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Abstract
Background—Addictive disorders are heritable, but the search for candidate functional
polymorphisms playing an etiological role in addiction is hindered by complexity of the phenotype
and the variety of factors interacting to impact behavior. Advances in human genome sequencing
and neuroimaging technology provide an unprecedented opportunity to explore the impact of
functional genetic variants on variability in behaviorally relevant neural circuitry. Here, we
present a model for merging these technologies to trace the links between genes, brain, and
addictive behavior.

Methods—We describe imaging genetics and discuss the utility of its application to addiction.
We then review data pertaining to impulsivity and reward circuitry as an example of how genetic
variation may lead to variation in behavioral phenotype. Finally, we present preliminary data
relating the neural basis of reward processing to individual differences in nicotine dependence.

Results—Complex human behaviors such as addiction can be traced to their basic genetic
building blocks by identifying intermediate behavioral phenotypes, associated neural circuitry, and
underlying molecular signaling pathways. Impulsivity has been linked with variation in reward-
related activation in the ventral striatum (VS), altered dopamine signaling, and functional
polymorphisms of DRD2 and DAT1 genes. In smokers, changes in reward-related VS activation
induced by smoking abstinence may be associated with severity of nicotine dependence.

Conclusions—Variation in genes related to dopamine signaling may contribute to heterogeneity
in VS sensitivity to reward and, ultimately, to addiction. These findings illustrate the utility of the
imaging genetics approach for investigating the neurobiological basis for vulnerability to
addiction.

*Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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In the past several decades, a wealth of research has begun to elucidate the neural
mechanisms underlying acute drug effects, as well as the long-term neuroadaptations
mediating the transition to drug dependence and compulsive drug-taking behavior (Kalivas
and Volkow, 2005). However, not all individuals exposed to a drug of abuse go on to
become dependent, highlighting the importance of identifying the factors which contribute
to individual variability in this process. Individual differences in personality, temperament,
or trait affect which help to shape complex behaviors and influence an individual’s
interactions with the environment—including exposure to drugs of abuse—may ultimately
confer vulnerability to or protection from the neural processes underlying drug dependence.
Accordingly, identifying the biological mechanisms that give rise to individual trait
differences affords a unique opportunity to develop a deeper understanding of addiction
liability and, ultimately, prevention and treatment.

1. The case for integrating genetics and neuroimaging in the study of
addiction

Behavioral genetics approaches have identified a strong heritability component to substance
abuse and substance dependence (Agrawal and Lynskey, 2008; Han et al., 1999; Kendler et
al., 2003). Recent advances in outlining the human genome have made identification of the
genetic sources of variance in drug dependence a compelling and exciting avenue of
research. However, isolating specific genetic contributors to the manifestation of a disease
state has proven challenging. A single genetic polymorphism is likely to explain only a very
small percentage of variance in complex behavioral outcomes such as addiction. This
disconnect, between the heritability of addiction and the difficulty establishing specific
effects of gene variants, may be a result of many intervening variables and levels of function
that likely mask the more fundamental effects of genetic variation. In order to begin to
bridge the gap between the basic building blocks of genetic variants and the complex, distal
disease state of addiction, an integrated multilevel approach is needed to trace the
neurobiological pathways which may contribute to inter-individual variability in trait-like
behaviors, which may in turn confer risk for psychopathology, including addiction (see
Figure 1).

1.1 Refining the addiction phenotype
The weak relationship between single polymorphisms and addiction may be due, in part, to
the complexity of the addiction phenotype. Both theoretical and operational definitions of
addiction often include multiple dimensions that may function independently and have
distinct underlying pathophysiology (e.g., tolerance, cue-reactivity, failure of inhibitory
control, mood disturbances, attentional disturbances, etc.). This problem is not adequately
circumvented by focusing on clinically meaningful, but distal, endpoints, such as days of
sustained abstinence following a quit attempt or categorical differences between subjects
diagnosed as drug dependent and non-using controls. Indeed, detecting a significant effect
using such a distal endpoint is likely to require sample sizes in the hundreds, and effects are
often weak and inconsistent, probably due to variability in the determinants of chronic drug
use. Furthermore, even when sufficient sample sizes are employed to allow such effects to
be detected, the findings give little insight into the mechanisms by which such genes
increase biological risk for disease.
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To understand the role of genetic variation in risk for addiction, it may be necessary to refine
the behavioral phenotype such that it reflects more fundamental characteristics of the disease
state. Multiple cognitive, affective, and behavioral processes underlie addiction and likely
contribute to a particular endpoint, such as days of abstinence following treatment. Isolating
specific aspects of the disease process (e.g., cue reactivity) or the individual trait differences
which may be associated with aspects of the disease process (e.g., impulsivity) marks an
important step in beginning to trace the pathways of risk. This step is critical, because to the
extent that addiction is a complex phenomenon subserved by multiple underlying processes
(e.g., learning, memory, reward, attention), then variation in any one of these processes
could augment or attenuate risk. Furthermore, targeting a specific, well-defined phenotype
can pave the way for a mechanistic level of analysis, allowing researchers to investigate the
biological underpinnings of variability in the phenotype.

1.2 Identifying the neural circuitry underlying the phenotype
Recent advances in human neuroimaging techniques have begun to reveal the neural
substrates of inter-individual variability in complex traits, many of which are related to
addiction. In particular, BOLD fMRI has the capacity to elucidate the systems-level
neurocircuitry which may contribute to individual variability in behavioral phenotypes such
as impulsivity (see Fig. 1b). A functional neuroimaging approach to describing the
heterogeneity of complex disorders has several advantages. First, recent studies have
established that BOLD fMRI measures represent temporally stable and relatively reliable
indices of brain function (Johnstone et al., 2005; Manuck et al., 2007). Thus, much like their
behavioral counterparts, patterns of brain activation can represent enduring, trait-like
phenomena, which in and of themselves may serve as important markers of disease liability
and pathophysiology. Second, the regional task-related BOLD response provides an
objective measure of individual differences, thereby circumventing the traditional pitfalls
encountered with self-report measures. Third, such markers have the benefit of being more
proximal to the genetic sources of variance than complex behavioral outcomes. Since genes
form the basic building blocks for life, genetic sequence variation impacting gene function
can profoundly influence all levels of biology. The close relationship between genes and
neural function enables researchers to assess the putative role of genetic variation even when
the ultimate effects on more complex behaviors are difficult to determine because of
imprecise definitions of the disease state, additional genetic and environmental moderators
of the disease outcome, and measurement error. In addition, because any single
polymorphism is likely to have only a small effect on complex behavior, assessing the
impact of genetic variation on neural function affords increased power, enabling researchers
to employ sample sizes in the tens rather than in the hundreds. For example, a recent meta-
analysis demonstrated that functional variation in the promoter region of the serotonin
transporter gene (5-HTTLPR) explained approximately 10% of the variance in amygdala
reactivity to threatening stimuli (Munafo et al., 2008)—an effect size much higher than
those observed for more complex behaviors. Finally, identifying how a functional
polymorphism of a gene impacts neural activity at the systems level is much more
informative than an association observed at the level of behavior because it places the
findings within both a theoretical and empirical framework of neurobiological function.
Characterization of the neural circuitry associated with trait-like behaviors then paves the
way to a more systematic evaluation of the molecular substrates, which is ultimately
necessary to understand the pathways through which genetic variance exerts its influence
and ultimately confers risk for addiction or other disease states.

1.3 Linking regional activation to molecular signaling pathways
Although describing the relations between trait-like behaviors and regional activation
patterns can be very informative, ultimately, the power of the imaging genetics approach lies
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in its ability to trace the pathway linking genes to variation in cellular processes and brain
activation. Hence, an important next step is to identify the neurochemical mechanisms
underlying variability in brain circuit function (Figure 1c). Both pharmacological
neuroimaging and multi-modal (e.g. PET/fMRI) neuroimaging methodologies can help to
further this aim. For example, recent neuroimaging studies employing pharmacological
challenge paradigms targeting monoamine neurotransmission have revealed that even subtle
alterations in dopaminergic, noradrenergic, and serotonergic signaling can have a profound
impact on the functional response of brain circuitries supporting affect, personality, and
temperament (Bigos et al., 2008). Similarly, multimodal neuroimaging approaches have
provided evidence for directionally specific links between key components of monaminergic
signaling cascades, assessed with radiotracer PET, and brain function, assessed with BOLD
fMRI (Fisher et al., 2006). Collectively, these approaches are revealing how variability in
behaviorally relevant brain activation emerges as a function of underlying variability in key
brain signaling pathways. One logical next step is to identify the genetic sources of inter-
individual differences in these signaling pathways that ultimately give rise to the neural and
behavioral phenotypes of interest.

1.4 Identifying the genetic sources of variance in molecular signaling pathways
With recent advances in human molecular genetics, there is now tremendous potential for
identifying common sequence variation in the genes that influence the functioning or
availability of components of molecular signaling pathways (Figure 1d). Even subtle biases
in molecular signaling can profoundly influence neural systems as the individual negotiates
the environment, ultimately giving rise to complex behaviors and conferring risk for
psychopathology. Because individual variation in DNA sequence is a significant source of
variability in molecular signaling, understanding the links between genes and brain function
may provide unique insight into behavior and a deeper understanding of the mechanistic
foundation for individual differences in psychiatric diseases such as addiction. Furthermore,
once a detailed, integrated pathway is characterized, such genetic polymorphisms have the
potential to serve as highly informative markers for vulnerability or resilience to a disease
state. Of course, basing predictive inferences for individuals on a strategy of genetic
reductionism requires caution, particularly given the probabilistic nature of the biological
impact of candidate functional polymorphisms whose likely effects are dynamically
moderated by other genetic variants as well as environmental and epigenetic factors.
However, even with the recognition that the impact of any one functional polymorphism on
a disease process is not absolute, developing a comprehensive, detailed characterization of
the neurobiological and, in turn, behavioral impact of functional genetic variants may allow
researchers, and ultimately clinicians, to better understand the determinants of risk and
target prevention or treatment interventions accordingly.

1.5 Summary of the imaging genetics approach and its application to the study of
addiction

In sum, an integrated, multilevel framework for understanding individual variability in
complex behaviors can be beneficial for understanding both vulnerability to addictive
disorders among those not yet exposed to drugs of abuse, and the underlying
pathophysiology contributing to individual differences in the manifestation of addictive
phenotypes. Indeed, the disease of addiction has many characteristics that will likely make
the imaging genetics approach a fruitful avenue for future research. Addiction is a heritable,
but complex behavioral phenotype that demonstrates marked heterogeneity throughout the
disease process (i.e., initiation, transition to regular use, emergence of dependence
symptoms; Anthony et al., 1994; Cloninger et al., 1981; Donny and Dierker, 2007; Stulz et
al., 2009). The field has made considerable progress identifying several core features of
addiction (e.g., heightened incentive processing of drugs and drug related cues; reduced
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incentive properties of non-drug rewards) that can be specifically studied with greater
precision than the ultimate, multidimensional disease state. The preclinical and clinical
neuroimaging literatures have described the neural circuitry underlying many of these
behavioral phenotypes. Finally, this neural response is highly variable across individuals in a
manner that relates to variability in the disease state (see Section 3 below). These features
compel the question – do functional polymorphisms implicated in regional patterns of neural
activation underlie some of the heterogeneity in risk for drug use and dependence?

Addiction also has a unique feature, different from other psychopathologies, that makes the
imaging genetics approach particularly compelling. Exposure to drugs of abuse represents a
unique environmental perturbation; drugs of abuse directly target the brain signaling
pathways that form the basis of regional activation patterns observed using functional
neuroimaging. The effects of drug exposure on neural circuitry are not simply limited to the
direct, acute actions of the drug; they also involve neuroadaptations in response to chronic
drug use (Kalivas and Volkow, 2005) and are thought to form the physiological basis of
addiction. Consequently, genetic variation related to brain signaling pathways may underlie
not only stable trait-like neural responses, but also the degree to which acute drug effects,
neuroadaptations, and drug withdrawal alter neural response. Characterizing the interplay
between genetic variation in neural activation patterns and drug-induced changes in neural
response may facilitate the development of both pharmacological and behavioral treatments
targeting specific vulnerabilities.

In the following sections we present examples of the application of imaging genetics to
addictive disorders. First, we discuss impulsivity, specifically a bias for immediate over
delayed rewards, as a complex behavioral phenotype closely associated with vulnerability to
addiction and present data tracing the neurobiological basis of inter-individual variability in
this phenotype across multiple levels of analysis. Second, we present preliminary data
demonstrating the relationship between neural response to reward and individual differences
in nicotine dependence as an example of potentially important variation in neural
phenotypes that likely have genetic underpinnings. Finally, we discuss additional
considerations and future directions for the application of imaging genetics to addictive
disorders.

2. An exemplar: Impulsivity, reward circuitry, and dopamine function
2.1 Delay discounting as a behavioral phenotype for the disease of addiction

Although the exact definitions and measures vary from study to study, impulsivity is thought
to be a core feature of substance use disorders (Allen et al., 1998; Koob and Volkow, 2009).
Indeed, impulsive traits have been shown to predict smoking reinforcement and reward
(Perkins et al., 2008), initiation of drug use (Audrain-McGovern et al., 2009; Kollins, 2003),
dependence once regular use is initiated (Sweitzer et al., 2008), and treatment response
among those trying to quit (MacKillop and Kahler, 2009). The term “impulsivity” is often
used to describe a variety of conceptually distinct processes, such as quickly responding to
stimuli without adequate forethought (Moeller et al., 2001), a failure to inhibit a pre-potent
response (Horn et al., 2003), and a tendency to place immediate gain ahead of long-term
consequences (Logue, 1995). Each of these processes may have an important role in the
addiction phenotype; however, the one that has arguably received the most attention is the
tendency for behavior to be driven by immediate gains despite larger, long-term alternatives
(i.e., delay discounting).

Most people will reliably choose a large reward over a small reward or an immediate reward
over a delayed reward. However, individuals vary considerably in their degree of preference
when a larger reward is delayed in time, such that some individuals will be more likely to
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sacrifice a larger nominal value for the sake of immediacy, while others will be more likely
to delay gratification for the sake of profitability. The tendency to prefer immediacy over a
delayed but larger reward can be easily measured through well-characterized inter-temporal
choice procedures and is thought to provide an index of impulsivity (Bickel and Marsch,
2001; Green and Myerson, 2004). Preference for immediate over delayed rewards has been
widely linked with abuse of substances including heroin (Kirby et al., 1999; Madden et al.,
1997), cocaine (Coffey et al., 2003), alcohol (Petry, 2001; Vuchinich and Simpson, 1998),
and tobacco (Mitchell, 1999; Reynolds et al., 2004), and even pathological gambling (Alessi
and Petry, 2003). Although the causal direction and underlying mechanisms mediating this
relationship have been difficult to identify, several recent studies suggest that delay
discounting may increase vulnerability to addictive disorders (Anker et al., 2009; Audrain-
McGovern et al., 2009; Diergaarde et al., 2008). Furthermore, although evidence is
somewhat mixed, greater delay discounting has been observed among individuals with a
positive family history for alcohol dependence and substance use disorders (Acheson et al,
2011; Petry et al, 2002; Mitchell, 2011), raising the possibility of a common genetic
predisposition to both impulsivity and addiction. Consequently, a thorough characterization
of the neurobiological pathways underlying individual variability in impulsive choice can be
informative for understanding the mechanisms leading to not only normal variability in such
behaviors but also the pathophysiology of addiction and related disorders.

2.2 Neural basis of delay discounting and processing of rewards
Because delay discounting involves the valuation and selection of rewards, the ventral
striatum is a key structure likely to be recruited during delay discounting procedures. The
ventral striatum (VS) is heavily interconnected with other subcortical (e.g. amygdala),
cortical (e.g., orbitofrontal cortex; OFC) and brainstem (ventral tegmental area; VTA)
structures, which together play a critical role in shaping reward processing and motivated
behavior. Dopaminergic neurons projecting from the VTA to the VS fire in response to a
motivationally salient event, serving to increase goal-directed approach behavior by
attaching incentive salience to environmental cues associated with an obtained reward
(Robinson and Berridge, 1993). VS activity increases both in anticipation of expected
rewards and in response to the delivery of unexpected rewards, underscoring the putative
role of the VS in prediction error and incentive motivation (Schultz, 2002; O'Doherty,
2004). Moreover, drugs of abuse all share the common property of increasing dopaminergic
transmission to the VS. Thus, given the importance of its role in processing of both natural
and drug rewards, individual differences in VS activity and its related circuitry may be
important for understanding risk for substance abuse and dependence.

Several studies have implicated VS involvement in delay discounting, although theories
differ in the attributions of its exact role. McClure and colleagues (McClure et al., 2004)
have found increases in VS activation when participants weighed choices between a small,
immediate reward and a larger, delayed reward. However, VS activation was only apparent
when the smaller reward was available immediately; choices between two rewards of
differing magnitudes available at different delay intervals did not recruit this region. This
suggests that the VS may specifically respond to rewards available immediately, rather than
abstract representations of rewards available at a future point. However, other theorists have
suggested that activation of the VS during inter-temporal choice paradigms actually tracks
the subjective value of the anticipated reward, such that delayed rewards may be equally
represented but their subjective value diminished due to delay (Kable and Glimcher, 2007).
Interestingly, both models have demonstrated that magnitude of VS activation to a potential
reward choice corresponds to whether or not that choice is selected (Kable and Glimcher,
2007; McClure et al., 2004). This raised the intriguing but previously untested possibility
that VS activation may not only be involved in delay discounting task performance, but may
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specifically be related to individual differences in the bias towards immediate reward.
Indeed, because the VS exhibits an immediate response to rewards, variability in activation
in this region could serve as an important neural marker of individual differences in
impulsive choice and risk for substance use disorders.

To determine whether individual differences in delay discounting were related to neural
activation in response to immediate reward, we utilized a blocked design monetary reward
task designed to elicit activation in the VS and associated reward circuitry including regions
of prefrontal cortex (Hariri et al., 2006). Subjects played a simple guessing game, in which
they were required to guess whether they thought a number presented on a screen would be
higher or lower than five. Subjects were told that if they got it right, they would win money,
and if they got it wrong, they would lose money. The task was organized into blocks of
mostly winning trials (75% positive feedback) and blocks of mostly losing trials (75%
negative feedback). Analyses revealed that bias toward immediate over delayed rewards
assessed outside of the scanner is positively correlated with the magnitude of VS activation,
in response to both positive and negative feedback, as well as with differential reward-
related VS activation in response to positive compared with negative feedback. Consistent
with the moderate general correlation between delay discounting and traditional self-report
measures of impulsivity (de Wit, 2007), we have also found that reward-related VS
reactivity is positively correlated with scores from the Barratt Impulsiveness Scale (Forbes
et al., 2009). Collectively, our results suggest that increased self-reported impulsivity as well
as the preference for smaller immediate over larger delayed rewards, traits associated with
drug use and dependence, reflect both a relatively indiscriminate and hyper-reactive VS
circuitry. Similar variability in VS function has also been associated with more complex
measures of incentive-based decision making (Knutson et al., 2007).

Importantly, dysregulation of VS response to reward is thought to contribute to addiction
(Kalivas and Volkow, 2005). As such, inter-individual variability in VS reactivity to reward-
related stimuli likely contributes to the emergence of differences in the intermediate
behavioral risk factors for, and clinical expression of, addiction. For example, highly
impulsive individuals may experience a bias toward immediate drug rewards due to a hyper-
reactive striatal response, thereby motivating further drug use. Furthermore, chronic
exposure to drugs of abuse directly alters reward circuitry. For example, repeated drug
exposure leads to a sensitization of the striatal response to drug related cues and a
heightened motivation to obtain the drug (Robinson and Berridge, 1993), while striatal
response to non-drug rewards is blunted among chronic drug users (Volkow et al., 1997;
Wrase et al., 2007). Similarly, chronic drug users demonstrate heightened activation in the
OFC, a region closely interconnected with the VS, in response to recent drug exposure or
drug-associated cues, but hypoactivation during protracted withdrawal (Volkow and Fowler,
2000). This dissociated pattern of activation is likely driven by compensatory
neuroadaptations resulting from supraphysiological effects produced by drugs of abuse, and
may mediate a pattern of compulsive drive to obtain drug reward along with a reduced
motivation for non-drug rewards (Volkow et al., 2004).

Because of this direct impact and modification of reward circuitry by drugs of abuse, inter-
individual variability in VS reactivity could interact with changes wrought by chronic drug
exposure to contribute to variation in the expression of addiction. Identifying variability in
neural signaling pathways, which contributes to individual differences in VS function, offers
additional traction in the search for underlying biological mechanisms that may put some
individuals at risk for addiction.
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2.3 The role of dopamine signaling in VS response to rewards
Dopamine signaling within the midbrain is critical to reward processing, including learning
environmental contingencies associated with prediction of future rewards and motivating
appetitive behavior (Schultz, 2002). In addition, variability in dopamine signaling has been
associated with impulsive behavior in animal models (Dalley et al., 2007; Diergaarde et al.,
2008), and neuroadaptations in midbrain dopamine signaling are thought to be central to the
development of addiction (Hyman et al., 2006; Robinson and Berridge, 1993). Multimodal
and pharmacological neuroimaging studies of dopamine effects on brain function offer a
unique opportunity to more directly evaluate underlying molecular mechanisms regulating
this circuitry. A recent in vivo human study reported a direct positive link between striatal
dopamine synthesis, assessed with PET, and positive affect-related brain activity, assessed
with BOLD fMRI (Siessmeier et al., 2006). Acute increase of dopamine release via oral
amphetamine has also been linked with a relatively increased extent of activation in the VS
(Menon et al., 2007). More generally, an acute pharmacologic increase of dopamine in both
healthy volunteers (Hariri et al., 2002) and patients with Parkinson disease (Tessitore et al.,
2002) results in relatively increased BOLD fMRI-assessed activity in closely related limbic
brain regions, namely the amygdala. Finally, consistent with the role of VS activation in
studies of inter-temporal choice, a recent study demonstrated that administration of L-Dopa
to healthy volunteers engaged in an inter-temporal choice task enhanced VS BOLD
activation to immediate rewards but attenuated VS BOLD activation to delayed rewards—an
effect paralleled by an increase in delay discounting (Pine et al., 2010).

Multimodal PET studies examining both ligand receptor binding and cerebral blood flow
have also shown relations between striatal dopamine function and brain activation within
substance dependent populations, including individuals dependent upon cocaine (Volkow
and Fowler, 2000), methamphetamine (Volkow et al., 2001), and alcohol (Volkow et al.,
2007). Specifically, reduced striatal dopamine D2 receptor levels have been associated with
diminished regional activation in the OFC and anterior cingulate gyrus (Volkow et al.,
1992a; Volkow et al., 1992b)—regions which are tightly interconnected with the VS and
whose activation is associated with impulsivity and compulsive behavior (Baxter et al.,
1987; Brown et al., 2006). While diminished activation in regions associated with
compulsive behavior among substance dependent individuals initially seemed
counterintuitive, other studies have since found that reductions in striatal D2 receptors are
associated with increased OFC activation by drug related cues (Heinz et al., 2004; Volkow
and Fowler, 2000). These findings suggest a common mechanism underlying the
dissociation between heightened neural response to drug reward and attenuated neural
response to non-drug rewards, which together may contribute to compulsive drug use.
Furthermore, high levels of striatal D2 receptors have been shown to be protective against
OFC dysregulation among those with a family history of alcoholism (Volkow et al., 2006),
suggesting that variation in dopaminergic transmission—possibly mediated by genetic
factors, influences more distal disease outcomes.

Together, these associations suggest a potential common pathway for vulnerability to both
impulsive behavior and substance abuse, involving variability in dopaminergic function
impacting reward-related VS and prefrontal activation. Given the importance of dopamine in
modulating this behaviorally relevant neural circuitry, identifying factors that determine
interindividual variability in dopamine signaling and its related impact on the reactivity of
VS and associated behaviors will facilitate our understanding of the neurobiological
mechanisms governing reward-related behaviors and augment efforts to improve the
treatment and even prevention of pathological behaviors such as drug abuse and addiction.
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2.4 The role of dopamine genes in regulating dopamine signaling and VS response to
rewards

We and others have begun to explore how altered dopamine signaling resulting from
common functional genetic variation contributes to inter-individual variability in reward-
related VS activation (Dillon et al., 2010; Dreher et al., 2009; Forbes et al., 2009; Yacubian
et al., 2007). For example, we have investigated the impact on VS reactivity of candidate
polymorphisms shown in in vitro or in vivo assays to demonstrate significant impact on
biological function related to dopamine neurotransmission (Forbes et al., 2009). This
approach is consistent with the aim of identifying detailed, mechanistic pathways by which
functional genetic variation ultimately contributes to manifestation of complex behavior and
psychiatric disorder.

Several functional polymorphisms have been identified which contribute to subtle
alterations in the availability of components of dopamine signaling pathways, which could
in turn lead to heightened VS reward-related activation. The dopamine transporter (DAT) is
responsible for the active clearance of synaptic dopamine and, thus, plays a critical role in
regulating the duration of postsynaptic dopamine signaling, especially in the striatum
(Sesack et al., 1998). Accumulating evidence indicates that a 40-base-pair variable number
of tandem repeats polymorphism (DAT1) in the 3’ untranslated region of the DAT gene
(DAT1) influences the expression and availability of DAT (Bannon et al., 2001). Although
investigators have not consistently observed a genotype effect across all studies (Martinez et
al., 2001; Michelhaugh et al., 2001; Mill et al., 2005; van Dyck et al., 2005), several suggest
that in comparison to the 9- repeat allele, the 10-repeat is associated with relatively
increased levels of DAT both in vivo (Cheon et al., 2005; Heinz et al., 2000) and in vitro
(Mill et al., 2002; VanNess et al., 2005). We hypothesized that there would be relatively
greater VS reactivity associated with the 9-repeat allele, which is linked with reduced DAT
expression and presumably greater striatal synaptic dopamine, in comparison with the 10-
repeat allele.

The dopamine D2 receptor (DRD2) is located densely throughout the striatum and is thought
to regulate extracellular dopamine release through an auto-inhibitory mechanism (Benoit-
Marand et al., 2001). Somatodendritic DRD2 autoreceptors inhibit mesencephalic dopamine
neuron firing rates, while activation of terminal DRD2 autoreceptors result in a blockade of
neurotransmitter release (Hahn et al., 2006; Jomphe et al., 2006). Furthermore, postsynaptic
DRD2 receptors also exert inhibitory effects via second-messenger signaling cascades
(Sibley, 1993). An insertion/deletion single nucleotide polymorphism (SNP) in the 5’
promoter region (−141C insertion/deletion, Ins/Del) of the DRD2 gene alters DRD2
expression, with the deletion variant resulting in relatively reduced DRD2 expression
(Arinami et al., 1997), and presumably enhanced dopamine release resulting from decreased
inhibitory autoregulation, in comparison with the insertion variant. Thus, we hypothesized
that the deletion variant would be associated with relatively greater VS reward-related
activation relative to the insertion variant.

Consistent with our hypotheses, both the DAT1 9-repeat allele and the DRD2 −141C Del
allele were associated with relatively greater VS reactivity and accounted for nearly 12%
and 10% of inter-individual variability, respectively. Interestingly, the DRD2 gene exhibited
the largest effect when restricting the analysis to only those voxels showing a significant
correlation with self-reported impulsivity, demonstrating 33% overlap within this region.
These and similar results from other studies (Dillon et al., 2010; Dreher et al., 2009;
Yacubian et al., 2007) highlight an important role for genetic polymorphisms affecting
striatal dopamine neurotransmission in mediating inter-individual differences in reward-
related VS reactivity. They further suggest that altered VS reactivity may represent a key
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neurobiological pathway through which these polymorphisms contribute to variability in
behavioral impulsivity and related risk for substance use disorders.

3. Individual differences in nicotine dependence and withdrawal-related
changes in reward processing

In the previous sections we described an example of the application of the imaging genetics
approach to understanding the neural basis of inter-individual variability in impulsivity; a
behavioral phenotype closely related to addictive disorders. We demonstrated the
development of a mechanistic framework in which variability in the phenotype of
impulsivity could be traced through patterns of neural activity to genetically driven
alterations in molecular signaling pathways. However, the above analyses were conducted in
healthy, non-addicted adult populations, and thus likely speak only to the pathways
associated with early processes (e.g., initiation of substance use). Although it is possible that
the same mechanisms underlying impulsivity in healthy populations may also interact with
drug exposure to confer risk for drug dependence, additional work is needed to dissect the
processes acting in addicted populations. Such research would help to identify the pathways
which may place some individuals at greater risk for neuroadaptations leading to
dependence and relapse. In the next section, we turn to discussion of building upon this
knowledge and applying this approach within substance dependent populations.

As described above, addiction is a complex, multidimensional disorder. As with other
complex traits such as impulsivity, it is necessary to refine the behavioral phenotype to focus
on specific dimensions or aspects of addictive disorders in order to begin to isolate the
specific neural processing mediating inter-individual differences. Similarly, characterization
of a neural phenotype which is associated with variability in behavior paves the way for
further investigation of the genetic sources of variance and can be used to understand the
pathways mediating ultimate clinical outcomes, such as treatment response. Given that
research has begun to describe the long-term neuroadaptations resulting from chronic drug
exposure, we can begin to examine how variability in these neuroadaptations may predict
severity of addictive phenotypes, as well as identify the genetic sources of this variance.
Here, we focus on variability in nicotine dependence and incentive processing of non-drug
rewards.

As described above, neuroadaptations resulting from chronic exposure to drugs of abuse,
including nicotine, are known to involve midbrain dopaminergic function, leading to
sensitization of the dopamine response to drugs of abuse and heightened sensitivity to drug
related cues (Robinson and Berridge, 1993). By contrast, behavioral evidence suggests that
withdrawal from drugs of abuse leads to deficits in reward functioning. For example,
intracranial self-stimulation (ICSS) experiments demonstrate increased reward thresholds
during withdrawal from multiple drugs of abuse including cocaine (Markou and Koob,
1991), amphetamine (Cryan et al., 2003), alcohol (Schulteis et al., 1995), and nicotine
(Epping-Jordan et al., 1998). Indeed, opponent-process theory posits that chronic drug
exposure results in a compensatory alteration in reward processing in an attempt to correct
the imbalance that is produced by constant stimulation of the reward pathways (Koob and
Le Moal, 1997, 2001). Consistent with this framework, research with both animals and
humans suggests that nicotine facilitates the reinforcing properties of other stimuli (Barr et
al., 2008; Chaudhri et al., 2006; Donny et al., 2003; Olausson et al., 2003, 2004), while
abstinence from nicotine appears to attenuate the value of other reinforcing stimuli (Weaver
et al., 2012). Indeed, abstinent smokers experience diminished capacity for reward relative
to both satiated smokers and non-smokers including less enjoyment from ordinarily
pleasurable events and reduced response to financial reward (Dawkins et al., 2006; Powell et
al., 2002; Powell et al., 2004). Compared with satiated smokers, abstinent smokers also
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demonstrate less interference from and report lower levels of happiness in response to
positive or pleasure-related stimuli (Dawkins et al., 2006).

While some symptoms described above, such as loss of hedonic experience of pleasure, may
be mediated by a variety of neurotransmitter systems including endogenous opioids or
serotonin, other symptoms related to deficits in motivated behavior during nicotine
withdrawal may be related to attenuation of dopamine related activation in the VS. Indeed,
Martin-Soelch and colleagues (2003) reported that although there was a significant
correlation between magnitude of monetary rewards and VS activity, this relation was not
observed in smokers, suggesting they were much less responsive to even the largest rewards
presented. Likewise, data from a PET study revealed a negative correlation between
metabolic activity in the VS and abstinence-induced withdrawal, suggesting that a
component of withdrawal may be a reduction in activation within this region (Rose et al.,
2007). Together, these data support theories of addiction which suggest that adaptations in
dopamine reward pathways due to chronic stimulant exposure, including nicotine, mediates
the development of an abstinence-induced withdrawal syndrome characterized by a
decreased incentive motivation (Koob and Le Moal, 1997, 2005, 2008; Volkow et al., 2004).
Genetically driven variation in dopamine signaling and associated reward circuitry, in
interaction with the changes wrought by chronic nicotine exposure, could contribute to
individual differences in the extent of reward deficits observed during abstinence, and in
turn, the manifestation of nicotine dependence in chronic smokers.

As an initial step in investigating this line of inquiry, we tested whether variation in nicotine
dependence, previously shown to be associated with delay discounting (Sweitzer et al.,
2008), was associated with magnitude of change in reward-related VS activation during
abstinence compared with shortly after smoking. We utilized the same monetary reward task
previously shown to elicit activation associated with impulsivity (Hariri et al., 2006). It is
important to note that these data are from a small sample and hence should be viewed and
preliminary and hypothesis-generating. Because these data have not previously been
reported, we provide a brief summary of the methods below1.

3.1 Materials and methods
Complete data were available from 10 male subjects (mean age, 41.5 years +/− 6.6 SD). All
subjects were non-treatment seekers who reported smoking between 10 and 30 cigarettes per
day (mean CPD, 19.4 +/− 6.9 SD) for the past 10 to 30 years (mean years, 22.0 +/− 6.3),
scored a minimum of 4 on the Fagerstrom Test for Nicotine Dependence (FTND), and had a
baseline exhaled carbon monoxide (CO) level of 10 ppm or greater.

Subjects participated in an initial screening session plus two fMRI sessions separated by a
minimum of five days. Prior to one fMRI session, subjects were instructed to smoke ad
libitum up until the time of their appointment (non-abstinent condition). Prior to the other
fMRI session, subjects were required to abstain from smoking for a minimum of 12 hours
(abstinent condition). Compliance with instructions was verified using self-report and
expired CO levels (abstinence verified as < 8 ppm or 50% of baseline). Order of sessions
was randomly assigned and counterbalanced across subjects.

During the screening session, nicotine dependence was assessed using the Nicotine
Dependence Syndrome Scale (NDSS; Shiffman et al., 2004) and the Fagerstrom Test of
Nicotine Dependence (FTND; Heatherton et al., 1991). Procedures within each fMRI
session were identical for both sessions. Subjects first completed a measure of nicotine

1For a complete description of methods, see supplementary materials by accessing the online version of this paper at http://dx.doi.org
and by entering doi:…
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withdrawal (Minnesota Nicotine Withdrawal Scale; MNWS) and were trained on the VS
task to be completed in the scanner. After smoking a final cigarette (non-abstinent
condition) or waiting an additional 10 minutes (abstinent condition), subjects were tested for
expired CO level immediately prior to entering the scan; subjects also completed a 4-item
craving questionnaire (Questionnaire of Smoking Urges; QSU-4) just before and after the
scan, with the average taken to represent overall craving for each scanning session.

Details of our fMRI task are available through several earlier reports (Forbes et al., 2009;
Hariri et al., 2006; Hariri et al., 2009). Briefly, subjects were instructed that they would be
guessing whether a hidden number was higher or lower than five, indicated by pressing their
middle or index finger, respectively. For each trial, subjects were presented with a question
mark indicating that they should make their guess. Following each trial, the actual number
was shown, followed by a green up arrow indicating they won money if they got it right
(positive feedback) or a red down arrow indicating they lost money if they got it wrong
(negative feedback). The blocked design consisted of pseudorandom presentation of trials
organized into blocks of mostly positive feedback (4 out of 5 trials) or mostly negative
feedback (4 out of 5 trials), interleaved with control blocks in which subjects were presented
with comparable visual stimuli and were required to press a button with either their middle
or index finger to control for motor activity. Subjects were unaware of the fixed outcome
probabilities associated with each block and were led to believe that their performance
would determine their net monetary gain, although all subjects received $10 upon
completion of the task.

Subjects were scanned using a Siemens 3T MAGNETOM scanner (Siemens AG, Medical
Solutions, Erlangen, Germany). Whole-brain image analysis was completed using SPM5
(http://www.fil.ion.ucl.ac.uk/spm). Following preprocessing, data sets were analyzed using
second-level random effects models. For each subject and scan, predetermined condition
effects at each voxel within a predefined VS region of interest were calculated using a t-
statistic, producing a statistical image for each contrast: (1) positive feedback > control (2)
negative feedback > control and (3) positive feedback > negative feedback2.

3.2 Results
Analysis of behavioral measures revealed that abstinence was associated with significantly
lower CO levels and greater craving relative to non-abstinence. Although the increase in
withdrawal symptoms during abstinence was in the predicted direction, this difference did
not reach significance (see Table 1).

Consistent with previous studies, we observed strong bilateral VS activity associated with
both positive and negative feedback blocks, relative to control blocks, collapsed across both
abstinent and non-abstinent conditions (Figure 2a,b). We also observed relatively greater
right VS activation in response to positive compared with negative feedback blocks (Figure
2c). When analyzed separately by condition, bilateral VS activation was observed for both
positive and negative feedback blocks relative to control blocks during both abstinence and
non-abstinence. However, the differential effect of positive > negative feedback was
significantly associated with VS activation only during abstinence, while no effect was
observed during non-abstinence (Figure 3a,b). Despite these apparent differences between
conditions when analyzed separately, direct comparisons of VS reward-related activation
during abstinence compared with non-abstinence were not statistically significant.

2See supplementary materials for more information on image acquisition, processing, and analyses by accessing the online version of
this paper at http://dx.doi.org and by entering doi:…
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Given the theoretical and behavioral evidence suggesting that abstinence from smoking may
result in an attenuated response to reward, the lack of an overall effect of abstinence
compared with non-abstinence was surprising. However, we hypothesized that substantial
inter-individual variability in reward-related VS activation induced by abstinence could be
masking any group-level differences. Consequently, we sought to examine whether variation
could be observed across individuals, and whether this variability was related to severity of
nicotine dependence. To do this, we extracted right VS activation values from the contrast of
positive > negative feedback, including scans from both conditions (Figure 2c). Extracted
values for both abstinent and non-abstinent scans for each subject are illustrated in Figure
4a, presented as a function of nicotine dependence as measured by the NDSS. As can be
seen, individuals low in dependence appeared to show increases in VS reactivity during
abstinence compared with non-abstinence, while individuals high in dependence showed the
opposite pattern. This effect was further apparent when examining difference scores
calculated by subtracting non-abstinent from abstinent scan VS activation values for each
subject. Variability in difference scores was significantly related to NDSS scores (R2=.728,
p=.002; Figure 4b)—an effect which remained significant when controlling for age, race,
session order, and change in CO between abstinence and non-abstinence (Partial r = −.900,
p= .015). To assess the extent to which these findings generalized to left VS activation, we
also extracted activation values from a left VS cluster associated with differential response
to reward identified using a more liberal threshold3. Although relaxing the significance
threshold means it is less clear that the extracted values truly reflect reward-related
activation, analyses based on this cluster revealed a pattern identical to that observed with
the right VS (Partial r = −.907, p= .013). Furthermore, the same pattern was observed with
the FTND predicting right VS change in activation (Partial r = −.828, p= .042), although this
did not reach significance in the left VS (Partial r = −.735, p =.096).

It should be noted that the high correlations observed within this small sample likely
represent an overestimation of the true effect size for the association between nicotine
dependence and withdrawal induced changes in VS activation (see Yarkoni et al., 2009 for a
discussion of this issue), and replication in a larger sample is needed. However, these
preliminary findings suggest that, although abstinence from smoking was not associated
with a statistically significant generalized decrease in reward-related VS activation,
substantial individual variability was observed in the degree of change in activation induced
by abstinence from smoking compared with non-abstinence. Importantly, this variability
was significantly related to nicotine dependence. Only the three most highly dependent
individuals appeared to show decrements in VS response to reward as a function of
abstinence, while those low in dependence appear to show the opposite pattern. While
replication is clearly needed, these preliminary findings suggest that a relative decrease in
neural sensitivity to reward during abstinence may be associated with high levels of
dependence. These findings are consistent with a recent study demonstrating a negative
association between reward-related BOLD activation among detoxified alcoholics and
number of subsequent drinking days (Heinz et al., 2007), suggesting a heightened
vulnerability to relapse among those exhibiting the greatest reward decrements during
abstinence. Furthermore, studies with heroin and cocaine dependent subjects have
demonstrated similar blunting of BOLD activation to positive affective stimuli relative to
healthy controls (Garavan et al., 2000; Zijlstra et al., 2009), suggesting a potential pathway
of common liability to addiction.

As described above, multiple neural pathways and environmental factors are likely to
contribute to complex behaviors such as difficulty quitting smoking. Although the findings

3See supplementary materials by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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described above require replication in a larger sample, they suggest one potential pathway
which may be related to inter-individual variability in more distal processes.
Characterization of this neural phenotype among chronic smokers paves the way for further
analysis of the mechanisms underlying this variability. Given the influence of common
genetic variants (e.g., DAT1, DRD2 −141 Ins/Del) on dopamine signaling associated with
reward circuitry and impulsivity, it is possible that these or related genes may also be related
to the severity of nicotine dependence by way of their impact on the susceptibility to
neuroadaptations induced by chronic smoking. Extending research to behavioral and neural
processes unique to addicted populations also opens the door for testing the impact of
genetic variation in other pathways such as nicotinic cholinergic or opioid signaling with
clear prior relevance to drug abuse and addiction.

4. Summary and conclusions
We have presented a framework for understanding the neurobiological basis for inter-
individual variability in complex traits. With the advent of human genome sequencing and
advances in neuroimaging technologies in recent years, we now have the capacity to trace
complex human behaviors such as addiction to the level of their basic genetic building
blocks by identifying the intermediate behavioral phenotypes, associated neural circuitry,
and underlying molecular signaling pathways. Such ongoing efforts to understand the
detailed mechanisms that mediate individual differences in addictive disorders and closely
related behavioral traits may provide guiding principles to develop more effective
prevention strategies and individually tailored treatment regimes. Where genetic association
studies predicting treatment outcomes may yield little benefit in terms of significant or
informative findings, an integrated, multilevel approach that traces the neural pathways
linking candidate genes to core behavioral phenotypes can help to identify markers of risk
for addiction. Researchers, armed with a detailed conceptualization of the neurobiological
and behavioral sequelae of candidate functional genetic polymorphisms, have the potential
to identify underlying mechanisms which may contribute to initiation, relapse, or recovery;
mechanisms which likely vary across individuals and which could be specifically targeted
for tailored behavioral and/or pharmacological interventions.

One implication of the focus on the neural and genetic pathways underlying core features of
addiction is that many of the features are not specific to any single drug of abuse, or even to
drug addiction per se. That is, genetic variation related to fundamental psychological
processes (e.g., dopamine signaling, reward circuitry and impulsivity) may shape risk for
many psychological disorders depending on the influence of other genetic and/or
environmental factors. Of course, some sources of variation may also be drug-specific. For
example, variation in nicotinic receptors is likely to be more closely linked to the
pharmacological actions of nicotine and symptoms of nicotine dependence (e.g., tolerance to
nicotine) than other drugs of abuse. Indeed, by tracing the neural and behavioral pathways
linking candidate genes to disease state, we are likely to reveal drug-specific as well as more
general mechanisms.

The examples described above focused on the effects of a single signaling pathway on
behaviorally relevant brain circuitry. However, it is likely that most genetic contributors to
addictive disorders do not operate in an isolated, linear manner. It is clear that there are
numerous complex interactions between pathways, and more than one signaling pathway
contributes to the regulation of brain circuitry. Similarly, alterations within signaling
pathways are likely to impact multiple brain regions and more than one behavioral
phenotype. Thus, future work must elucidate the complex interactions between multiple
signaling pathways and integrate across multiple behavioral phenotypes to provide a
comprehensive understanding of the neurobiological basis of vulnerability to addiction.

Sweitzer et al. Page 14

Drug Alcohol Depend. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Furthermore, gene-environment interactions and epigenetic effects are also likely to
modulate the influence of genotype on brain circuitry and behavior, further underscoring the
complexity of potential pathways to behavior.

In addition, because addiction involves neuroadaptations resulting from long-term drug
exposure, prospective studies are needed to ultimately distinguish between those neural
phenotypes which confer risk for addiction and those which are the result of years of drug
abuse. Furthermore, given that substance use is often initiated during adolescence,
prospective studies are needed to identify developmental shifts in neurogenetic pathways
mediating individual variability in behavior (Viding et al., 2006). Finally, consideration of
ethnic background is critical to imaging genetics, given that specific polymorphisms may
differ in allelic frequencies across populations, and may even exhibit altered functional
effects dependent on genetic ancestry (Kim et al., 2000; Lee and Ham, 2008; Munafo et al.,
2008; Yoshida et al., 2002). Ultimately, these strategies have the potential to dramatically
improve our understanding of the neurobiological pathways leading to vulnerability to
addiction, and may contribute to the discovery of novel therapeutic strategies targeting
underlying disease processes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Figure previously published in Annual Reviews of Neuroscience (Hariri, 2009). Integration
of complementary technologies can be used to reveal the neurobiology of individual
differences in complex behavioral traits. (a) Individual differences in personality and
temperament are critical to shaping complex human behaviors and may serve as important
predictors of vulnerability to neuropsychiatric disorders. (b) Neuroimaging technologies,
especially BOLD fMRI, can identify links between variability in brain circuit function and
individual differences in personality and temperament. (c) Multimodal PET/fMRI (or
pharmacological fMRI) can map individual differences in behaviorally relevant brain circuit
function to variability in specific molecular signaling pathways. (d) Variability in specific
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molecular signaling pathways can be mapped to functional genetic polymorphisms, which
inform their ultimate biological origins and can be used to model efficiently how such
emergent variability impacts behaviorally relevant brain function. (e) Each level of analysis
can potentially inform clinically relevant issues, provide guiding principles for the
development of more effective and personalized treatment options, and represent predictive
risk markers that interact with unique environmental factors to precipitate disease.
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Figure 2.
Average ventral striatal (VS) activity associated with general feedback as well as the
differential effect of reward (p < 0.05, 125 cluster extent threshold for all contrasts),
collapsed across both conditions. All slices are presented at Y = 10. a. VS activation
associated with the contrast of positive feedback > control (right cluster: 18, 10, −4; t = 5.95;
left cluster: −16, 10, −2; t = 5.35). b. VS activation associated with the contrast of negative
feedback > control (right cluster: 18, 6, −2; t = 5.08; left cluster: −10, 6, 2; t = 7.38). c. VS
activation associated with the contrast of positive feedback > negative feedback (right
cluster: 8, 6, −6; t = 3.68).
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Figure 3.
Average ventral striatal (VS) activity associated with the contrast of positive feedback >
negative feedback (p < 0.05, 125 cluster extent threshold for all contrasts) for each
condition. Slices presented at Y=10. a. Differential effect of reward during abstinence (right
cluster: 14, 10, −10; t = 3.57; left cluster: −10, 10, −6; t = 5.85). b. No significant differential
effect of reward observed during non-abstinence.
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Figure 4.
Correlations between Nicotine Dependence Syndrome Scale (NDSS) scores and ventral
striatal (VS) differential reward-related activity (right hemisphere cluster, maximal voxel
coordinates: x = 8, y = 6, z = −6) from the contrast of positive > negative feedback. a.
Relationship between NDSS and right VS reward-related activation, plotted separately for
abstinent (partial r = −.772, p = 0.072, controlling for age, race, session order, and pre-
session CO) and non-abstinent sessions (partial r = .198, ns). b. Relation between NDSS
scores and the difference in right VS reward-related activation during abstinence compared
with non-abstinence (partial r = −.900, p = 0.015).
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Table 1

Mean scores (and standard deviations) on smoking measures for 10 smokers assessed during abstinence and
non-abstinence, and t score for the test of significant difference between conditions.

Measure Abstinent Non-Abstinent Paired T Test

Exhaled carbon monoxide (CO) 6.3 (2.7) 22.4 (5.9) 9.02**

Questionnaire of smoking urges (QSU-4) 68.0 (27.7) 32.7 (21.2) 5.11*

Minnesota withdrawal scale (MNWS) 31.7 (23.2) 17.1 (25.6) 1.94+

**
p < 0.001

*
p < 0.01

+
p < 0.10
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