in
humans may also lead to significant reductions in neuronal markers of dopaminergic
function. PET studies characterizing dopamine D2 receptors have reliably documented long-
lasting decreases in D2 receptor density in stimulant abusers (Volkow and Fowler 2000).
The reduction in D2 receptor function may further decrease sensitivity of reward circuits to
stimulation by natural rewards and increase the risk for drug-taking (Volkow et al. 2004).
Interestingly, no difference in D1 receptor density was observed between cocaine dependent
subjects and matched controls as determined with [11C]-labeled NNC 112 (Martinez et al.
2009).

The density of the DAT has also been evaluated with PET imaging studies. In cocaine
abusers, dopamine transporter density appears to be elevated shortly after cocaine abstinence
but then to normalize with long-term detoxification (Malison et al. 1998). Similarly,
methamphetamine-induced reductions in the density of brain dopamine markers have been
observed in human users (McCann et al., 1998; Sekine et al., 2001; Volkow et al., 2001b;
Volkow et al., 2001d; Johanson et al., 2006). The reduced DAT availability correlated with
the duration of drug use and the severity of persistent psychiatric symptoms. Impaired
psychomotor and episodic memory functioning was associated with a reduction in DAT
availability in the striatum and prefrontal cortex of methamphetamine users (Volkow et al.,
2001d). PET imaging using [11C]labeled d-threo-methylphenidate to quantify DAT
availability identified partial recovery of DAT binding in methamphetamine abusers during
protracted abstinence (Volkow et al. 2001). The correlation persisted in abstinence, as
evidenced in a recent study, which found that deficits in memory in abstinent
methamphetamine users were associated with decreases in striatal DAT binding potentials
(McCann et al., 2008).

Consistent with acute activation of the anterior cingulate by cocaine (Henry et al. 2010;
Howell et al. 2010; Murnane and Howell 2010), long-term consumption of cocaine disrupts
white matter integrity in this brain region (Lane et al. 2010). Moreover, deficits in white
matter integrity have an inverse relationship with the length of abstinence from cocaine
abuse in cocaine dependent patients (Xu et al. 2010). Collectively, these studies show that a
history of drug taking may influence dopaminergic systems in humans and possibly
associated white matter connections. For a comparison of the long-term consequences of
exposure to drugs of abuse in nonhuman primates and humans see Table 2.
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Drug history has also been proposed to compromise CNS function in a manner consistent
with “neurotoxic” effects. In this context, drug history effects have been primarily
associated with amphetamine derivatives, such as methamphetamine and MDMA. Under a
variety of conditions, MDMA has selective and enduring effects on markers of brain
serotonin systems. Indeed, one of the most widely cited studies of these neurotoxic effects
showed MDMA depleted tissue content of serotonin in the squirrel monkey (Ricaurte et al.
1988). However, early studies were limited by biochemical and histological analyses that
required between-subject comparisons. An early PET imaging study in a baboon
characterized the effects of MDMA on in vivo SERT availability using [11C]-labeled
McN5652 (Scheffel et al. 1998). Following treatment with MDMA twice daily for four
consecutive days, PET scans showed reductions in SERT availability in all brain regions
analyzed at 13–40 days post-drug treatment but regional differences in its apparent recovery
at 9 and 13 months. Similarly, methamphetamine has been shown to reduce DAT
availability in baboons (Villemagne et al. 1998) and rhesus monkeys (Hashimoto et al.
2007). However, other studies provided more ambiguous results (Melega et al. 2008),
including small and transient changes in D1 receptor availability using [11C]-labeled
SCH23390 (Hashimoto et al. 2007). Furthermore, behavioral decrements resulting from
neurochemical changes induced by exposure to amphetamine derivatives have been much
more difficult to establish (Saadat et al. 2006; Winsauer et al. 2002).

It is critical to note that studies reporting neurotoxic effects of amphetamine derivatives in
laboratory animals have relied on non-contingent drug administration rather than models
that incorporate drug-taking behavior and have typically administered large and 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 for
approximately 18 months. PET neuroimaging with [11C]-labeled DTBZ was used to
quantify vesicular monoamine transporter (VMAT) availability following at least two
months of drug abstinence (Fantegrossi et al. 2004). The reinforcing effects of MDMA were
selectively attenuated by chronic MDMA self-administration, perhaps through neurotoxic
effects of MDMA. However, there was no significant change in VMAT binding potential
and no significant changes in serotonin or dopamine levels in postmortem brains.

A more recent study found a similar lack of significant SERT availability changes following
MDMA self-administration in rhesus monkeys using [11C]-labeled DASB (Banks et al.
2008). Hence, non-contingent drug administration has yielded neurochemical changes in the
absence of behavioral correlates whereas drug self-administration has yield behavioral
alterations in the absence of any significant neurochemical correlates. As such, given the
important public health implications of drug-induced neurotoxicity, further study is clearly
warranted. In this regard, PET imaging in rhesus monkeys has shown that pre- or post-
exposure treatment with the antibiotic minocycline prevents methamphetamine-elicited
reductions in DAT availability (Hashimoto et al. 2007). Approaches such as these are likely
to be highly beneficial in the prevention or treatment of any neurotoxic effects of
amphetamine derivatives.

Studies in human MDMA users have reported enduring decrements in global brain SERT
binding which were correlated with the extent of prior MDMA use (Ricaurte et al. 2000).
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 (McCann et al. 1998). A
preliminary study of amphetamine use by recreational users of MDMA also reported
reduced striatal DAT binding, as determined by SPECT imaging using [123I]-labeled B-CIT
(Reneman et al. 2002). However, similar to studies in laboratory animals, human studies
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have sometimes produced equivocal findings. For example, recent studies using longitudinal
designs did not find a significant correlation between reductions in SERT availability and
extent of MDMA abuse. Furthermore, there were no improvements in markers for SERT
during periods of drug abstinence (Buchert et al. 2006; Thomasius et al. 2006).

In addition to PET and SPECT neuroimaging, magnetic resonance spectroscopy (MRS) has
been effectively applied to the study of subjects with a history of exposure to amphetamine
derivatives. This technique allows for quantifying neurochemicals and their metabolites, and
putative biochemical markers for gliosis and cell death in discrete brain regions in vivo (see
Minati et al. 2007 for a basic description). Similar to PET imaging, this approach has
provided mixed results in human MDMA abusers. In one study, decreased ratios of N-
acetyl-aspartate to creatine were associated with memory deficits in MDMA users
(Reneman et al. 2001). Other studies, however, have reported no differences in biochemical
markers between MDMA users and control subjects (Cowan et al. 2007; Daumann et al.
2004). 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.

Neurocircuitry
The influence of drug history on changes in protein binding in vivo is complemented by a
recent study that documented cocaine-induced changes in brain metabolic activity as a
function of cocaine self-administration history (Henry et al. 2010). Experimentally naive
rhesus monkeys were given increasing access to cocaine self-administration. PET
neuroimaging with [18F]-labeled FDG was used to measure acute cocaine-induced changes
in brain metabolism in the cocaine-naïve state, and following limited- and extended-access
conditions. In the cocaine-naïve state, cocaine-induced increases in brain metabolism were
restricted to the anterior cingulate and medial prefrontal cortex. Increased cocaine exposure
from limited through extended access recruited cocaine-induced metabolic effects in
additional frontal cortical areas and within the striatum. In apparent contrast, tolerance to
cocaine-induced elevations of dopamine in the striatum was observed in these same animals
under both access conditions (Kirkland Henry et al. 2009).

The progressive involvement of cortical and striatal domains as a function of cocaine
exposure has also been demonstrated in macaque monkeys utilizing the 2-
[14C]deoxyglucose (2-DG) method (Lyons et al. 1996; Porrino et al. 2004; Porrino et al.
2002). In a series of studies, different groups of subjects were evaluated for changes in
neurobiological responses to cocaine as assessed by autoradiography following different
durations of cocaine self-administration (Porrino et al. 2002; Porrino et al. 2004). Initial
exposures to cocaine resulted in metabolic effects of cocaine contained primarily in the
ventral medial regions of the prefrontal cortex compared to saline treated subjects. Changes
in activity were also noted in the ventral striatum and small areas of the dorsal striatum.
Following chronic exposure to cocaine self-administration, activity expanded within the
striatum to encompass both dorsal and ventral regions.

The gradual expansion of the metabolic effects of cocaine is similar to findings reported by
Henry and colleagues (2010), which also showed recruitment of metabolic activity in the
cortex and striatum in response to cocaine, following a history of taking cocaine. The main
difference between these studies is that a history of taking cocaine expanded a pattern of
drug-elicited decreases in glucose utilization measured using the 2-DG method whereas a
history of taking cocaine expanded a pattern of cocaine-elicited increases in glucose
utilization measured using the FDG method. This discrepancy could be attributed to a
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number of procedural differences, including self-administration versus non-contingent drug
administration, multiple within-session doses versus a single dose, total dose administered,
and differences between autoradiography and FDG PET neuroimaging. Furthermore, it is
important to note that the comparison condition in the 2-DG study was glucose utilization
when separate subjects were responding under an operant schedule that resulted in delivery
of food, whereas in the FDG study the comparison condition was glucose utilization when
the same subjects were administered saline. It is possible that a history of food-reinforced
responding may produce distinct and independent effects or there are differences in brain
activation when cocaine effects are compared to food reinforced or saline administration.
Nevertheless, despite the differences in the direction of cocaine-induced effects on brain
activity, there is an obvious pattern in the recruitment of cortical and subcortical regions as a
consequence of a drug history. For a summary of this expanded brain activation pattern
elicited by acute bolus of cocaine see Figure 3. This finding may explain why a history of
drug taking generally increases the sensitivity of subjects to the reinforcing effects of drugs
of abuse.

PET imaging has documented decreased blood flow in the prefrontal cortices of chronic
cocaine users (Volkow et al. 1988). Additional studies with PET and SPECT imaging have
confirmed those results, demonstrating that brain perfusion deficits occur with high
frequency (Holman et al. 1991; Holman et al. 1993; Levin et al. 1994; Strickland et al. 1993;
Volkow et al. 1991). 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
withdrawal (Volkow et al. 1991). Decreases in frontal brain metabolism persisted after
months of detoxification. The same pattern of decreased glucose metabolism (Reivich et al.
1985) and perfusion deficits (Volkow et al. 1988) 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 abusers. Moreover, detoxified cocaine abusers had a marked decrease in
dopamine release as measured by methylphenidate-induced decreases in striatal [11C]
raclopride binding (Volkow et al., 1997). Self-reports of “high” on the VAS induced by
methylphenidate were also less intense in cocaine abusers. Consistent with impaired
dopamine function, amphetamine-induced release of striatal dopamine is blunted in cocaine-
dependent subjects and this blunted effect is predictive of choice to self-administer cocaine
(Martinez et al. 2007). A recent study using fMRI during a working memory task in cocaine-
dependent subjects showed impaired activation in frontal, striatal and thalamic brain regions
(Moeller et al. 2010). Importantly, thalamic activation significantly correlated with treatment
response. Lastly, regional brain glucose metabolism measured by FDG uptake has been
characterized in conjunction with dopamine D2 receptors (Volkow et al., 1993, 2001a).
Reductions in striatal D2 receptors were associated with decreased metabolic activity in the
orbital frontal cortex and anterior cingulate cortex in detoxified individuals. In contrast, the
orbital frontal cortex was hypermetabolic in active cocaine abusers (Volkow et al. 1991). In
addition, chronic methamphetamine users showed reduced striatal D2 receptors, the loss of
which was related to the function of the orbitofrontal cortex (Volkow et al., 2001a), a region
important for executive functions. Methamphetamine users also exhibited abnormal brain
activity as determined by PET studies to measure cerebral glucose metabolism, with higher
activity in the parietal cortex and lower activity in the thalamus and striatum (Volkow et al.,
2001c). Collectively, these findings observed in stimulant abusers document significant
dysregulation of dopamine systems that are reflected in brain metabolic changes in areas
involved in reward circuitry.
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Conclusions
Non-invasive neuroimaging techniques have lead to significant advances in our current
understanding of the neurobiology of drug-taking behavior and the treatment of drug
addiction in humans. The ability to study drug interactions with specific protein targets in
vivo has identified pharmacological mechanisms of action associated with the abuse liability
of drugs, and supported medications development efforts that have focused primarily on
behavioral models of drug abuse. The reinforcing effects of abused stimulants are closely
linked to DAT occupancy, and the DAT has been identified as a potential target for
medications development. 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. It is apparent that the reinforcing effects of
abused stimulants extend beyond the limbic system and include the prefrontal cortex and
integrated circuitry. 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. Specifically, dysregulation of dopamine function and brain
metabolic changes in areas involved in reward circuitry have been linked to drug-taking
behavior, cognitive impairment and treatment response. 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 several instances, when compared to the
outcome of functional imaging studies in humans.

There is a clear need to apply neuroimaging techniques to evaluate classes of abused drugs
other than psychostimulants. Although the importance of dopamine in drug addiction is well
recognized, other neurotransmitter systems known to play a critical role in the
pharmacological effects of abused drugs have been largely ignored in primate neuroimaging.
Current technology with PET and SPECT radiochemistry should incorporate the
quantification of additional protein targets other than dopamine receptors and transporters.
These include serotonin, GABA, glutamate, and other neurotransmitters which play
important roles in drug addiction. There has been some progress in the development of
techniques to study serotonergic and glutamatergic systems, and a comprehensive
understanding of the neurobiology underlying drug addiction will likely depend on the
continued development of such novel approaches. In vivo PET measures of neurotransmitter
release in nonhuman primates have been limited to dopamine displacement of D2 receptor
binding in the striatum. However, it remains to be determined whether neurotransmitters
other than dopamine reliably displace PET ligand binding at alternative targets in nonhuman
primates, and it will be important to validate these displacement studies with direct measures
of neurotransmitter levels derived from in vivo microdialysis.

The study of brain activation by PET imaging with [15O] water and FDG has been mostly
replaced in humans by fMRI because of the higher temporal and spatial resolution and lack
of radiation exposure with this imaging modality. Recently, there has been some success in
implementing pharmacological fMRI in awake nonhuman primates (Brevard et al. 2006;
Jenkins et al. 2004; Murnane and Howell 2010). However, there are significant challenges
associated with the conduct of fMRI imaging in awake nonhuman primates as it is
inherently more sensitive to subject motion than PET imaging and requires restraint
equipment built entirely from non-ferrous materials. Despite these challenges, fMRI should
prove to be highly effective in characterizing drug-induced changes in brain activity at a
systems level but appropriate contrast agents need to be developed that can adequately
quantify specific protein targets in brain. Finally, experimental designs employing
neuroimaging should consider well documented determinants of drug taking, including
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pharmacokinetic considerations, subject history and environmental variables. Collectively,
these complementary and integrative approaches should further our understanding drug-
taking behavior and the treatment of drug abuse and addiction.
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Figure 1.
The left panel shows regions that that receive innervations by both dopamine and serotonin
(blue), regions that receive innervations by serotonin but little dopamine innervation (green),
and regions that contain the cell bodies of dopamine and serotonin neurons (white). The
right panel shows the brain activational effects of intravenous administration of S,R(+/−)-
MDMA at 1.0 mg/kg (n = 3) expressed as t-values. Both panels are presented in sagital
section to illustrate the mixture of dopaminergic and serotonergic effects induced by S,R(+/
−)-MDMA. The magnitude of the t-value is color coded as shown by the key inset.
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Figure 2.
Anatomical localization of long-term changes that have been measured in nonhuman
primates as a consequence of exposure to drugs of abuse. The image on the top is a sagittal
section from a representative rhesus monkey brain with overlaid cross sections of the
subsequently presented coronal sections. The images in the middle represent coronal
sections of the prefrontal cortex (left) and the striatum (right) that have been color coded and
labeled to indicate brain regions in which changes resulting from exposure to drugs of abuse
have been measured. The table on the bottom indicates which changes have occurred and,
through the corresponding color coding, the brain regions in which they have been
measured. dl PFC = dorsolateral prefrontal cortex; Ant Cing = anterior cingulate; m/o PFC =
medial / orbital prefrontal cortex; Cd = caudate; Put = putamen; Acc = nucleus accumbens
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Figure 3.
Increased distribution of metabolic activation by an acute bolus of cocaine as a consequence
of cocaine self-administration history. The coronal images on the top designate brain regions
at the level of the prefrontal cortex (left) and the striatum (right). The images on the bottom
represent cocaine-induced (1.0 mg/kg, IM) metabolic activation in rhesus monkey that were
drug naïve (top) or had a history of taking cocaine (bottom) at the level of the prefrontal
cortex (left) or the striatum (right). The inset color scale represents the degree of statistical
significance expressed in multiples of the t statistic value.
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Table 1

Relationship between known determinants of drug-taking behavior and the results of neuroimaging studies in
nonhuman primates and humans

Determinant Neuroimaging modality Relationship

Dose PET Cocaine-elicited changes in CBF are dose dependent

fMRI Never tested

Pharmacokinetics PET Brain pharmacokinetics correlate with interoceptive and reinforcing effects

PET Route of administration determines protein occupancy

fMRI Never tested

Neurochemistry PET Distribution of stimulant binding selective for DAT regions

PET Stimulants displace D2 receptor radioligand binding

PET Drug-induced changes in CBF are attenuated by appropriate pretreatments

fMRI Never tested

Subject history PET Determines distribution of metabolic activation

fMRI Never tested

Environment PET Dominance rank determines D2 receptor availability and drug taking

PET Cocaine self-administration under distinct schedules of reinforcement produces distinct
changes in CBF

fMRI Drug-associated stimuli elicit similar brain activational effects to the drug itself

Subjective effects PET Correlates with regional uptake

fMRI Correlates with temporal dynamics
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Table 2

Long-term consequences of exposure to drugs of abuse in nonhuman primates and humans as measured by
microdialysis, autoradiography, or neuroimaging

Effect Drug Nonhuman primates Humans

DAT Availability Cocaine ↑10–3 ↑16

MDMA/amphetamine ↓4,28

Methamphetamine ↓5,6 ↓17,18,19,20,21,27

Morphine ↓11

D1 receptor availability Methamphetamine –5,24

D2 receptor availability Cocaine ↓8,9,13,14 ↓15

Methamphetamine –24 ↓19

Dopamine release Cocaine ↓44 ↓42

SERT Availability Cocaine ↑1

MDMA ↓2–1 ↓25

vMAT levels MDMA –7

Methamphetamine –24

Distribution of cerebral activation Cocaine ↑12,32,33,34

Cerebral perfusion Cocaine ↓35,36,37,38,39

Cerebral metabolism Cocaine ↑12↓32,33,34 ↑43 ↓40,41

White matter integrity Cocaine ↓22,23

MDMA ↓25

MRS markers MDMA ↓29 30,31
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