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Abstract
Deep insights into the structural, molecular and functional phenotypes underlying addiction have
been made possible through in vivo neuroimaging techniques implemented in non-human and
human primates. In addition to providing evidence that many of the neural alterations detected in
stimulant-dependent individuals can emerge solely through experience with drugs, these studies
have identified potential biological phenotypes that influence addiction liability. Here, we review
recent advances that have been made in understanding the pathophysiology of stimulant addiction
using neuroimaging techniques in non-human primates. Evidence indicates that dysfunction of the
dopamine system can be both a cause and consequence of stimulant use and that this bi-directional
relationship may be mediated by the ability of individuals to exert inhibitory control over
behaviors. Further, recent data has demonstrated an involvement of the serotonin system in
addiction-related behaviors and neurobiology, suggesting that the relationship between dopamine
and serotonin systems may be altered in addiction. This approach aids in the development of novel
targets that can be used in the treatment of addiction.

Introduction
Over the past 30 years, an increasingly long and detailed list of structural, functional and
molecular phenotypes that differentiate the brains of people suffering from various forms of
drug addiction from those of control subjects has been revealed by systematic neuroimaging
studies (1–7). These changes include alterations in gray matter density and white matter
integrity, altered patterns of localized activation or functional coupling between brain
regions and apparent alterations in neurotransmitter receptor function; as a result, it is now
clear that clinically-significant addictions are linked to measurable and reliable patterns of
neural dysfunction. Moreover, these biological phenotypes can sometimes be correlated with
total years of drug use, severity of addiction, degree of cognitive/behavioral dysfunction or
other clinically-meaningful indices. Nevertheless, much remains unknown. For the most
part, the origins and determining influences of these neurobiological deficits are not fully
understood. Specifically, the degree to which they are susceptibility factors (pre-dating the
onset of drug abuse) or are consequences of the addiction process or its treatment are mostly
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unknown, though recent studies of human addicts and their relatives are beginning to tease
apart this question (8). More importantly, the mechanistic relationships between individual
observed biological markers and clinically-relevant behavior or symptoms are poorly
understood. Finally, it is mostly unknown which - if any - of these biological features of
addiction normalize with successful abstinence. Animal models have aided in delineating
these otherwise difficult-to-study phenomena and relationships.

The vast majority of basic neuroscience research on addiction that uses animal models has
involved rats and mice. Rodent models have some disadvantages when it comes to exposing
the relationships described above. Firstly, they are often not suitable for high resolution
molecular, structural or functional neuroimaging, despite the translational potential of these
approaches (allowing for the bridging of human and animal research). Secondly, though
study of the biological determinants of addiction has increasingly focused on the role for
frontal cortical regions, rodents have structurally and functionally underdeveloped frontal
regions (9). Thirdly, addiction research has identified both genetic and biological markers of
individual risk for addiction, but the total inter-individual variability in rodents is, by design,
very low (due to the breeding strategies that led to the strains available today). And finally,
the molecular features of brain regions conserved between rodents and non-human and
human primates (e.g., the striatum) may themselves be different, meaning that systems-level
drug responses may be different, as well (10). Non-human primate studies often involve
necessarily few subjects, are inherently low throughput and are relatively costly, but the
translational juxtaposition of non-human primate studies, bridging evidence obtained in
rodent models of addiction with those obtained in humans and vice versa, provides their
greatest scientific advantage. For these reasons, non-human primate model systems afford
substantial advantages in the search for the biological causes of addiction.

Here, we review recent progress that has utilized neuroimaging modalities in non-human
primate model systems to generate answers to some of the questions indicated above. From
identifying the neural systems and molecules engaged during the initial drug experience to
the neuroadaptations associated with long-term drug use, these studies have pinpointed
crucial mechanisms for further study. In addition, this work is increasingly suggesting how
individual differences affect acute and chronic drug responses in a manner that illuminates
our understanding of susceptibility and resilience.

Initial Drug Responses and the Early Progression with Repeat Use
One of the most significant conceptual and practical advantages of animal models is the
ability to prospectively identify the neural mechanisms that are affected during the initiation
of drug intake/experience, as well as the associated progressive changes that happen during
the transition to early, repeat use. Because of ethical reasons, very few studies in human
subjects have examined these effects, often focusing on assessments of drug-induced neural
responses in individuals that have developed problematic, habitual or clinically-impairing
patterns of drug intake. Therefore, animal models, particularly ones that involve a dimension
of neuroimaging (to allow back translation to the limited human studies), are crucial.

For decades, it has been known that drugs of abuse produce alterations in forebrain
dopamine release (11), though this is only one of a potentially large set of neurochemical
effects they can produce. Invasive microdialysis studies in rodents demonstrated this effect
directly (12), and subsequent PET studies suggested the same in humans (13). It was studies
in non-human primates that involved a blending of microdialysis and PET imaging that
allowed for the direct linkage of these datasets (14–16).

These neurochemical effects play out at a global level, however, with quite striking changes
in brain-wide networks resulting from initial exposure to drugs of abuse. The effects of
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drugs of abuse on the central nervous system are extensive, influencing measures of global
brain function and neurotransmitter-release dynamics. Experimenter-delivered or self-
administered cocaine increases in vivo measures of cerebral blood flow throughout the brain
(17), with the greatest increases occurring in the prefrontal cortex (17, 18). Because of the
prospective nature of animal studies, it is known that drug-induced alterations in glucose
utilization evolve as experience with the drug progresses (19, 20). Recently, fMRI-BOLD
has been used to interrogate the cerebral response of non-human primates with a limited
history of cocaine experience; cocaine administration (experimenter-delivered or self-
administered) produces changes in basal ganglia BOLD responses that are opposite, in sign,
to those measured in rodents but that are conceptually predicted by the cerebral metabolic
rate studies conducted in humans and monkeys (21). Because of potential differences in the
molecular and cellular features of brain regions (e.g., different ratios of D1 vs. D2 receptors
being activated in response to drug-induced dopamine release), functional responses in
rodents and primates may well be meaningfully different, revealing the importance of
phylogenetically-higher model systems.

Although neuroimaging has identified many structural, functional and molecular alterations
detected in stimulant-dependent individuals that have been attributed to the chronic and
persistent use of drugs, there is evidence that even relatively short-term exposure to drugs
can also produce robust neurochemical abnormalities similar to those detected following
chronic exposure. For example, a single day of methamphetamine exposure or a single week
of cocaine self-administration can measurably alter dopamine transporter and D2-like
receptor availability (22, 23), respectively, in a manner similar to the differences detected in
stimulant dependent individuals (24, 25). The drug-induced adaptations to the dopamine
system may emerge during the initial stages of drug use, potentially influencing the initial
phases of escalation of drug use (Figure 1). These rapid molecular changes likely then
contribute directly to the alterations in brain function observed as a function of duration of
experience with the drug (26); low prefrontal glucose utilization in human stimulant abusers
is correlated with striatal D2-like receptor availability (27), and data gathered in non-human
primates suggests that this is a causal relationship (from dopamine receptor activity to global
measures of brain function) (28).

Identifying neuronal markers that may act as determinants for addiction
It is clear from behavioral epidemiology studies that not all individuals are at equal liability
to develop a regular pattern of drug abuse, presumably because the neural responses to the
drug, described in the preceding section, are systematically variable in a way that mediates
the risk for developing addiction. The magnitude of the initial subjective response to the
drug, itself, has been argued to be a major predictor of subsequent liability (29–31), meaning
that the mechanisms that mediate initial drug response may be of interest in the search for
the molecular basis of individual differences in addiction liability (Figure 1).

The degree to which biological features of addiction, particularly low dopamine D2-like
receptor availability, may be a pre-existing marker of vulnerability for the disorder has been
explored in non-human primate models. One of the first studies to directly test this
hypothesis measured the availability of dopamine D2-like receptors in rhesus macaques
using PET in order to test how individual variation in this dopaminergic marker predicted
future cocaine self-administration behaviors; baseline levels of D2-like receptor availability
negatively correlated with the rate at which monkeys self-administrated cocaine (23), a
finding that has been subsequently confirmed in rodents (32, 33). The relationship between
D2-like receptor availability and addiction liability may be, in part, mediated by the ability
to exert control over behaviors, as naturally-occurring variation in D2-like receptor
availability co-varies with measures of inhibitory control in drug-naïve monkeys (34). In
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other words, subjects with low dopamine D2 receptor availability/function are at greater risk
for addictions in part because of poor control and/or reduced inhibition that leads to a greater
propensity for initial substance use and a transition to regular drug abuse (Figure 1).

Specific genetic influences that determine these individual differences in monkeys have not
been identified, but research has endorsed the notion that environmental factors, including
psychosocial ones, are of influence. In male macaques, the acquisition of a dominant social
rank after transition from individual to social housing predicted an increase in D2-like
receptors and a relative resistance to cocaine reinforcement (35); this relationship supports
the observation that high D2-like receptor availability, whether genetically or
environmentally determined, reduces sensitivity to stimulant reinforcement. In female
monkeys, on the other hand, the transition from individual to social housing – and the
resulting acquisition of a relational social rank – influences both D2-like receptor
availability and cocaine reinforcement, with monkeys acquiring a relatively dominant
position exhibiting an increase in both D2-like receptors and sensitivity for cocaine
reinforcement (36), an effect opposite to that observed in males. Therefore, environmental
factors that impact the D2-like receptor can also modulate drug reinforcement, albeit in
ways that may be mediated by other factors, such as sex.

Identifying neuronal markers that may reflect the progression of addiction
The drug seeking and taking behaviors that are characteristic of addiction most likely
emerge over extensive periods of drug use that produce neural alterations above and beyond
the acute drug effects. Because the neural impact of drugs can change over the course of use,
and these changes may themselves be governed by undetected individual differences,
longitudinal measurements, collected before and after drug use, have provided compelling
insight into the neural effects of chronic drug exposure.

Emerging studies in non-human primates have revealed that a certain proportion of the
molecular alterations detected in substance-dependent individuals are a consequence of drug
exposure. For example, cocaine-induced changes in glucose utilization appear to change as
experience with cocaine increases. Initially, acute cocaine administration produces an
increase in glucose utilization that is localized to the prefrontal cortex; however, as
experience with cocaine progresses (across a 120 day period), acute cocaine administration
increases glucose utilization into surrounding cortical regions, as well as regions of the
striatum (37). These neural adaptations in glucose utilization may have a functional impact
on processes that depend upon the prefrontal cortex, as has been recently documented in
cocaine-experienced monkeys (38).

In terms of dopamine D2-like receptors, chronic exposure to stimulants has been reported to
reduce D2-like receptor availability, providing evidence that low D2-like receptor
availability detected in stimulant dependent individuals may in part be a consequence of the
drug (25, 27, 39). D2-like receptor availability measured before, during and after monkeys
were allowed to self-administer cocaine for one year decreased by 15–20% within the initial
one week of cocaine experience and remained attenuated throughout the duration of the
study (23). Similar drug-induced changes to the D2-like receptor have been detected in
monkeys exposed to methamphetamine, and consistent with the notion that the D2-like
receptor systems plays a crucial role in positive-feedback sensitivity (34), the degree of
change in D2-like receptor availability associated directly with drug-induced changes in
cognitive performance (40). Thus, the ability to prospectively and longitudinally track
molecular markers within the same subject has provided mechanistic insights into the neural
consequences of drugs and their functional consequences.
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Identifying the persistence of molecular features of addiction after
abstinence

One of the most problematic features of addiction is that many individuals relapse back to
drug use despite maintaining abstinence for extensive periods of time, effects that must
depend upon persistence of biological adaptations caused by the drugs (Wang 2012). In
humans, there is a small amount of evidence that neural recovery occurs over protracted
periods of abstinence, perhaps because such a large proportion of subjects relapse within the
first year of abstinence. Further, although individuals may remain abstinent from a particular
drug, use of other drugs (i.e. alcohol or nicotine) may persist, potentially hindering the
ability of neural systems to “fully” recover. These limitations can be controlled in animal
models and, thus, much of our understanding into the persistence of drug-induced changes is
based on animal models.

In studies of human drug dependent individuals, differences in global brain function,
compared to healthy control subjects, appear to normalize after brief periods of abstinence
(41). Consistent with this data, cocaine-induced changes in glucose utilization that occur
over the course of drug experience is significantly attenuated after 4 weeks of withdrawal
(37). However, dopaminergic dysfunction appears to persist for a longer period of time.
Decreases in D2-like receptor availability that occur in response to chronic exposure to
stimulants are still present at seven weeks after the last drug administration (40) and in some
monkeys, one year after drug experience (23). Thus, the ability to recover from the drug-
induced adaptations may vary across neural systems, which may in turn contribute to
different aspects of relapse.

Despite the persistence of dopaminergic alterations, some recovery can occur after periods
of abstinence. In humans and in monkeys, DAT availability increases after several weeks of
abstinence (24, 40), with similar increases being detected in the D2-like receptor systems of
monkeys following abstinence from cocaine (23) and methamphetamine (40). However, as
indicated by the non-human primate studies, these levels are not restored to that of baseline,
indicating that protracted periods of abstinence, perhaps greater than one year for some
individuals, is required for a complete neural recovery (23).

Of interest is the high amount of heterogeneity in the rate at which recovery of these
dopaminergic markers occurs between individuals, irrespective of the amount of drug taken.
For example, reductions in D2-like receptor availability following cocaine exposure return,
in some monkeys, to levels comparable to that of baseline, while, in others, remain
decreased one year after the last cocaine experience (23). The rate at which dopamine
systems recovery may be mediated by genetic or environmental factors, which, if identified,
could be utilized in relapse prevention therapies, though it is important to note that pre-
existing factors that set up the foundation for drug abuse susceptibility cannot be expected to
dissipate with duration of abstinence.

Identifying the mechanistic basis of treatments for stimulant dependence
As discussed above, dopaminergic dysfunction is a phenotype common to many forms of
stimulant dependence and, as such, pharmacological strategies aimed at enhancing
dopamine signaling (i.e. D2-like receptor agonists) have been proposed as potential
treatments for cocaine and methamphetamine dependence. However, because of dopamine’s
involvement in all aspects of reward and reinforcement, not just drug-mediated reward and
basic motor processes, the side effects of these drugs often results in low treatment
compliance. There is growing interest in use of anti-depressants as a treatment for stimulant
dependence (42, 43), not only because of the limited side effects of these drugs, but also
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because many of these drugs, despite primarily targeting the serotonin systems, indirectly
modify the dopamine system (44).

In a recent study, neuroimaging measures of the serotonin system were combined with
microdialysis and behavioral assessments in monkeys in order to determine the effects of
chronic treatment with fluoxetine, a selective serotonin reuptake inhibitor, on cocaine-
related behaviors and neurobiology. Chronic treatment with fluoxetine did not directly
impact cocaine self-administration, but did prevent the ability of cocaine to reinstate drug-
seeking behaviors following extinction. It also attenuated the magnitude of dopamine release
caused by cocaine within the striatum and increased the availability of the serotonin 2A
receptors in the frontal cortex (45). Thus, enhancements in serotonin signaling may
indirectly influence the dopamine system, potentially influencing addiction-related
behaviors. In line with this hypothesis, recent evidence has indicated that dopamine levels in
the putamen interact with serotonin in the orbitofrontal cortex to influence inhibitory control
processes (46). Specifically, the interaction between dopamine and serotonin these discrete
brain regions follows that of a hyperbolic function with inhibitory control processes being
poorest in monkeys with low levels of orbitofrontal serotonin and putamen dopamine. Thus,
chronic stimulant use may create an imbalance between cortical and subcortical
neuromodulation that influences addiction-related behaviors, and restoration of the
dopamine-serotonin balance may be potential treatment for stimulant dependence (47).
Indeed, in vivo measures with PET have indicated that monkeys with a history of cocaine
use have greater serotonin transporter availability in striatal and cortical brain regions
compared to drug-naive monkeys (48, 49) which may, as discussed above, directly impact
the dopaminergic signaling. Simultaneous interrogation of the both dopamine and serotonin
systems across stages of drug use are needed and may provide crucial insight into how these
neurotransmitter systems influence one and other and addiction-related behaviors.

Conclusions
The use of combined behavioral, neuroimaging and psychopharmacological manipulations
in non-human primate models has already enabled significant advances towards
understanding how specific molecules (e.g., dopamine and dopamine D2-like receptors,
serotonin) mediate the susceptibility for addiction, as well as the short- and long-term
neuroadaptations caused by drug experience. These systems allow us to explore these effects
in the context of a primate frontal lobe, a brain region substantially elaborated across
mammalian evolution. And finally, it makes it possible for animal-based research to directly
address a fundamental issue: namely, that not all individuals are alike and that the molecular
basis of relapsing addiction is not the same in all subjects.

As neuroimaging advances our understanding of brain dysfunction in human addicts, it will
be increasingly necessary to use that modality in non-human primates to bridge that
information to molecular and cellular results in rodents. In that sense, the work described
here is only a beginning. As we move ever closer to the development of rational therapeutics
for addiction, neuroimaging in primates may also help us to understand how those medicines
achieve their clinical efficacy, thereby playing an irreplaceable role in the scientific effort to
stem the impact of drug addiction.
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Highlights

• The translational utility of neuroimaging has provided insight into the
pathophysiology of addiction

• We review neuroimaging research of stimulant addiction conducted in non-
human primates

• Dysfunction of the dopamine system may be a cause as well as a consequence of
addiction

• This biobehavioral relationship is potentially mediated by inhibitory control
processes

• Future directions of addiction neuroimaging studies are discussed
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Figure 1.
A theoretical model, based upon the available evidence, illustrating how genetic and
environmental influences may impact inhibitory control of behaviors and thereby influence
addiction-related processes. Compromised inhibitory control, driven by genetic and
environmental influences, may impact drug use by either influencing the likelihood of
initiating drug use (by potentially altering the neural mechanisms underlying the subjective
response to the drug) or influence the escalation of drug use following initiation. These same
genetic and/or environmental factors may also govern the bio-behavioral response of
individuals to acute drug exposure, altering the subjective response to the drug and
influencing the trajectory of these individuals to develop the compulsive patterns of drug-
seeking and taking that are characteristic of addiction.
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