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Family, adoption and twin studies have demonstrated 
that heritable influences account for a moderate-high 
proportion of population variance in risk for 
addiction, and therefore suggest that genetic 
mechanisms may predispose susceptibility5-7. In 
general, when attempting to identify 
etiopathophysiological pathways through which 
heritable factors might exert their effects on 
susceptibility for a given disorder, it is instructive to 
consider the core cognitive and behavioral domains  
that are disrupted in that disorder8. Addiction is 
fundamentally a disease of reward and motivation, 
and it is commonly accepted that addiction develops 
through the arrogation of evolutionarily conserved 
neural systems for processing survival-critical natural 
rewards (e.g. palatable food, sex) by drugs of abuse9-

13. This singular fact raises the intriguing possibility 
that genetic risk factors may shape susceptibility by 
altering the functional properties of brain reward 
circuitry. The use of functional neuroimaging to 
characterize the impact of genetic variation on brain 
structure, function and connectivity is one 
experimental approach that offers the promise of 
confirming this hypothesis8. However, such an 
approach must be guided by a tenable conceptual 
model of reward, and girded by a comprehensive 
understanding of the genetic, pharmacological, 
anatomical, and functional architectures of brain 
reward systems. In what follows, we will outline a 
current influential conceptualization of reward; 
review the neurochemistry of “classic” mesolimbic 

and mesocortical dopaminergic reward circuitry; 
discuss the relationship between dopamine signaling 
and dissociable aspects of reward processing; detail 
findings from human functional imaging studies using 
reward paradigms; and present recent data implicating 
genetic variation in dopamine signaling as a source of 
individual differences in reward response.  
 
A TRIPARTITE MODEL OF REWARD: 
LEARNING, MOTIVATION AND HEDONICS  

A barely noticed television commercial cues a 
desire for ice cream. Anticipating the impending 
delights of a chocolate cone, you drive to Ben and 
Jerry’s to obtain the desired treat. Consumption of the 
cone produces a subjective sense of pleasure. A 
moment’s reflection on even the simplest of reward 
episodes reveals that reward is not a unitary construct, 
but rather comprised of several discrete constituent 
processes. Berridge and Robinson have outlined three 
basic psychological components: learning, motivation 
and affect14. Generally speaking, reward learning 
involves ascertaining predictive relationships among 
external stimuli, interoceptive sensations, and actions. 
For example, in a simple form of associative reward 
learning—pavlovian appetitive conditioning—
reward-predicting conditioned stimuli (reward cues) 
energize behavioral responses appropriate to the 
facilitation of reward consumption. Reward learning 
mechanisms operate interactively and in parallel with 
neural systems involved in ascribing hedonic and 
motivational value to stimuli. These systems underpin
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the ability of a rewarding stimulus to induce a 
positively valenced affective state (pleasure) and elicit 
a motivational drive that prioritizes future 
(re)attainment of that state and organizes goal-
directed behavior towards this end (desire). While 
these two reward components usually co-occur and 
are thus often experimentally conflated, Berridge and 
Robinson were among the first to argue in favor of a 
clear differentiation of these facets, which they term 
‘liking’ and ‘wanting,’ respectively15. ‘Liking’ refers 
to the hedonic impact of a stimulus—the positively 
valenced sensory experience that immediately follows 
reward receipt. By contrast, ‘wanting’ or ‘incentive 
salience’ refers to the motivational value of that 
reward—that is, its ability to drive goal-directed 
behavior. The separation between ‘wanting’ and 
‘liking’ echoes the distinction, first made by 
ethologists in the late 19th/early 20th century, 
between “appetitive” and “consummatory” phases of 
reward behavior. According to this classification 
scheme, goal-directed approach behavior aimed at 
obtaining a reward is considered to be part of the 
‘appetitive phase,’ while consumptive (food reward) 
or copulative (sex reward) behaviors initiated upon 
reward receipt were considered part of the 
“consummatory” phase. Neurobiological 
discrimination of “liking” and “wanting” processes 
arose from the finding that experimental manipulation 
of the neurotransmitter dopamine (DA) appears to 
have a dissociable impact on behavioral measures of 
each. Namely, altering mesolimbic dopamine 
signaling has a specific and profound effect on reward 
‘wanting,’ while reward ‘liking’ is unaltered by such 
changes14. Berridge and Robinson have hypothesized 
that dysregulation within mesolimbic dopamine 
circuitry for reward ‘wanting’ following exposure to 
drugs of abuse underlies compulsive drug seeking and 
drug taking behaviors in addiction. Prior to discussing 
these findings, I will review relevant anatomical and 
pharmacological aspects of dopaminergic 
neurotransmission.  
 
DOPAMINE: ANATOMY AND 
PHARMACOLOGY  

Dopaminergic cell bodies are localized to several 
discrete mesencephalic nuclei; forebrain innervation 
arises from two of these: the substantia nigra pars 
compacta (SN) and the ventral tegmental area (VTA). 
Ascending dopamine axons project via the median 
forebrain bundle (MFB) to form three relatively 
circumscribed pathways. The nigrostriatal system 
projects from SN to dorsal striatum (caudate and 
putamen); this system is involved in motor control, 
executive function and habit learning. The 
mesolimbic system originates in VTA and projects to 
ventral striatum (including nucleus accumbens; 
NAcc) and other limbic targets, such as amygdala and 

hippocampus. The mesocortical system emanates 
from the VTA as well and projects to cortical regions; 
cingulate, orbitofrontal and medial prefrontal cortices 
(PFC) receive particularly dense mesocortical 
innervation. Mesolimbic and mesocortical dopamine 
circuits are involved in diverse aspects of cognition 
and behavior, including motivation and associative 
learning (mesolimbic system; see below) and 
attention, working memory, and inhibitory control 
(mesocortical system).  

Dopamine is synthesized in presynaptic nerve 
terminals from the essential amino acid L-tyrosine. 
Following the conversion of tyrosine to L-DOPA by 
tyrosine hydroxylase (TH)—the rate-limiting step of 
dopamine synthesis—L-DOPA is stripped of its 
carboxyl group by the enzyme amino acid 
decarboxylase (AADC) to form dopamine. After 
synthesis, dopamine is packaged into synaptic 
vesicles within the presynaptic terminal by the 
vesicular monoamine transporter (VMAT2). 
Excitatory stimulation of midbrain dopamine neurons 
causes dopamine release from axon terminal sites. 
Following release, extracellular dopamine is either 
cleared from the synaptic space or binds to a G-
protein coupled receptor (GPCR) to initiate signal 
transduction. Clearance is accomplished by reuptake 
or enzymatic degradation. The presynaptic 
membrane-bound dopamine transporter (DAT) binds 
dopamine with high affinity and, under normal 
conditions, transports released neurotransmitter back 
into the presynaptic terminal for repackaging into 
vesicles or enzymatic breakdown. Dopamine is 
catabolized by monoamine oxidase (MAO) present in 
axon terminal mitochondria and in glia, and by 
catechol-o-methyltransferase (COMT), found 
extrasynaptically and postynaptically16.  

Alternatively, dopamine can bind to one of 
several GPCR subtypes. Dopamine receptors are 
classified into two families on the basis of sequence 
homology: D1-like (D1 and D5) and D2-like (D2, D3, 
D4). D1-like receptors (D1Rs) are exclusively post-
synaptic and are coupled to the G-protein Gαs; 
stimulation of D1Rs activates adenylyl cyclase (AC). 
D2-like receptors (D2Rs), which are located both pre-
and post-synaptically, are Gαi-linked and have an 
inhibitory effect on AC. Somatodendritic D2 
autoreceptors regulate dopamine nerve cell firing, 
while stimulation of presynaptic terminal D2 
autoreceptors attenuates dopamine synthesis and 
release. The downstream effects of postsynaptic 
dopamine receptor binding are mediated by the 
activation (by D1Rs) or inhibition (by D2Rs) of AC, 
which in turn influences production of cyclic 
adenosine monophosphate (cAMP) and thus the 
function of cAMP dependent protein kinase A (PKA). 
In the striatum, PKA governs the activity state of 
DARPP-32 (dopamine-and cyclic AMP-regulated 
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phosphoprotein with molecular weight 32 kDa), a 
“master molecular switch” that is known to regulate 
(by phosphorylation) the activity of a variety of cell-
surface receptors and ion channels. In sum, 
dopaminergic signal transduction is a complex, multi-
stage process that is highly regulated at each stage. 
Inter-individual variability (e.g. due to genetic 
variation) in the functionality or concentration of 
proteins involved in any of these stages—dopamine 
synthesis, vesicular sequestration, release, reuptake, 
enzymatic degradation, receptor binding or 
downstream messenger signaling—could be expected 
to influence individual differences in the functional 
characteristics of dopaminergic circuits outlined 
above, and by extension, aspects of cognition, 
emotion and behavior subserved by them16.  
 
DOPAMINE, WANTING AND LIKING  

Interest in dopamine as a neurochemical substrate 
for reward developed from research into the neural 
basis of reinforcement motivation. In their seminal 
work, Olds and Milner used intracranial electrical 
self-stimulation to identify brain regions where 
animals would work for continued electrical 
stimulation. They found that self-stimulation behavior 
was most robustly elicited when electrodes were 
placed in sites along the MFB; Olds termed these sites 
“pleasure centers17.” Subsequent work by Roy Wise 
and others implicated the involvement of SN and 
VTA dopamine neurons in electrical self-
stimulation18, detailed the sensitivity of MFB 
stimulation reward to pharmacological intervention 
with dopaminergic drugs19, demonstrated that all 
drugs of abuse increase synaptic dopamine in the 
NAcc20, showed that animals will work for the 
opportunity to self-administer dopamine potentiating 
drugs21-23, and appeared to suggest that such drugs 
reinforce instrumental behavior only to the extent that 
they elevate dopamine24. These and related findings 
led Wise to develop the hedonia hypothesis of 
dopamine, which held that “dopamine junctions 
represent a synaptic way station…where sensory 
inputs are translated into the hedonic messages we 
experience as pleasure, euphoria or “yumminess25.” 
This hypothesis is the conceptual foundation for many 
of the dominant neurobiological theories of drug 
addiction (e.g. the reward allostasis model of Koob 
and LeMoal11), which share the view that addiction is 
a disorder of meso-accumbens dopamine “pleasure” 
systems. Wise’s formulation of reward 
neurochemistry was premised on the assumption that 
the hedonic and motivational values of a stimulus are 
so inextricably linked as to be indistinguishable. It 
was presumed that if a food or drug is pleasurable, an 
animal will work to obtain it, and conversely, that the 
degree to which an animal works to obtain a reward is 
in direct proportion to its hedonic value. Thus, for 

Wise, evidence that dopaminergic manipulations 
affected drug-seeking and consumption was 
considered confirmation that dopamine was necessary 
for producing the hedonic effects presumed to drive 
such goal-directed behaviors. However, Berridge and 
colleagues challenged this assumption by using 
experimental measures that allowed them tease apart 
hedonic and motivational responses to rewards. Such 
designs permitted the demonstration of dissociable 
neural substrates for reward ‘wanting’ and reward 
‘liking’.  

Utilizing affective facial expressions as an 
objective and quantifiable measure of hedonic 
response to gustatory reward stimuli (e.g. sucrose), a 
range of dopaminergic interventions have been found 
to have little to no impact on hedonic ‘liking’ 
reactions despite profound effects on behavioral 
indices of motivation. For example, 6-hydroxy-
dopamine (6-OHDA) lesions of ascending 
dopaminergic projections have no effect on hedonic 
responses to sucrose, despite almost completely 
depleting dopamine levels in NAcc and dorsal 
striatum26-27. In addition, D2R blockade does not alter 
‘liking’ responses (to sucrose) or ‘disliking’ responses 
(to quinine)28. Similarly, neither systemic 
administration of amphetamine29, amphetamine 
microinjections into NAcc30, or electrical stimulation 
of the MFB31 affect liking reactions to sucrose 
reward, although all three of these manipulations 
significantly potentiate manifestations of reward 
‘wanting,’ such as food seeking and ingestive 
behaviors. Notably, genetically hyperdopaminergic 
and hypodopaminergic mice (DAT and TH 
knockouts, respectively) show striking and 
directionally consistent alterations in reward 
‘wanting’ behavior (DAT knockouts increased, TH 
knockouts decreased) in the absence of corresponding 
changes in hedonic response32-36. In aggregate, these 
findings strongly suggests dissociable neural 
mechanisms for ascribing motivational and hedonic 
value to rewards, with dopamine selectively 
mediating reward ‘wanting’ but not reward ‘liking’. 
Berridge and Robinson’s Incentive Salience model 
and Incentive Sensitization hypothesis developed 
directly from these observations.  
 
INCENTIVE SALIENCE AND INCENTIVE 
SENSITIZATION  

Based on the findings outlined above, Berridge 
and Robinson have argued that mesolimbic dopamine 
mediates the dynamic attribution of “incentive 
salience.” This value, when ascribed to a reinforcing 
stimulus, “transforms mere sensory information about 
rewards and their cues…into attractive, desired, 
riveting incentives…to make [them] a ‘wanted’ target 
of motivation14.” Incentive salience “tags” a stimulus 
as a target for goal-directed behavior and ensures that 
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an organism will prioritize resources towards 
obtaining that stimulus over others. Noting that that 
the key neurobiological nexus for the actions of drugs 
of abuse—meso-accumbens dopamine circuitry—is 
critically involved in ascribing incentive salience to 
environmental stimuli, Berridge and Robinson have 
hypothesized that drug addiction involves a 
dysregulation of incentive salience processing. Their 
“Incentive Sensitization” hypothesis is based on the 
observation that drugs of abuse induce a profound and 
long-term hypersensitivity of this system to rewards 
and to reward-predicting cues. Repeated 
administration of a wide range of addictive drugs 
causes animals to become sensitized to their 
psychomotor effects (e.g. elevated locomotor, 
exploratory and approach behavior). Strikingly, 
repeated exposure to psychoactive drugs induces 
sensitization to their incentive motivational effects, 
even as tolerance develops to their hedonic effects. 
For example, pre-exposure to amphetamine decreases 
the dose and the time required for an animal to 
subsequently learn to self-administer the drug, and 
increases the amount of work they will expend to gain 
access to it23,37-38. The expression of sensitization is 
strongly influenced by associative learning 
mechanisms, with drug associated cues promoting 
excessive ‘wanting’ behavior long after the last drug 
exposure39. The development of sensitization is 
paralleled by structural adaptations in NAcc dendritic 
spines, and by cellular alterations within the VTA and 
at NAcc/PFC synapses40-42. In sum, the Incentive 
Sensitization hypothesis posits that repeated exposure 
to an addictive drug sensitizes meso-accumbens 
circuitry for incentive motivation, leading to an 
excessive attribution of incentive salience to the drug 
and to drug-related stimuli, even in the face of 
diminished hedonic responses to the drug over time. 
In this way, meso-accumbens sensitization by drugs 
of abuse causes addicted individuals to ‘want’ the 
drug more and more, engaging in increasingly 
compulsive and destructive behaviors to obtain these 
drugs, even as they may come to ‘like’ the drugs less 
and less. 
 
INCENTIVE SALIENCE AND THE HUMAN 
NAcc: FUNCTIONAL IMAGING STUDIES  

Human functional neuroimaging studies 
recapitulate the distinction between wanting and 
liking by elucidating distinct neuroanatomical 
substrates for each, and suggest that reward-related 
NAcc activity in humans is specific to incentive 
salience. Several early fMRI studies demonstrated 
that monetary reward and drugs of abuse robustly 
activate mesolimbic and mesocortical dopamine 
terminal fields in humans43-47. In addition, monkey 
electrophysiological work by Schultz revealed 
differences in the response patterns of NAcc and 

orbitofrontal neurons to the expectation and delivery 
of rewards, suggesting a neuroanatomical basis for the 
distinction between appetitive and consummatory 
phases of reward recognized by ethologists48. 
Drawing on this body of work, as well as its 
conceptual links to Berridge and Robinson’s incentive 
salience model of reward, Knutson and colleagues 
have found that anticipating and receiving monetary 
rewards activate distinct neural circuits. NAcc is 
active following the presentation of cues that signal 
the opportunity to emit an instrumental response to 
obtain reward, but not during the receipt of that 
reward; by contrast, medial prefrontal cortex is active 
following the attainment of monetary reward, but not 
during the anticipatory period preceding reward 
receipt49-52. Similar results have been observed during 
the anticipation and receipt of taste reward53. Further 
support for the notion that human NAcc is sensitive to 
the motivational aspects of reward, rather than reward 
hedonics, is offered by data showing that NAcc 
response to monetary reward is contingent on 
stimulus saliency54 and dependent on the production 
of an instrumental response55-56. Finally, NAcc 
activity is associated with cue-induced craving 
(wanting) in abstinent substance abusers57-59, and a 
recent fMRI study found that NAcc activation 
following acute cocaine administration was positively 
correlated with subjective ratings of drug craving, but 
negatively correlated with subjective ratings of drug 
“high” (liking)60. These findings imply a specific and 
circumscribed role for NAcc in human reward 
processing: the attribution of incentive salience 
(‘wanting’) to reinforcing stimuli.  
 
INCENTIVE SALIENCE AND THE HUMAN 
NAcc: BEHAVIORAL PHARMACOLOGY AND 
RECEPTOR IMAGING  

fMRI signal is dependent on task-driven 
hemodynamic changes that are correlated with 
changes in local field potentials; as such, it is thus a 
fundamentally indirect measure of brain activity61. In 
addition, while preclinical research is increasingly 
supportive of the notion that NAcc fMRI reward 
signal is driven by dopamine signaling62, this has yet 
to be definitively confirmed. Therefore, a series of 
behavioral pharmacology and radioligand PET studies 
provide a critical complement to the fMRI work 
outlined above by demonstrating that dopaminergic 
activity in the NAcc is necessary and sufficient for 
human reward wanting. Using a dietary manipulation 
that acutely depletes catecholamine levels (acute 
catecholamine depletion; ACD), Leyton and 
colleagues demonstrated that ACD significantly 
attenuates stimulated dopamine release in the NAcc63, 
selectively decreases subjective “wanting” ratings 
following intranasal cocaine without affecting ratings 
of cocaine-induced pleasure64, and impairs motivated 
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responding to reward predicting cues without altering 
hedonic responses to amphetamine65. This same 
group found that the magnitude of amphetamine 
induced dopamine release in the NAcc is strongly 
correlated with self-reported ‘drug wanting’—and 
with individual differences in “novelty seeking” trait 
scores—but not with amphetamine-linked changes in 
positive affect66. Similarly, elevated stimulated NAcc 
dopamine release has been linked to compulsive drug 
wanting, but not drug liking, in patients with 
Parkinsons disease who abuse L-DOPA67. In the 
gustatory domain, methylphenidate-induced striatal 
dopamine release increases non-hedonic ratings of 
appetitive motivation for food68. Of note, it has been 
shown that amphetamine-associated conditioned cues 
increase NAcc dopamine release to an extent that is 
comparable to the drug itself69, mirroring fMRI data 
(vide supra) that implicate NAcc in cue-induced 
craving. Furthermore, building on the results of prior 
behavioral experiments 70-72, Boileau and colleagues 
have established a relationship between stimulant-
induced sensitization and NAcc dopamine in humans. 
They administered a constant dose of amphetamine to 
participants on three occasions; the second and third 
exposures were 14 and 365 days after the first 
exposure, respectively. Relative to first exposure, they 
found that psychomotor responses and amphetamine-
induced dopamine release in NAcc were markedly 
potentiated on the second and third exposures. 
Remarkably, the magnitude of sensitized response 
was strongly correlated with individual differences in 
“novelty seeking” trait scores and self-report 
impulsivity measures related to addiction risk73. 
Taken together, these data suggest that NAcc 
dopamine function is associated with incentive 
salience, mediates a conditioned ‘wanting’ response, 
and is sensitized by exposure to drugs of abuse—all 
of which are predicted by the Incentive Sensitization 
hypothesis of addiction.  
 
GENETIC VARIATION IN MESOLIMBIC DA 
SIGNALING AS A RISK FACTOR FOR 
ADDICTION  

As outlined above, converging evidence identifies 
NAcc dopamine signaling as a core neurobiological 
substrate for reward ‘wanting,’ a reward component 
process that is putatively dysfunctional in addiction. 
Supporting a role for NAcc DA in addiction, 
substance abusers consistently show alterations in 
mesolimbic DA function, including decreased NAcc 
D2R availability74-76 and increased NAcc fMRI 
activation to drug cues77-79. Further, the personality 
traits predicted by individual differences in 
mesolimbic DA function—novelty seeking, sensation 
seeking and impulsive temperament—are strongly 
linked to substance abuse risk66,73,80-84. Considering 
the high genetic liability to addiction, these findings 

imply that some of the variance in addiction risk may 
be explained by heritable individual variation in DA 
function. It is thus worth noting that polymorphic 
markers in dopamine signaling pathway genes have 
been associated with both addiction-linked 
temperament factors and to substance abuse 
diagnosis. Specifically, allelic variants in genes 
encoding MAOA, COMT, DAT, TH, AADC, 
VMAT2, and dopamine receptor subtypes 1-5 have 
been linked to high novelty seeking and impulsivity 
and to drug and alcohol addiction85-108.  

The relationship between addiction, reward 
‘wanting,’ and mesolimbic DA suggests that risk-
variants in dopaminergic genes may influence the 
development of addiction by affecting the sensitivity 
of meso-accumbens ‘wanting’ circuitry to reward-
related stimuli. Data from several recent “imaging 
genetic” studies appear to confirm this hypothesis by 
linking such variants to individual differences in the 
NAcc response to reward. Forbes and colleagues 
examined the impact of four common functional 
polymorphisms in the COMT, SLC6A3 (DAT1), 
DRD4 and DRD2 genes on reward-related brain 
activity: a variable number tandem repeat (VNTR) 
polymorphism in the 3’ region of the DAT1 gene, a 
non-synonymous (val158met) coding single 
nucleotide polymorphism (SNP) in exon 4 of the 
COMT gene, an insertion/deletion (ins/del) 
polymorphism in the 5’ promoter region of the DRD2 
gene, and a VNTR in exon four of the DRD4 gene. 
These variants have been linked to elevated synaptic 
dopamine and attenuated postsynaptic inhibition via 
decreased DA clearance (DAT1 and COMT)109-111, 
reduced receptor expression (DRD2 and DRD4)112-113 
and diminished agonist-stimulated signaling 
(DRD4)114-115. Carriers of alleles in DAT, DRD2 and 
DRD4 associated with increased striatal DA release, 
increased synaptic DA availability, and decreased 
postsynaptic inhibition exhibited significantly larger 
NAcc responses to monetary reward116. Further, the 
magnitude of NAcc response positively predicted 
impulsive temperament, an important risk factor for 
substance abuse117-119. Of note, the same DRD4 allele 
(the 7-repeat allele) associated with increased NAcc 
sensitivity to monetary reward is enriched in 
substance abusing individuals88,120-121 and DRD4 7-
repeat carriers show exaggerated NAcc engagement 
to alcohol-associated cues. Moreover, the magnitude 
of increased NAcc response as a function of DRD4 
genotype predicts self-report measures of alcohol use, 
such as frequency and amount122.  

Despite positive findings for variants in DAT1, 
DRD2 and DRD4, Forbes and colleagues found no 
effect of the COMT val158met polymorphism on 
NAcc reward-related activity. However, the task 
design in that study conflated reward anticipation and 
reward feedback—an important behavioral distinction 
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with clear implications for NAcc reward function, as 
outlined above. Using tasks designed to isolate brain 
activity associated with reward anticipation50, two 
studies have found that COMT genotype is 
significantly associated with NAcc activity123-124. In 
both studies, the low-activity 158Met allele, linked to 
increased DA availability and overtransmitted in 
alcoholism96,125-126, predicts increased NAcc response 
to the anticipation of monetary reward. The 
discordance between these findings and those of 
Forbes and colleagues suggests that the manifestation 
of genetic effects on NAcc function critically depends 
on task characteristics. It remains to be seen if the 
impact of other DA genetic variants on NAcc reward-
related activity is specific to reward 
anticipation/’wanting’. Of note, allelic variants in 
downstream dopamine signaling elements, including 
PPP1R1B (DARPP-32), RGS4, and AKT1, have also 
been shown to affect striatal structure, frontostriatal 
connectivity and striatal activity in non-reward 
paradigms127-129. On the whole, these findings imply 
that addiction-associated genetic variation at multiple 
nodes within the DA signaling pathway converges to 
increase the sensitivity of mesolimbic DA circuitry to 
rewarding stimuli. That these genetic influences on 
NAcc function are related to clinically relevant 
behavioral phenotypes (such as impulsive 
temperament and alcohol use frequency) strengthens 
the notion that genetically mediated NAcc 
hypersensitivity may be an important aspect of the 
neurobiological risk architecture of addiction.  
 
CONCLUSIONS 

Herein, we have detailed findings that identify 
mesolimbic dopamine signaling as a core 
neurobiological mediator of incentive salience or 
reward ‘wanting’, a psychobehavioral process that 
may be disrupted in addiction. Preliminary functional 
imaging evidence indicates that heritable variation in 
dopamine pathway genes may regulate the sensitivity 
of mesolimbic DA circuitry to rewarding stimuli. 
Risk-associated genetic variants may exert their 
deleterious effects by sensitizing NAcc response to 
such stimuli, perhaps resulting in the hyperattribution 
of incentive salience in genetically susceptible 
individuals following exposure to drugs of abuse. In 
addition, genetically influenced alterations in 
mesolimbic DA signaling may hasten the 
development of incentive sensitization by reducing 
the number drug exposures required to induce 
sensitization of drug seeking and consumptive 
behavior. Such changes could lead to an acceleration 
of the process by which drug use behaviors shift from 
“recreational” to “compulsive.” Future imaging 
studies might endeavor to examine the impact of 
known functional variants on specific aspects of 
reward processing, particularly reward 

anticipation/’wanting’, and on the neural correlates of 
psychostimulant sensitization (cf. Boileau et al). In 
addition, using individual differences in NAcc reward 
response or amphetamine-sensitized stimulated DA 
release as a quantitative trait, novel susceptibility 
alleles could potentially be identified by genome-wide 
screens, a strategy that has yielded significant 
findings in other cognitive domains (e.g. memory130). 
A combination of top-down (neuroimaging phenotype 
to genotype) and bottom-up (genotype to 
neuroimaging phenotype) approaches is one 
promising investigative strategy for finding new 
pathophysiological pathways in addiction; one or 
more of these may prove amenable to therapeutic 
intervention.  
 
REFERENCES  
1. Grant BF, Stinson FS, Dawson DA, Chou SP, Dufour 

MC, Compton W, et al (2001). Prevalence and co-
occurrence of substance use disorders and 
independent mood and anxiety disorders: results 
from the National Epidemiologic Survey on Alcohol 
and Related Conditions. Archives of general 
psychiatry. 61 (8):807-16.  

2. Kessler RC, Demler O, Frank RG, Olfson M, Pincus 
HA, Walters EE, et al (2005). Prevalence and 
treatment of mental disorders, 1990 to 2003. The 
New England journal of medicine. 352 (24):2515-23.  

3. Harwood H (2004). The Economic Costs of Drug 
Abuse in the United States: Report prepared by The 
Lewin Group for the Office of National Drug Control 
Policy (ONDCP).  

4. Wagner FA, Anthony JC (2002). From first drug use 
to drug dependence; developmental periods of risk 
for dependence upon marijuana, cocaine, and 
alcohol. Neuropsychopharmacology. 26 (4):479-88.  

5. Agrawal A, Lynskey MT (2008). Are there genetic 
influences on addiction: evidence from family, 
adoption and twin studies. Addiction (Abingdon, 
England). 103 (7):1069-81.  

6. Kendler KS, Karkowski LM, Neale MC, Prescott CA 
(2000). Illicit psychoactive substance use, heavy use, 
abuse, and dependence in a US population-based 
sample of male twins. Archives of general psychiatry. 
57 (3):261-9.  

7. Kendler KS, Prescott CA, Myers J, Neale MC (2003). 
The structure of genetic and environmental risk 
factors for common psychiatric and substance use 
disorders in men and women. Archives of general 
psychiatry. 60 (9):929-37.  

8. Meyer-Lindenberg A, Weinberger DR (2006). 
Intermediate phenotypes and genetic mechanisms of 
psychiatric disorders. Nature Reviews Neurosci. 7 
(10):818-27.  

9. Everitt BJ, Robbins TW (2005). Neural systems of 
reinforcement for drug addiction: from actions to 
habits to compulsion. Nature Neuroscience. 8 
(11):1481-9.  

10. Kelley AE, Berridge KC (2002). The neuroscience of 
natural rewards: relevance to addictive drugs. J 
Neurosci. 22 (9):3306-11.  

11. Koob GF, Le Moal M (2001). Drug addiction, 
dysregulation of reward, and allostasis. 
Neuropsychopharmacology. 24 (2):97-129.  

12. Robinson TE, Berridge KC. Addiction. Annual review 



 

 
VANDERBILT REVIEWS | NEUROSCIENCE VOLUME 1 | MAY 2009 | 85

©2009 Vanderbilt Brain Institute.  All rights reserved. 

CANDIDATE REVIEWS

of psychology. 54: 25-53.  
13. Volkow ND, Li TK (2004). Drug addiction: the 

neurobiology of behaviour gone awry. Nature 
reviews. 5 (12):963-70.  

14. Berridge KC, Robinson TE (2003). Parsing reward. 
Trends in neurosciences. 26 (9):507-13. 
Excellent brief review of the incentive salience 
model of dopaminergic reward function. Presents 
a three-part model of reward (learning, motivation 
and hedonics) and discusses putative neural 
substrates for each.  

15. Robinson TE, Berridge KC (1993). The neural basis 
of drug craving: an incentive-sensitization theory of 
addiction. Brain Res Brain Res Rev. 18 (3):247-91.  

16. Cooper JC, Bloom FE, Roth RH (2003). Dopamine. 
The Biochemical Basis of Neuropharmacology, 8th 
Edition. New York, New York: Oxford University 
Press.  

17. Olds J, Milner P. Positive reinforcement produced by 
electrical stimulation of septal area and other regions 
of rat brain. Journal of comparative and physiological 
psychology. 1954 Dec;47(6):419-27.  

18. Corbett D, Wise RA (1980). Intracranial self-
stimulation in relation to the ascending dopaminergic 
systems of the midbrain: a moveable electrode 
mapping study. Brain Res. 185 (1):1-15.  

19. Wise RA (1996). Addictive drugs and brain 
stimulation reward. Annual review of neuroscience. 
19: 319-40.  

20. Di Chiara G, Imperato A (1988). Drugs abused by 
humans preferentially increase synaptic dopamine 
concentrations in the mesolimbic system of freely 
moving rats. Proceedings of the National Academy of 
Sciences of the United States of America. 85 
(14):5274-8.  

21. Panlilio LV, Goldberg SR (2007). Self-administration 
of drugs in animals and humans as a model and an 
investigative tool. Addiction (Abingdon, England). 102 
(12):1863-70.  

22. Deroche-Gamonet V, Belin D, Piazza PV (2004). 
Evidence for addiction-like behavior in the rat. 
Science (New York, NY). 305 (5686):1014-7.  

23. Piazza PV, Deminiere JM, Le Moal M, Simon H 
(1989). Factors that predict individual vulnerability to 
amphetamine self-administration. Science. 245 
(4925):1511-3.  

24. Wise RA (2005). Forebrain substrates of reward and 
motivation. The Journal of comparative neurology. 
493 (1):115-21.  

25. Wise RA (1980). The dopamine synapse and the 
notion of 'pleasure centers' in the brain. Trends in 
neurosciences. 3: 91-5.  

26. Berridge KC, Robinson TE (1998). What is the role of 
dopamine in reward: hedonic impact, reward 
learning, or incentive salience? Brain Res Brain Res 
Rev. 28 (3):309-69.  

27. Berridge KC, Venier IL, Robinson TE (1989). Taste 
reactivity analysis of 6-hydroxydopamine-induced 
aphagia: implications for arousal and anhedonia 
hypotheses of dopamine function. Behavioral 
neuroscience. 103 (1):36-45.  

28. Pecina S, Berridge KC, Parker LA (1997). Pimozide 
does not shift palatability: separation of anhedonia 
from sensorimotor suppression by taste reactivity. 
Pharmacology, biochemistry, and behavior. 58 
(3):801-11.  

29. Tindell AJ, Berridge KC, Zhang J, Pecina S, Aldridge 
JW (2005). Ventral pallidal neurons code incentive 

motivation: amplification by mesolimbic sensitization 
and amphetamine. The European journal of 
neuroscience. 22 (10):2617-34.  

30. Wyvell CL, Berridge KC (2000). Intra-accumbens 
amphetamine increases the conditioned incentive 
salience of sucrose reward: enhancement of reward 
"wanting" without enhanced "liking" or response 
reinforcement. J Neurosci. 20 (21):8122-30.  

31. Berridge KC, Valenstein ES (1991). What 
psychological process mediates feeding evoked by 
electrical stimulation of the lateral hypothalamus? 
Behavioral neuroscience. 105 (1):3-14.  

32. Cagniard B, Balsam PD, Brunner D, Zhuang X 
(2006). Mice with chronically elevated dopamine 
exhibit enhanced motivation, but not learning, for a 
food reward. Neuropsychopharmacology. 31 
(7):1362-70.  

33. Pecina S, Cagniard B, Berridge KC, Aldridge JW, 
Zhuang X (2003). Hyperdopaminergic mutant mice 
have higher "wanting" but not "liking" for sweet 
rewards. J Neurosci. 23 (28):9395-402.  

34. Robinson S, Sandstrom SM, Denenberg VH, Palmiter 
RD (2005). Distinguishing whether dopamine 
regulates liking, wanting, and/or learning about 
rewards. Behavioral neuroscience. 119 (1):5-15.  

35. Hnasko TS, Sotak BN, Palmiter RD (2005). Morphine 
reward in dopamine-deficient mice. Nature. 438 
(7069):854-7.  

36. Cannon CM, Palmiter RD (2003). Reward without 
dopamine. J Neurosci. 23 (34):10827-31.  

37. Horger BA, Shelton K, Schenk S (1990). 
Preexposure sensitizes rats to the rewarding effects 
of cocaine. Pharmacology, biochemistry, and 
behavior. 37 (4):707-11.  

38. Woolverton WL, Cervo L, Johanson CE (1984). 
Effects of repeated methamphetamine administration 
on methamphetamine self-administration in rhesus 
monkeys. Pharmacology, biochemistry, and behavior. 
21 (5):737-41.  

39. Robinson TE, Berridge KC (2000). The psychology 
and neurobiology of addiction: an incentive-
sensitization view. Addiction. 95 (Suppl 2):S91-117.  

40. Robinson TE, Kolb B (2004). Structural plasticity 
associated with exposure to drugs of abuse. 
Neuropharmacology. 47 (Suppl 1):33-46.  

41. Robinson TE, Kolb B (1997). Persistent structural 
modifications in nucleus accumbens and prefrontal 
cortex neurons produced by previous experience with 
amphetamine. J Neurosci. 17 (21):8491-7.  

42. Hyman SE, Malenka RC, Nestler EJ (2006). Neural 
Mechanisms of Addiction: The Role of Reward-
Related Learning and Memory. Annual review of 
neuroscience. 29: 565-98. 

43. Delgado MR, Nystrom LE, Fissell C, Noll DC, Fiez JA 
(2000). Tracking the hemodynamic responses to 
reward and punishment in the striatum. Journal of 
neurophysiology. 84 (6):3072-7.  

44. Elliott R, Friston KJ, Dolan RJ (2000). Dissociable 
neural responses in human reward systems. J 
Neurosci. 20 (16):6159-65.  

45. O'Doherty J, Kringelbach ML, Rolls ET, Hornak J, 
Andrews C (2001). Abstract reward and punishment 
representations in the human orbitofrontal cortex. 
Nature neuroscience. 4 (1):95-102.  

46. Stein EA, Pankiewicz J, Harsch HH, Cho JK, Fuller 
SA, Hoffmann RG, et al (1998). Nicotine-induced 
limbic cortical activation in the human brain: a 
functional MRI study. The American journal of 



  

 

CANDIDATE REVIEWS 

86 | MAY 2009 | VOLUME 1 VANDERBILT REVIEWS | NEUROSCIENCE
©2009 Vanderbilt Brain Institute.  All rights reserved. 

psychiatry. 155 (8):1009-15.  
47. Breiter HC, Gollub RL, Weisskoff RM, Kennedy DN, 

Makris N, Berke JD, et al (1997). Acute effects of 
cocaine on human brain activity and emotion. 
Neuron. 19 (3):591-611.  

48. Schultz W, Tremblay L, Hollerman JR (2000). 
Reward processing in primate orbitofrontal cortex and 
basal ganglia. Cereb Cortex. 10 (3):272-84.  

49. Knutson B, Fong GW, Bennett SM, Adams CM, 
Hommer D (2003). A region of mesial prefrontal 
cortex tracks monetarily rewarding outcomes: 
characterization with rapid event-related fMRI. 
NeuroImage. 18 (2):263-72.  

50. Knutson B, Fong GW, Adams CM, Varner JL, 
Hommer D (2001). Dissociation of reward anticipation 
and outcome with event-related fMRI. Neuroreport. 
12 (17):3683-7. 

 Initial demonstration of dissociable neural 
circuitry for reward anticipation ('wanting') and 
reward receipt ('liking') in humans.  

51. Knutson B, Adams CM, Fong GW, Hommer D 
(2001). Anticipation of increasing monetary reward 
selectively recruits nucleus accumbens. J Neurosci. 
21 (16):RC159.  

52. Knutson B, Westdorp A, Kaiser E, Hommer D (2000). 
FMRI visualization of brain activity during a monetary 
incentive delay task. NeuroImage. 12 (1):20-7.  

53. O'Doherty JP, Deichmann R, Critchley HD, Dolan RJ 
(2002). Neural responses during anticipation of a 
primary taste reward. Neuron. 33 (5):815-26.  

54. Zink CF, Pagnoni G, Martin-Skurski ME, Chappelow 
JC, Berns GS (2004). Human striatal responses to 
monetary reward depend on saliency. Neuron. 42 
(3):509-17.  

55. Tricomi EM, Delgado MR, Fiez JA (2004). Modulation 
of caudate activity by action contingency. Neuron. 41 
(2):281-92.  

56. Bjork JM, Hommer DW (2007). Anticipating 
instrumentally obtained and passively-received 
rewards: a factorial fMRI investigation. Behavioural 
brain research. 177 (1):165-70.  

57. Grusser SM, Wrase J, Klein S, Hermann D, Smolka 
MN, Ruf M, et al (2004). Cue-induced activation of 
the striatum and medial prefrontal cortex is 
associated with subsequent relapse in abstinent 
alcoholics. Psychopharmacology. 175 (3):296-302.  

58. Kilts CD, Gross RE, Ely TD, Drexler KP (2004). The 
neural correlates of cue-induced craving in cocaine-
dependent women. The American journal of 
psychiatry. 161 (2):233-41.  

59. Kilts CD, Schweitzer JB, Quinn CK, Gross RE, Faber 
TL, Muhammad F, et al (2001). Neural activity related 
to drug craving in cocaine addiction. Archives of 
general psychiatry. 58 (4):334-41.  

60. Risinger RC, Salmeron BJ, Ross TJ, Amen SL, 
Sanfilipo M, Hoffmann RG, et al (2005). Neural 
correlates of high and craving during cocaine self-
administration using BOLD fMRI. NeuroImage. 26 
(4):1097-108.  

61. Logothetis NK, Pauls J, Augath M, Trinath T, 
Oeltermann A (2001). Neurophysiological 
investigation of the basis of the fMRI signal. Nature. 
412 (6843):150-7.  

62. Knutson B, Gibbs SE (2007). Linking nucleus 
accumbens dopamine and blood oxygenation. 
Psychopharmacology. 191 (3):813-22.  

63. Leyton M, Dagher A, Boileau I, Casey K, Baker GB, 
Diksic M, et al (2004). Decreasing amphetamine-

induced dopamine release by acute 
phenylalanine/tyrosine depletion: A 
PET/[11C]raclopride study in healthy men. 
Neuropsychopharmacology. 29 (2):427-32. 

64. Leyton M, Casey KF, Delaney JS, Kolivakis T, 
Benkelfat C (2005). Cocaine craving, euphoria, and 
self-administration: a preliminary study of the effect of 
catecholamine precursor depletion. Behavioral 
neuroscience. 119 (6):1619-27.  

65. Leyton M, aan het Rot M, Booij L, Baker GB, Young 
SN, Benkelfat C (2007). Mood-elevating effects of d-
amphetamine and incentive salience: the effect of 
acute dopamine precursor depletion. J Psychiatry 
Neurosci. 32 (2):129-36.  

66. Leyton M, Boileau I, Benkelfat C, Diksic M, Baker G, 
Dagher A (2002). Amphetamine-induced increases in 
extracellular dopamine, drug wanting, and novelty 
seeking: a PET/[11C]raclopride study in healthy men. 
Neuropsychopharmacology. 27 (6):1027-35.  

67. Evans AH, Pavese N, Lawrence AD, Tai YF, Appel S, 
Doder M, et al (2006). Compulsive drug use linked to 
sensitized ventral striatal dopamine transmission. 
Annals of neurology. 59 (5):852-8.  

68. Volkow ND, Wang GJ, Fowler JS, Logan J, Jayne M, 
Franceschi D, et al (2002). "Nonhedonic" food 
motivation in humans involves dopamine in the dorsal 
striatum and methylphenidate amplifies this effect. 
Synapse. 44 (3):175-80.  

69. Boileau I, Dagher A, Leyton M, Welfeld K, Booij L, 
Diksic M, et al (2007). Conditioned dopamine release 
in humans: a positron emission tomography 
[11C]raclopride study with amphetamine. J Neurosci. 
27 (15):3998-4003.  

70. Richtand NM, Woods SC, Berger SP, Strakowski SM 
(2001). D3 dopamine receptor, behavioral 
sensitization, and psychosis. Neuroscience and 
biobehavioral reviews. 25 (5):427-43.  

71. Sax KW, Strakowski SM (1998). Enhanced 
behavioral response to repeated d-amphetamine and 
personality traits in humans. Biological psychiatry. 44 
(11):1192-5.  

72. Strakowski SM, Sax KW, Setters MJ, Keck PE, Jr 
(1996). Enhanced response to repeated d-
amphetamine challenge: evidence for behavioral 
sensitization in humans. Biological psychiatry. 40 
(9):872-80.  

73. Boileau I, Dagher A, Leyton M, Gunn RN, Baker GB, 
Diksic M, et al (2006). Modeling sensitization to 
stimulants in humans: an [11C]raclopride/positron 
emission tomography study in healthy men. Archives 
of general psychiatry. 63 (12):1386-95.  

74. Volkow ND, Wang GJ, Fowler JS, Logan J, Gatley 
SJ, Hitzemann R, et al (1997). Decreased striatal 
dopaminergic responsiveness in detoxified cocaine-
dependent subjects. Nature. 386 (6627):830-3.  

75. Martinez D, Broft A, Foltin RW, Slifstein M, Hwang 
DR, Huang Y, et al (2004). Cocaine dependence and 
d2 receptor availability in the functional subdivisions 
of the striatum: relationship with cocaine-seeking 
behavior. Neuropsychopharmacology. 29 (6):1190-
202.  

76. Nader MA, Morgan D, Gage HD, Nader SH, Calhoun 
TL, Buchheimer N, et al (2006). PET imaging of 
dopamine D2 receptors during chronic cocaine self-
administration in monkeys. Nature neuroscience. 9 
(8):1050-6.  

77. Childress AR, Ehrman RN, Wang Z, Li Y, Sciortino N, 
Hakun J, et al (2008). Prelude to passion: limbic 



 

 
VANDERBILT REVIEWS | NEUROSCIENCE VOLUME 1 | MAY 2009 | 87

©2009 Vanderbilt Brain Institute.  All rights reserved. 

CANDIDATE REVIEWS

activation by "unseen" drug and sexual cues. PLoS 
ONE. 3 (1):e1506.  

78. Heinz A, Siessmeier T, Wrase J, Hermann D, Klein 
S, Grusser SM, et al (2004). Correlation between 
dopamine D(2) receptors in the ventral striatum and 
central processing of alcohol cues and craving. The 
American journal of psychiatry. 161 (10):1783-9.  

79. Franklin TR, Wang Z, Wang J, Sciortino N, Harper D, 
Li Y, et al (2007). Limbic activation to cigarette 
smoking cues independent of nicotine withdrawal: a 
perfusion fMRI study. Neuropsychopharmacology. 32 
(11):2301-9.  

80. Lukasiewicz M, Neveu X, Blecha L, Falissard B, 
Reynaud M, Gasquet I (2008). Pathways to 
substance-related disorder: a structural model 
approach exploring the influence of temperament, 
character, and childhood adversity in a national 
cohort of prisoners. Alcohol and alcoholism. 43 
(3):287-95.  

81. Kelly TH, Robbins G, Martin CA, Fillmore MT, Lane 
SD, Harrington NG, et al (2006). Individual 
differences in drug abuse vulnerability: d-
amphetamine and sensation-seeking status. 
Psychopharmacology. 189 (1):17-25.  

82. Hariri AR, Brown SM, Williamson DE, Flory JD, de 
Wit H, Manuck SB (2006). Preference for immediate 
over delayed rewards is associated with magnitude of 
ventral striatal activity. J Neurosci. 26 (51):13213-7.  

83. Masse LC, Tremblay RE (1997). Behavior of boys in 
kindergarten and the onset of substance use during 
adolescence. Archives of general psychiatry. 54 
(1):62-8.  

84. Fergusson DM, Boden JM, Horwood LJ (2008). The 
developmental antecedents of illicit drug use: 
Evidence from a 25-year longitudinal study. Drug and 
alcohol dependence. 96 (1-2):165-77.  

85. Smith SS, O'Hara BF, Persico AM, Gorelick DA, 
Newlin DB, Vlahov D, et al (1992). Genetic 
vulnerability to drug abuse. The D2 dopamine 
receptor Taq I B1 restriction fragment length 
polymorphism appears more frequently in 
polysubstance abusers. Archives of general 
psychiatry. 49 (9):723-7.  

86.  Ebstein RP, Novick O, Umansky R, Priel B, Osher Y, 
Blaine D, et al (1996). Dopamine D4 receptor (D4DR) 
exon III polymorphism associated with the human 
personality trait of Novelty Seeking. Nature genetics. 
12 (1):78-80.  

87. Goldman D, Urbanek M, Guenther D, Robin R, Long 
JC (1997). Linkage and association of a functional 
DRD2 variant [Ser311Cys] and DRD2 markers to 
alcoholism, substance abuse and schizophrenia in 
Southwestern American Indians. American journal of 
medical genetics. 74 (4):386-94.  

88. Kotler M, Cohen H, Segman R, Gritsenko I, Nemanov 
L, Lerer B, et al (1997). Excess dopamine D4 
receptor (D4DR) exon III seven repeat allele in 
opioid-dependent subjects. Molecular psychiatry. 2 
(3):251-4.  

89. Duaux E, Gorwood P, Griffon N, Bourdel MC, Sautel 
F, Sokoloff P, et al (1998). Homozygosity at the 
dopamine D3 receptor gene is associated with opiate 
dependence. Molecular psychiatry. 3 (4):333-6.  

90. Noble EP, Ozkaragoz TZ, Ritchie TL, Zhang X, Belin 
TR, Sparkes RS (1998). D2 and D4 dopamine 
receptor polymorphisms and personality. American 
journal of medical genetics. 81 (3):257-67.  

91. Vanyukov MM, Moss HB, Gioio AE, Hughes HB, 

Kaplan BB, Tarter RE (1998). An association 
between a microsatellite polymorphism at the DRD5 
gene and the liability to substance abuse: pilot study. 
Behavior genetics. 28 (2):75-82.  

92. Franke P, Schwab SG, Knapp M, Gansicke M, Delmo 
C, Zill P, et al (1999). DAT1 gene polymorphism in 
alcoholism: a family-based association study. 
Biological psychiatry. 45 (5):652-4.  

93. Tiihonen J, Hallikainen T, Lachman H, Saito T, 
Volavka J, Kauhanen J, et al (1999). Association 
between the functional variant of the catechol-O-
methyltransferase (COMT) gene and type 1 
alcoholism. Molecular psychiatry. 4 (3):286-9.  

94. Benjamin J, Osher Y, Kotler M, Gritsenko I, Nemanov 
L, Belmaker RH, et al (2000). Association between 
tridimensional personality questionnaire (TPQ) traits 
and three functional polymorphisms: dopamine 
receptor D4 (DRD4), serotonin transporter promoter 
region (5-HTTLPR) and catechol O-
methyltransferase (COMT). Molecular psychiatry. 5 
(1):96-100.  

95. Vanyukov MM, Moss HB, Kaplan BB, Kirillova GP, 
Tarter RE (2000). Antisociality, substance 
dependence, and the DRD5 gene: a preliminary 
study. American journal of medical genetics. 96 
(5):654-8.  

96. Wang T, Franke P, Neidt H, Cichon S, Knapp M, 
Lichtermann D, et al (2001). Association study of the 
low-activity allele of catechol-O-methyltransferase 
and alcoholism using a family-based approach. 
Molecular psychiatry. 6 (1):109-11.  

97. Limosin F, Loze JY, Rouillon F, Ades J, Gorwood P 
(2003). Association between dopamine receptor D1 
gene DdeI polymorphism and sensation seeking in 
alcohol-dependent men. Alcoholism, clinical and 
experimental research. 27 (8):1226-8.  

98. Xu K, Lichtermann D, Lipsky RH, Franke P, Liu X, Hu 
Y, et al (2004). Association of specific haplotypes of 
D2 dopamine receptor gene with vulnerability to 
heroin dependence in 2 distinct populations. Archives 
of general psychiatry. 61 (6):597-606.  

99. Dahmen N, Volp M, Singer P, Hiemke C, Szegedi A 
(2005). Tyrosine hydroxylase Val-81-Met 
polymorphism associated with early-onset 
alcoholism. Psychiatric genetics. 15 (1):13-6.  

100. Schwab SG, Franke PE, Hoefgen B, Guttenthaler V, 
Lichtermann D, Trixler M, et al (2005). Association of 
DNA polymorphisms in the synaptic vesicular amine 
transporter gene (SLC18A2) with alcohol and nicotine 
dependence. Neuropsychopharmacology. 30 
(12):2263-8.  

101. Guindalini C, Howard M, Haddley K, Laranjeira R, 
Collier D, Ammar N, et al (2006). A dopamine 
transporter gene functional variant associated with 
cocaine abuse in a Brazilian sample. Proceedings of 
the National Academy of Sciences of the United 
States of America. 103 (12):4552-7.  

102. Shiraishi H, Suzuki A, Fukasawa T, Aoshima T, Ujiie 
Y, Ishii G, et al (2006). Monoamine oxidase A gene 
promoter polymorphism affects novelty seeking and 
reward dependence in healthy study participants. 
Psychiatric genetics. 16 (2):55-8.  

103. Kim DJ, Park BL, Yoon S, Lee HK, Joe KH, Cheon 
YH, et al (2007). 5' UTR polymorphism of dopamine 
receptor D1 (DRD1) associated with severity and 
temperament of alcoholism. Biochemical and 
biophysical research communications. 357 (4):1135-
41.  



  

 

CANDIDATE REVIEWS 

88 | MAY 2009 | VOLUME 1 VANDERBILT REVIEWS | NEUROSCIENCE
©2009 Vanderbilt Brain Institute.  All rights reserved. 

104. Laucht M, Becker K, Blomeyer D, Schmidt MH 
(2007). Novelty seeking involved in mediating the 
association between the dopamine D4 receptor gene 
exon III polymorphism and heavy drinking in male 
adolescents: results from a high-risk community 
sample. Biological psychiatry. 61 (1):87-92.  

105. Schmidt LA, Fox NA, Hamer DH (2007). Evidence for 
a gene-gene interaction in predicting children's 
behavior problems: association of serotonin 
transporter short and dopamine receptor D4 long 
genotypes with internalizing and externalizing 
behaviors in typically developing 7-year-olds. 
Development and psychopathology. 19 (4):1105-16.  

106. Batel P, Houchi H, Daoust M, Ramoz N, Naassila M, 
Gorwood P (2008). A haplotype of the DRD1 gene is 
associated with alcohol dependence. Alcoholism, 
clinical and experimental research. 32 (4):567-72.  

107. Munafo MR, Yalcin B, Willis-Owen SA, Flint J. 
Association of the dopamine D4 receptor (DRD4) 
gene and approach-related personality traits: meta-
analysis and new data (2008). Biological psychiatry. 
63 (2):197-206.  

108. Ma JZ, Beuten J, Payne TJ, Dupont RT, Elston RC, 
Li MD (2005). Haplotype analysis indicates an 
association between the DOPA decarboxylase (DDC) 
gene and nicotine dependence. Human molecular 
genetics. 14 (12):1691-8.  

109. VanNess SH, Owens MJ, Kilts CD (2005). The 
variable number of tandem repeats element in DAT1 
regulates in vitro dopamine transporter density. BMC 
genetics. 6: 55.  

110. Heinz A, Goldman D, Jones DW, Palmour R, 
Hommer D, Gorey JG, et al (2000). Genotype 
influences in vivo dopamine transporter availability in 
human striatum. Neuropsychopharmacology. 22 
(2):133-9.  

111. Chen J, Lipska BK, Halim N, Ma QD, Matsumoto M, 
Melhem S, et al (2004). Functional analysis of 
genetic variation in catechol-O-methyltransferase 
(COMT): effects on mRNA, protein, and enzyme 
activity in postmortem human brain. American journal 
of human genetics. 75 (5):807-21.  

112. Arinami T, Gao M, Hamaguchi H, Toru M (1997). A 
functional polymorphism in the promoter region of the 
dopamine D2 receptor gene is associated with 
schizophrenia. Human molecular genetics. 6 (4):577-
82.  

113. Schoots O, Van Tol HH (2003). The human 
dopamine D4 receptor repeat sequences modulate 
expression. The pharmacogenomics journal. 3 
(6):343-8.  

114. Asghari V, Sanyal S, Buchwaldt S, Paterson A, 
Jovanovic V, Van Tol HH (1995). Modulation of 
intracellular cyclic AMP levels by different human 
dopamine D4 receptor variants. Journal of 
neurochemistry. 65 (3):1157-65.  

115. Czermak C, Lehofer M, Liebmann PM, Traynor J 
(2006). [35S]GTPgammaS binding at the human 
dopamine D4 receptor variants hD4.2, hD4.4 and 
hD4.7 following stimulation by dopamine, epinephrine 
and norepinephrine. European journal of 
pharmacology. 531 (1-3):20-4.  

116. Forbes EE, Brown SM, Kimak M, Ferrell RE, Manuck 
SB, Hariri AR (2007). Genetic variation in 
components of dopamine neurotransmission impacts 
ventral striatal reactivity associated with impulsivity. 
Molecular psychiatry. 14 (1):60-70. 
Imaging genetics work shows the convergence of 

genetic variation in dopamine signaling on NAcc 
activity correlated with addiction-related traits  

117. Dawes MA, Tarter RE, Kirisci L (1997). Behavioral 
self-regulation: correlates and 2 year follow-ups for 
boys at risk for substance abuse. Drug and alcohol 
dependence. 45 (3):165-76.  

118. Tarter RE, Kirisci L, Mezzich A, Cornelius JR, Pajer 
K, Vanyukov M, et al (2003). Neurobehavioral 
disinhibition in childhood predicts early age at onset 
of substance use disorder. The American journal of 
psychiatry. 160 (6):1078-85.  

119. Jaffe LT, Archer RP (1987). The prediction of drug 
use among college students from MMPI, MCMI, and 
sensation seeking scales. Journal of personality 
assessment. 51 (2):243-53.  

120. McGeary JE, Esposito-Smythers C, Spirito A, Monti 
PM (2007). Associations of the dopamine D4 
receptor gene VNTR polymorphism with drug use in 
adolescent psychiatric inpatients. Pharmacology, 
biochemistry, and behavior. 86 (2):401-6.  

121. Franke P, Nothen MM, Wang T, Knapp M, 
Lichtermann D, Neidt H, et al (2000). DRD4 exon III 
VNTR polymorphism-susceptibility factor for heroin 
dependence? Results of a case-control and a family-
based association approach. Molecular psychiatry. 5 
(1):101-4.  

122. Filbey FM, Ray L, Smolen A, Claus ED, Audette A, 
Hutchison KE (2008). Differential Neural Response to 
Alcohol Priming and Alcohol Taste Cues Is 
Associated With DRD4 VNTR and OPRM1 
Genotypes. Alcoholism, clinical and experimental 
research. 32 (7):1113-23.  

123. Schmack K, Schlagenhauf F, Sterzer P, Wrase J, 
Beck A, Dembler T, et al (2008). Catechol-O-
methyltransferase val158met genotype influence 
neural processing of reward anticipation. 
NeuroImage. 42 (4):1631-8. 

124. Yacubian J, Sommer T, Schroeder K, Glascher J, 
Kalisch R, Leuenberger B, et al (2007). Gene-gene 
interaction associated with neural reward sensitivity. 
Proceedings of the National Academy of Sciences of 
the United States of America. 104 (19):8125-30. 
Contra 116, shows an impact of COMT on reward-
related NAcc function that is specific to reward 
anticipation. Suggests that task characteristics 
may critically influence gene effects on fMRI-
assessed reward response.  

125. Enoch MA, Waheed JF, Harris CR, Albaugh B, 
Goldman D (2006). Sex differences in the influence 
of COMT Val158Met on alcoholism and smoking in 
plains American Indians. Alcoholism, clinical and 
experimental research. 30 (3):399-406.  

126. Tunbridge EM, Harrison PJ, Weinberger DR (2006). 
Catechol-o-methyltransferase, cognition, and 
psychosis: Val158Met and beyond. Biological 
psychiatry. 60 (2):141-51.  

127. Buckholtz JW, Meyer-Lindenberg A, Honea RA, 
Straub RE, Pezawas L, Egan MF, et al (2007). Allelic 
variation in RGS4 impacts functional and structural 
connectivity in the human brain. J Neurosci. 27 
(7):1584-93.  

128. Meyer-Lindenberg A, Straub RE, Lipska BK, 
Verchinski BA, Goldberg T, Callicott JH, et al (2007). 
Genetic evidence implicating DARPP-32 in human 
frontostriatal structure, function, and cognition. The 
Journal of clinical investigation. 117 (3):672-82.  

129. Tan HY, Nicodemus KK, Chen Q, Li Z, Brooke JK, 
Honea R, et al (2008). Genetic variation in AKT1 is 



 

 
VANDERBILT REVIEWS | NEUROSCIENCE VOLUME 1 | MAY 2009 | 89

©2009 Vanderbilt Brain Institute.  All rights reserved. 

CANDIDATE REVIEWS

linked to dopamine-associated prefrontal cortical 
structure and function in humans. The Journal of 
clinical investigation. 118 (6):2200-8.  

130. Papassotiropoulos A, Stephan DA, Huentelman MJ, 
Hoerndli FJ, Craig DW, Pearson JV, et al (2006). 
Common Kibra alleles are associated with human 
memory performance. Science. 314 (5798):475-8. 

 
FURTHER INFORMATION 
David Zald’s Lab: http://www.psy.vanderbilt.edu/faculty/ 
zalddh/zaldlab/ 
Joshua Buckholtz’s URL: http://sitemason.vanderbilt.edu/ 
site/iGq1EY/


