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The objective of the study was to test the hypotheses that humans with genotypes putatively associated with low dopamine (DA) signaling
capacity, including the TaqIA A1 allele, DRD2-141C Ins/Ins genotype, DRD4 7-repeat or longer allele, DAT1 10-repeat allele, and the
Met/Met COMT genotype, and with a greater number of these genotypes per a multilocus composite, show less responsivity of reward
regions that primarily rely on DA signaling.

Functional magnetic resonance imaging (fMRI) paradigms were used to investigate activation in response to receipt and anticipated
receipt of palatable food and monetary reward. DNA was extracted from saliva using standard methods.

Participants were 160 adolescents (mean age � 15.3 years, SD � 1.07 years; mean body mass index � 20.8, SD � 1.9).
The main outcome was blood oxygenation level-dependent activation in the fMRI paradigms.
Data confirmed that these fMRI paradigms activated reward, attention, somatosensory, and gustatory regions. Individuals with,

versus without, these five genotypes did not show less activation of DA-based reward regions, but those with the Met/Met versus the
Val/Val COMT genotype showed less middle temporal gyrus activation and those with the DRD4-L versus the DRD4-S genotype showed
less middle occipital gyrus activation in response to monetary reward. Critically, the multilocus composite score revealed that those with
a greater number of these genotypes showed less activation in reward regions, including the putamen, caudate, and insula, in response to
monetary reward.

The results suggest that the multilocus genetic composite is a more sensitive index of vulnerability for low reward region responsivity
than individual genotypes.

Introduction
Palatable food and drugs activate reward circuitry that primarily
relies on DA signaling for synaptic transmission and less respon-
sivity of this circuitry may increase risk for overeating and sub-
stance use (Kenny, 2011). Several genotypes are associated with
putatively low DA signaling. Individuals with an A1 allele versus
the A2/A2 allele of the TaqIA polymorphism and those with the
Ins/Ins genotype versus a Del allele of the DRD2-141C Ins/Del
polymorphism show fewer D2 receptors (Jönsson et al., 1999).
Those with the 7-repeat or longer allele (DRD4-L) versus shorter
alleles of the DRD4 genotype show less in vitro DA functioning
and poorer response to DA agonists (Asghari et al., 1995; Seeger
et al., 2001). Individuals homozygous for the 10-repeat allele
(DAT1-L) versus a 9-repeat allele show lower DAT1 expression
(Heinz et al., 2000), which theoretically reduces synaptic DA

clearance, producing higher basal DA levels and blunted phasic
DA release (van Dyck et al., 2005). A single nucleotide exchange
in the Catechol-O-methyltransferase (COMT val 158met) gene,
which causes a fourfold reduction in COMT activity in Met ho-
mozygotes versus Val homozygotes (Grossman et al., 1992), pu-
tatively causes the former to have increased tonic DA levels in the
striatum and less phasic DA release (Lachman et al., 1996).

Consistent with hypotheses, individuals with the TaqIA A1
allele showed less activation of the orbitofrontal cortex (OFC),
amygdala, and hippocampus to monetary reward (Cohen et al.,
2005) and less activation in the midbrain, thalamus, and OFC to
food reward (Felsted et al., 2010), those with DAT1-L, DRD4-L,
and Met COMT genotypes showed less smoking-induced cau-
date and nucleus accumbens DA release (Brody et al., 2006), and
those with the DAT1-L and DRD2-141C Ins/Ins genotype
showed less ventral striatum response to monetary reward
(Forbes et al., 2009); individuals from this latter sample with a
greater number of the TaqIA A1, DRD4-S, DAT1-L, Val COMT,
and DRD2-141C Ins/Ins genotype showed less ventral striatal
response to monetary reward (Nikolova et al., 2011). Yet, other
findings are inconsistent with hypotheses (Brody et al., 2006;
Kirsch et al., 2006; Yacubian et al., 2007; Forbes et al., 2009;
London et al., 2009; Nikolova et al., 2011). For instance, individ-
uals with the DRD4-L genotype showed greater, rather than less,
ventral striatal response to monetary reward (Forbes et al., 2009),
and individuals with the TaqIA A1, DRD2-141C Ins/Ins geno-
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type, DRD4-L, DAT1-L, and COMT Met/Met genotypes did not
show differential reward circuitry responsivity to monetary re-
ward (Nikolova et al., 2011).

Given the mixed findings, we tested whether individuals with,
versus without, these genotypes showed less neural responsivity
using fMRI paradigms assessing response to receipt and antici-
pated receipt of an endogenous reward (palatable food) and a
conditioned reward (money) in a larger sample, which should
increase sensitivity. The larger sample also allowed use of whole-
brain analyses, permitting a broader examination of functional-
ity. Critically, we tested whether individuals with a greater
number of the alleles associated with low DA signaling capacity
showed less reward region response as Nikolova et al. (2011)
found that a multilocus genetic score was more sensitive to de-
tecting variation in reward region responsivity than the individ-
ual genotypes.

Materials and Methods
Participants. Participants were 160 lean adolescents (mean age � 15.3
years, SD � 1.07 years; mean body mass index � 20.8, SD � 1.9). The
sample consisted of 79 males and 81 females, of whom 4.3% reported
being Hispanic, 0.6% Asian, 77.6% European American, 0.6% Native
American, and 16.1 mixed races. Among the 26 participants who en-
dorsed mixed ancestry, the following combinations were reported:
American Indian/Alaska Native-Caucasian (15%), African American-
Caucasian (23%), Asian-Caucasian (8%), American Indian/Alaska
Native-Hispanic (8%), Caucasian-Hispanic (42%), and American Indi-
an/Alaska Native-Pacific Islander-Caucasian (4%). The COMT genotype
could not be determined for 4 participants and the DRD2-141C Ins/Del
polymorphism could not be determined for 5 participants; therefore,
analyses involving those genotypes included 156 and 155 participants,
respectively. The genetic characteristics of the sample can be seen in
Table 1. Parents provided written informed consent, and adolescents
provided written assent. Individuals who reported binge eating or com-
pensatory behavior in the past 3 months, any current use of psychotropic
medications or illicit drugs, head injury with a loss of consciousness, or
Axis I psychiatric disorder in the past year (including anorexia nervosa,
bulimia nervosa, or binge eating disorder), as determined by Kiddie-
Schedule for Affective Disorders and the Schizophrenia–Epidemiological
version, screening items (Orvaschel, 1994), were excluded.

Genotyping. Participants were asked to provide saliva, from which
epithelial cells were collected, using a commercial product (Oragene,
DNAgenotek). DNA was extracted from the samples using standard

salting-out and solvent precipitation methods, yielding an average of 45
�g of DNA.

The TaqIA (rs1800497), COMT val158met (rs4680), and DRD2-141C Ins/
Del (rs1799732) assays were done using a fluorogenic 5�nuclease (Taqman,
ABI) method (Haberstick and Smolen, 2004) on an ABI Prism 7000 Se-
quence Detection System via the allelic discrimination mode (Livak, 1999).
Reactions containing 20 ng of DNA were performed in 10 �l reactions with
TaqMan Universal PCR Master Mix using the standard cycling conditions.
Sequences of the TaqIA primers and probes are as follows: forward primer,
5�-GTGCAGCTCACTCCATCCT-3�; reverse primer, 5�-GCAACACAGC
CATCCTCAAAG-3�; A1 probe, 5�-VIC-CCTGCCTTGACCAGC-MGB-
3�; and A2 probe, 5�-FAM-CTGCCTCGACCAGC-MGB-3�. Each 96-well
plate included nontemplate and DNA standards of known genotype. Three
genotype groups were defined for TaqIA: A1 homozygotes (n � 5), A1/A2
heterozygotes (n � 57), and A2 homozygotes (n � 98). The TaqIA site
resides in exon 8 of the ANKK1 gene on the opposite strand. This single-
nucleotide polymorphism results in a glutamate-to-lysine (E713K) substitu-
tion within the 11th ankyrin repeat of ANKK1, prompting the suggestion
that changes in ANKK1 activity may be responsible for some of the associa-
tions attributed to this genotype (Neville et al., 2004). For the COMT
val158met assay, forward and reverse primers, and allele-specific probes were
kindly provided by Dr. Daniel Weinberger, National Institute of Mental
Health, Bethesda, MD (Mattay et al., 2003; and D. Weinberger, personal
communication): forward primer, 5�-TCGAGATCAACCCCGACTGT-3�;
reverse primer, 5�-AACGGG-TCAGGCATGCA-3�; Val probe, 5�-FAM-CC
TTGTCCTTCACGCCAGCGA-MGB-3�;andMetprobe,5�-VIC-ACCTTG
TCCTTCATGCCAGCGAAAT-MGB-3�. We defined three genotype
groups for COMT val158met assay: Met homozygotes (n � 40), Val/Met
heterozygotes (n � 83), and Val homozygotes (n � 33). The DRD2-141C
Ins/Del assay sequences of the primers and probes (Gemignani et al., 2005)
were as follows: forward primer, 5�-AAACAAGGGATGGCGGAATC-3�;
reverse primer, 5�-CACCAAAGGAGCTGTACC TC-3�; Del probe, 5�-VIC-
CAACCCCTCCTACCCGTTCAGGC-MGB-3�; and Ins probe, 5�- FAM-
CCCTCCTACCCGTTCCAGGC-MGB-3�. We defined three genotype
groups for DRD2-141C Ins/Del assay: Ins homozygotes (n � 117), Ins/Del
(n � 36) heterozygotes, and Del homozygotes (n � 2).

The assay for the 48 bp exon 3 variable number tandem repeat (VNTR)
polymorphism in the DRD4 gene was based on the method used by
Anchordoquy et al. (2003). Primer sequences were as follows: forward,
5�-VIC-GCTCATGCTGCTGCTCTACTGGGC-3�; and reverse, 5�-
CTGCGGGTCTGCGGTGGAGTCTGG-3�, which yield PCR products
from 279 (2R) to 519 (7R) bp. The assay for the 40 bp DAT1 VNTR in the
3� untranslated region of the gene was based on the method used by
Anchordoquy et al. (2003). The primer sequences were as follows: For-

Table 1. Descriptive statistics for the genotype groups studied

Genotype N DA profile score Ethnicity

TaqIA
A1/A1 5 (80% female) Low 80% Caucasian; 20% mixed races
A1/A2 57 (40.4% female) Intermediate 3.5% Hispanic; 1.8% American Indian/Alaska Native; 1.8% Asian; 70.2% Caucasian; 22.8% mixed races
A2/A2 98 (55.1% female) High 5% Hispanic; 79% Caucasian; 14% mixed races

COMT Val158 Met
Met/Met 40 (50% female) Low 2.5% Hispanic; 82.5% Caucasian; 15% mixed races
Met/Val 83 (53.7% female) Intermediate 3.6% Hispanic; 1.2% American Indian/Alaska Native; 1.2 Asian; 73.5% Caucasian; 20.5% mixed races
Val/Val 33 (48% female) High 6.1% Hispanic; 75.8% Caucasian; 18.2% mixed races

DRD2 �141C Ins/Del
Ins/Ins 117 (53.0% female) Low 4.3% Hispanic; 0.9% American Indian/Alaska Native; 82.1% Caucasian; 12.8% mixed races
Ins/Del 36 (44.4% female) Intermediate 5.6% Hispanic; 69.4% Caucasian; 25.0% mixed races
Del/Del 2 (0% female) High 50.0% Caucasian; 50% mixed races

DRD4
DRD4-L 68 (54.4% female) Low 5.9% Hispanic; 75% Caucasian; 13% mixed races
DRD4-S 92 (47.8% female) High 3.3% Hispanic; 1.1% American Indian/Alaska Native; 1.1% Asian; 77.2% Caucasian; 17.4% mixed races

DAT1
10R/10R 88 (53.4% female) Low 5.7% Hispanic; 1.1% Asian; 77.3% Caucasian; 15.9% mixed
9R/10R 68 (44.1% female) Intermediate 2.9% Hispanic; 1.5% American Indian/Alaska Native; 75% Caucasian; 20.6% mixed races
9R/9R 4 (100% female) High 100% Caucasian
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ward, 5�-6FAM-TGTGGTGTAGGGAACGGCCTGAG-3�, and Reverse:
5�-CTTCCTGGAGGTCACGCT CAAGG-3�, which yield PCR products
of (in bp) 200, 360, 400, 440 (9R), 480 (10R), and 520. PCRs contained 1
�l of genomic DNA (20 ng), 10% DMSO (Hybra-Max grade; Sigma), 1.8
mM MgCl2, 180 �M deoxynucleotides, with 7�-deaza-2�-deoxyGTP
(Roche Applied Science) substituted for one half of the dGTP, 400 nM

forward and reverse primers (IDT) and 1 U of AmpliTaq Gold polymer-
ase (ABI), in a total volume of 20 �l. Amplification was performed using
touchdown PCR (Don et al., 1991). A 95°C incubation for 10 min was
followed by two cycles of 95°C for 30 s, 65°C for 30 s, and 72°C for 60 s.
The annealing temperature was decreased every two cycles from 65°C to
57°C in 2°C increments (10 cycles total), and a final 30 cycles of 95°C for
30 s, 55°C for 30 s, and 72°C for 60 s, and a final 30 min incubation at
72°C. After amplification, an aliquot of PCR product was combined with
loading buffer containing size standard (Rox1000, Gel Company) and
analyzed with an ABI PRISM 3130xl Genetic Analyzer using company-
supplied protocols. Allele sizes were scored independently by two inves-
tigators; inconsistencies were reviewed and rerun when necessary. Each
plate contained three controls of known genotype and one nontemplate
control. Based on studies suggesting that the 7-repeat allele confers a
functional difference in D4 receptors (Asghari et al., 1995), participants
were classified as having the DRD4 7-repeat or longer allele (DRD4-L;
n � 68) versus shorter alleles (DRD4-S; n � 92). We defined three geno-
type groups for the DAT1 assay: 10-repeat/10-repeat homozygotes (10R/
10R; n � 88), 10-repeat/9-repeat heterozygotes (9R/10R; n � 68), and
9-repeat/9-repeat homozygotes (9R/9R; n � 4).

fMRI paradigms. Participants were asked to consume their regular
meals, but to refrain from eating or drinking (including caffeinated bev-
erages) for 5 h immediately preceding their imaging session for standard-
ization purposes. We selected this deprivation period to capture the
hunger state that most individuals experience as they approach their next
meal. Participants were familiarized with the fMRI paradigms before the
imaging session, and the order of presentation of the two paradigms was
counterbalanced. Before the scanning session, participants tasted a small
amount of milkshake and rated pleasantness via a 20 mm cross-modal
visual analog scale anchored by “not pleasant at all” at the left anchor
point (�10), “neutral” in the center (0), and “extremely pleasant” at the
right anchor point (10). Visual analog scales were also used for hunger
“�10 � not hungry at all” to “10 � extremely hungry.” Visual stimuli for
both paradigms were presented with a digital projector/reverse screen
display system to a screen at the back end of the MRI scanner bore and
were visible via a mirror mounted on the head coil. Additional details
regarding these paradigms have appeared previously (Stice et al., 2011).

The food reward paradigm examined the response to receipt and the
anticipated receipt of palatable food. This paradigm has consistently ac-
tivated reward regions in separate samples, with activation from this
paradigm showing test-retest reliability for weight-stable individuals,
sensitivity to the effects of weight change, and predictive validity for
future weight gain (Stice et al., 2008, 2010, 2011). Stimuli were presented
in five separate randomized scanning runs. The stimuli consisted of two
images (glasses of milkshake and water) that signaled the delivery of
either 0.5 ml of a chocolate milkshake or a tasteless solution. Order of
presentation was randomized. The milkshake (270 kcal, 13.5 g of fat, 28 g
of sugar per 150 ml) was prepared with 60 g of vanilla Häagen-Dazs ice
cream, 80 ml of 2% milk, and 15 ml of Hershey’s chocolate syrup. The
tasteless solution, designed to mimic the natural taste of saliva, consisted
of 25 mM KCl and 2.5 mM NaHCO3 in distilled water (O’Doherty et al.,
2001). On 40% of the milkshake and tasteless solution trials, the taste was
not delivered following the cue to allow the investigation of the neural
response to anticipation of a taste that was not confounded with actual
receipt of the taste (unpaired trials). Cues were presented for 2 s and were
followed by a jitter of 1–7 s during which time the screen was blank. Taste
delivery occurred on average 10 s after cue onset and lasted 5 s. The trial
ended with a second jitter of 1–7 s. Each event lasted between 2 and 5 s.
Tastants were delivered using programmable syringe pumps (ensuring
consistent timing, delivery, and volume) and tubing leading to a mani-
fold, which fit into the participants’ mouths, delivering the taste to a
consistent segment of the tongue. Participants were instructed to swallow

when they saw the “swallow” cue. The next cue appeared 1–7 s after the
swallow cue went off.

The monetary reward paradigm was developed to assess activation in
response to the receipt and anticipated receipt of monetary reward, based on
the Monetary Incentive Delay paradigm (Knutson et al., 2001a,b). Monetary
reward is a general reinforcer that has been shown to activate reward regions
and has been frequently used in behavioral and fMRI paradigms assessing
reward sensitivity (Bjork et al., 2008; Knutson et al., 2001a,b). Stimuli, con-
sisting of three coins (heads or tails), were presented in two separate runs.
The order of presentation of the runs was randomized. During the run, a
coin on the left-hand side of the screen blinked 2–4 times (duration 300 ms)
and then stayed on the screen. After 2 s, a second coin blinked 4–6 times
before remaining in the middle of the screen. After 3 s a third coin blinked
8–10 times and then remained on the screen for 4 s. After all three coins
stopped blinking, a 2–3 s message appeared saying whether or not the subject
has won (“You win $3” or “You don’t win”). Stimulus presentations were
jittered. The subject won $3 each time three heads or three tails were dis-
played. During each run, the total amount earned was presented below the
coins (“Your total is $XX).

fMRI acquisition, preprocessing and statistical analysis. Scanning was
performed by a Siemens Allegra 3 tesla head-only MRI scanner using a
standard birdcage coil. Functional scans used a T2*-weighted gradient
single-shot echoplanar imaging sequence (TE � 30 ms, TR � 2000 ms,
flip angle � 80°) with an in plane resolution of 3.0 � 3.0 mm 2 (64 � 64
matrix; 192 � 192 mm 2 FOV). To cover the whole brain, 32 interleaved,
no-skip, 4 mm slices were acquired along the anterior commissure–pos-
terior commissure (AC–PC) transverse oblique plane, as determined by
the midsagittal section. Prospective acquisition correction was applied to
adjust slice position and orientation, as well as to regrid residual volume-
to-volume motion in real time during data acquisition for the purpose of
reducing motion-induced effects (Thesen et al., 2000). Anatomical scans
were acquired using a high-resolution inversion recovery T1-weighted
sequence (MP-RAGE; FOV � 256 � 256 mm 2, 256 � 256 matrix, thick-
ness � 1.0 mm, slice number � 160).

Images were manually reoriented to the AC–PC line and skull stripped
using the BET function in FSL (Smith, 2002). Data were then prepro-
cessed and analyzed using SPM8 (Functional Imaging Laboratory, Well-
come Department of Imaging Neuroscience, Institute of Neurology,
University College London, London, UK) in MATLAB 7.5 (The Math-
works). Functional images were realigned to the mean, and both the
anatomical and functional images were normalized to the standard Mon-
treal Neurological Institute (MNI) T1 template brain (ICBM152). Nor-
malization resulted in a voxel size of 3 mm 3 for functional images and a
voxel size of 1 mm 3 for high-resolution anatomical images. Functional
images were smoothed with a 6 mm FWHM isotropic Gaussian kernel.

To identify brain regions activated by food receipt, we contrasted
BOLD response during receipt of milkshake versus receipt of tasteless
solution. To identify regions activated by anticipated food receipt, we
contrasted the BOLD response during presentation of the cue signaling
impending milkshake delivery versus the cue signaling impending taste-
less solution delivery (unpaired cues). To identify regions activated by
receipt of monetary reward, we contrasted BOLD response at the time a
participant “won” (third coin stopped blinking and matched the previous
two) versus a reward-neutral coin display [the time the first coin stopped
blinking (one head or one tail), which conveyed no information about pos-
sible monetary reward]. To identify regions activated by anticipation of
monetary receipt, we contrasted the BOLD response during presentation of
the cue signaling a potential win (i.e., two heads or two tails in a row) versus
the reward-neutral coin display. Condition-specific effects at each voxel were
estimated using general linear models. Vectors of the onsets for each event of
interest were compiled and entered into the design matrix so that event-
related responses could be modeled by the canonical hemodynamic re-
sponse function, as implemented in SPM8. A 128 s high-pass filter was used
to remove low-frequency noise and slow drifts in the signal.

Individual maps were constructed to compare the activations within
each participant for the following: milkshake receipt, tasteless receipt,
milkshake cue, tasteless cue, time of monetary win, time of a potential
win, and neutral coin display. Between-group comparisons were then
performed using random-effects models to account for interparticipant
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variability. Data were entered into a mixed between- and within-subjects
second-level 2 � 2 ANOVA (genotype status) by (milkshake receipt–
tasteless receipt or unpaired milkshake cue– unpaired tasteless cue) and
(genotype status) by (win–neutral coin display or potential win–neutral
coin display). Ethnicity (food and monetary paradigms) and hunger
(food paradigm only) were included as covariates of no interest. Because
there were five categories of ethnicity (Hispanic, Asian, European-
American, Native-American, and mixed race), four dummy variables
were created (e.g., Hispanic � 1, all others � 0; Asian � 1, all others � 0).

For the analyses focusing on the main effects of each polymorphism,
we compared the following groups because they ensured adequate cell
sizes: TaqIA A1/A1 and A1/A2 versus A2/A2; DRD2-141C Ins/Ins versus
Ins/Del and Del/Del; DRD4-L versus DRD4-S; DAT1 10R/10R versus
10R/9R or 9R/9R; and COMT Met/Met versus Met/Val or Val/Val. Cer-
tain genotypes (e.g., A1/A1; n � 5) were too rare in our sample to con-
stitute a separate group in the main effects analyses.

We calculated a multilocus genetic composite reflecting the total num-
ber of the five genotypes, paralleling the general approach used by
Nikolova et al. (2011). Genotypes associated with putatively low DA
signaling received a score of 1; those associated with putatively high DA
signaling received a score of 0; intermediate heterozygotes received a
score of 0.5. Specifically, TaqIA A1/A1, DRD2-141C Ins/Ins carriers,
DRD4-L, DAT1 10R/10R, and COMT Met/Met genotypes were assigned
a score of 1 (“low”); TaqIA A2/A2, DRD2-141C Ins/Del and Del/Del
carriers, DRD4-S, DAT1 9R carriers, and COMT Val/Val genotypes were
assigned a score of 0 (“high”), and TaqIA A1/A2 and COMT Met/Val
genotypes received a score of 0.5. The scores were then summed to create
a multilocus composite (N � 151; M multilocus composite � 2.45, SD �
0.89, range � 0 – 4.5) (Table 1).

Whole-brain analyses were conducted throughout. Cluster level
thresholds corrected for multiple comparisons were derived using a
Monte Carlo simulation of random noise distribution in the present data
using the 3DClustSim module in AFNI (Forman et al., 1995; Cox, 1996).
The Monte Carlo simulation combines individual voxel probability
threshold and minimum cluster size to estimate the probability of a false
positive. The threshold for the multilocus genetic composite analyses
resulted in p � 0.001 with a cluster (k) � 12, which is equal to p � 0.05
corrected for multiple comparisons. For the individual genotypes analy-
ses, we applied a more conservative Bonferroni correction that adjusted
for multiple testing. This resulted in p � 0.001 with a cluster (k) � 14,
which is equal to p � 0.01 ( p � 0.05/5 genotypes � 0.01) corrected for
multiple comparisons. All contrasts were run in both directions (e.g.,
DRD4-L � DRD4-S and DRD4-S � DRD4-L), and only significant peaks
are reported. Data presented in the figures represent parameter estimates
of the indicated peak voxel � SEM. All stereotactic coordinates are pre-
sented in MNI space (Internet: http://mni.mcgill.ca/). Effect sizes (r)
were derived from the Z-values (Z/	N).

Results
Table 1 presents the descriptive statistics of the genotype groups.
Data confirm that all genotype groups were large enough to pro-
vide sufficient sensitivity of the test of differential activation
across groups. � 2 analyses indicated that there were no significant

relations between genotype status and self-reported ethnicity or
sex (p values � 0.10), suggesting that ancestry and sex are not
potential confounds. Except for DAT1, all of our genes are in
Hardy–Weinberg equilibrium (including others not examined
herein), implying that our sample, although ethnically diverse is
genotypically homogeneous. There were no significant differ-
ences between DRD4-L versus DRD4-S carriers, DAT1 10R ho-
mozygotes versus 9R carriers, and between COMT Met
homozygotes, Met/Val heterozygotes, and Val homozygotes on
hunger, fullness, and pleasantness ratings of the milkshake and
tasteless solution (p values � 0.10). The multilocus genetic com-
posite score did not correlate with these outcomes either. TaqIA
A1 homozygotes (mean hunger � 2.19, SD � 3.09) reported a
lower hunger level than A2 homozygotes (mean hunger � 8.22,
SD � 4.18, F(1,158) � 7.12, p � 0.001). The A1/A2 heterozygotes
did not differ significantly from either the A1 or A2 homozygotes
on hunger. There were no significant differences among the three
TaqIA groups on fullness and pleasantness ratings of the tastes.

fMRI paradigm validation
We next investigated the brain regions activated by receipt and
anticipated receipt of palatable food and monetary reward to
confirm that these paradigms activated reward-related regions.
The main effect of anticipated food receipt revealed significant
activation in the left hemisphere in the lingual gyrus (r � 0.43),
precuneus (r � 0.31), precentral gyrus (r � 0.30), and middle
frontal gyrus (MFG; r � 0.30), in the right hemisphere in
putamen (r � 0.30; Fig. 1 A); hippocampus (r right � 0.40, r
left � 0.40), thalamus pulvinar (r right � 0.37, r left � 0.36),
and pallidum (r left � 0.36, r right � 0.34) were bilaterally
activated (Table 2). Overall, food receipt activated bilateral post-
central gyrus (r � 0.9; extending into frontal operculum, insula,
thalamus, striatum, and midbrain; Fig. 1B), right dorsolateral
prefrontal cortex (dlPFC; r � 0.35), and right precuneus (r �
0.31) (Table 2). Main effects of anticipated receipt of money were
found in the left hemisphere in the occipital lobe (r � 0.9),
hippocampus (r � 0.9; extending into midbrain), and poste-
rior insula (r � 0.32), in the right hemisphere in the fusiform
gyrus (r � 0.60) and thalamus pulvinar (r � 0.32), and bilat-
erally in the OFC (BA47/12; r right � 0.51, r left � 0.50; Fig.
1C), middle temporal gyrus (MTG; r right � 0.44, r left � 0.37),
and inferior parietal lobe (IPL; r left � 0.33, r right � 0.29) (Table
2). Main effects of receipt of money were found in the left hemi-
sphere in the cerebellum (r � 0.9; extending into lingual gyrus
and midbrain; Fig. 1D), OFC (BA47/12; r � 0.38), in the right
hemisphere in the mid-cingulate cortex (r � 0.37) and medial
prefrontal cortex (medial PFC; r � 0.32); the dlPFC (r left � 0.61,
r right � 0.43), superior parietal lobe (r left � 0.44, r right �

Figure 1. A–D, Main effects in the right putamen (MNI coordinates: 27, 11, �11, Z � 3.81, k � 19), in response to milkshake cue–tasteless solution cue (A), bilateral postcentral gyrus (MNI
coordinates: �42, �19, 37, Z � Inf, k � 14966; extending into frontal operculum, insula, striatum, and midbrain) in response to milkshake receipt–tasteless solution receipt (B), bilateral
orbitofrontal cortex (MNI coordinates: 33, 17, �17, Z � 6.50, k � 213; �33, 17, �14, Z � 6.35, k � 150) in response to potential win-neutral coin display (C), and midbrain (MNI coordinates:
0, �28, �5, Z � 3.62, k � 15) in response to win-neutral coin display (D).
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0.42), and mid-insula (r right � 0.42, r left � 0.38) were bilater-
ally activated (Table 2).

Relation of genotypes to neural response to anticipated
receipt of palatable food
TaqIA A1 allele carriers compared with A2 homozygotes ex-
hibited greater activation bilaterally in the parahippocampal
gyrus (r right � 0.36, r left � 0.32), extending into the mid-
brain (r right � 0.35, r left � 0.30; Fig. 2), and in the left
frontal operculum (r � 0.31). COMT Met/Val heterozygotes
compared with Val homozygotes exhibited greater activation
in the right dlPFC (r � 0.31) (Table 3). No significant effects
were found for DRD2-141C, DRD4, and DAT1.

Relation of genotypes to neural response to receipt of
palatable food
No significant genotype effects emerged for the contrast milk-
shake receipt–tasteless solution receipt.

Relation of genotypes to neural response to anticipated
receipt of money
DRD2-141C Ins homozygotes compared with Del carriers exhib-
ited greater activation in the right mid-insula (r � 0.31) (Table
3). No significant effects were found for TaqIA, COMT, DRD4,
and DAT1.

Relation of genotypes to neural response to receipt of money
COMT Met/Val heterozygotes compared with Val homozygotes
showed greater activation in the right postcentral gyrus (r �
0.29). COMT Val homozygotes showed greater activation in the
left MTG (r � 0.35) compared with Met/Met homozygotes (Ta-
ble 3). DRD2-141C Ins homozygotes compared with Del carriers
exhibited greater activation in the right frontal operculum (r �
0.33) (Table 3). DRD4-S compared with DRD4-L carriers exhib-
ited greater activation in the right middle occipital gyrus (MOG;
r � 0.30) in response to win-neutral coin display (Table 3). No
significant effects were found for TaqIA and DAT1.

Table 2. Main effects (N � 160) for contrasts from the food reward paradigm and
monetary reward paradigm

Contrast and region k Z-value MNI coordinates r

Milkshake cue � tasteless solution cue
Lingual gyrus 293 5.39 �15, �88, �11 0.43
Hippocampus 68 5.08 33, �7, �20 0.40

117 5.00 �24, �16, �14 0.40
Thalamus pulvinar 47 4.68 27, �28, �2 0.37

46 4.52 �24, �28, �2 0.36
Pallidum 54 4.52 �12, �1, �5 0.36

56 4.35 12, �4, 4 0.34
Fusiform gyrus 153 4.44 30, �67, �14 0.37

32 3.79 �33, �46, �23 0.30
Putamen 19 3.81 27, 11, �11 0.30
Precuneus 18 3.94 �15, �52, 16 0.31
Precentral gyrus 18 3.75 �27, �7, 49 0.30

Milkshake receipt � tasteless solution
receipt

Postcentral gyrus 14966 Infa �42, �19, 37 �0.9
Dorsolateral prefrontal cortex 23 4.43 33, 50, 28 0.35
Precuneus 32 3.91 9, �58, 61 0.31

Winning cue � neutral coin display
Occipital lobe 1127 Infa �27, �76, �20 �0.9
Hippocampus 110 Infa �21, �28, �8 �0.9
Fusiform gyrus 982 7.62 27, �49, �17 0.60
Orbitofrontal cortex BA47/12 213 6.50 33, 17, �17 0.51

150 6.35 �33, 17, �14 0.50
Middle temporal gyrus 95 5.61 48, �22, �8 0.44

53 4.71 �51, �28, �8 0.37
Inferior parietal lobe 26 4.23 �54, �34, 25 0.33

15 3.62 63, �22, 37 0.29
Thalamus pulvinar 18 4.05 21, �31, �2 0.32
Posterior insula 17 4.02 �39, �10, �11 0.32

Winning � neutral coin display
Cerebellum 2592 Infa �27, �73, �23 �0.9
Dorsolateral prefrontal cortex 153 7.69 �48, 5, 28 0.61

175 5.43 54, 14, 25 0.43
Superior parietal lobe 80 5.62 �30, �61, 43 0.44

83 5.30 33, �67, 43 0.42
Mid insula 81 5.42 39, 17, �8 0.42

35 4.77 �39, 17, �14 0.38
Orbitofrontal cortex BA47/12 35 4.77 �30, 17, �14 0.38
Mid cingulate 35 4.71 3, �7, 31 0.37
Medial prefrontal cortex 13 4.04 3, 23, 46 0.32

aZ-value � 12.00. For all contrasts, activated regions, number of contiguous voxels (k), Z-values, and coordinates of
the voxel of greatest activation within the MNI coordinate system are displayed. Peaks within the regions were
considered significant at k � 12, p � 0.05, corrected for multiple comparisons across the entire brain.

Figure 2. Greater activation in the midbrain (MNI coordinates: 12, �25, �23, Z � 4.49,
k � 49) in A1 carriers versus A2 homozygotes in response to milkshake cue–tasteless solution
cue with the bar graphs of parameter estimates from the peak.

Table 3. Main effects of TaqIA, COMT, DRD2–141C, DRD4, and DAT1 for contrasts
from the food reward paradigm and monetary reward paradigm

Contrasts and regions K Z-value MNI coordinates r

Milkshake cue � tasteless solution cue
TaqIA: A1 � A2/A2

Parahippocampal gyrus 49 4.51 21, �28, �17 0.36
Midbrain 4.49 12, �25, �23 0.35
Parahippocampal gyrus 51 4.04 �30, �28, �17 0.32
Midbrain 3.76 �6, �34, �17 0.30
Frontal operculum 27 3.94 �45, 23, 1 0.31

COMT: Met/Val � Val/Val
Dorsolateral prefrontal cortex 52 3.97 21, 32, 28 0.31

Winning cue � neutral cue
DRD2 �141C Ins/Ins �Del

Mid insula 16 3.92 36, �1, 1 0.31
Winning � neutral coin display

DRD2 �141C Ins/Ins � Del
Frontal operculum 17 4.07 42, 26, �8 0.33

COMT: Met/Val � Val/Val
Postcentral gyrus 15 3.67 42, �13, 34 0.29

COMT: Val/Val � Met/Met
Middle temporal gyrus 41 4.41 �48, �2, �14 0.35

DRD4-S � DRD4-L
Middle occipital gyrus 14 3.84 30, �79, 13 0.30

For all contrasts, activated regions, number of contiguous voxels (k), Z-values, and coordinates within the MNI
coordinate system are displayed. Peaks within the regions were considered significant at k � 14, p � 0.01,
corrected for multiple comparisons across the entire brain.
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Relation of multilocus genetic composite and neural response
to receipt and anticipated receipt of palatable food and money
No significant correlations emerged between the multilocus ge-
netic composite and activation during anticipated food receipt.
The multilocus genetic composite was positively correlated with
activation in the left pallidum (r � 0.35), right inferior frontal
gyrus (IFG; r � 0.33), left precuneus (r � 0.30), and left IPL (r �
0.28) in response to food receipt (Table 4). That is, individuals
with a higher number of variants associated with low DA signal-
ing showed a higher BOLD signal in this region during milkshake
receipt minus tasteless solution receipt. The multilocus genetic
composite was positively correlated with activation in the left
precuneus (r � 0.35) and negatively correlated with activation in
the left putamen (r � �0.35; Fig. 3), left MTG (r � �0.30), right
caudate (r � �0.29; Fig. 3) extending in right putamen (r �
�0.27), and left insula (r � �0.29) in response to receipt of
money. That is, individuals with more genotypes associated with
low DA signaling showed a lower BOLD signal in these latter
regions during winning money minus neutral coin display.

Given that we found an effect for the multilocus genetic com-
posite that was used in a previous study (Nikolova et al., 2011), we
thought it prudent to attempt to confirm the precise finding
reported in that earlier study. For two of the loci (COMT rs4680
and DRD4 exon 3 VNTR) used in the profile, we adopted the
opposite scoring as used by Nikolova et al. (2011). Therefore, we
recalculated the profile scores based on their allelic assignments.
Following the analytic approach of Nikolova et al. (2011), we
then extracted parameter estimates from the ventral striatum
clusters that had exhibited a main effect of the task and subse-
quently tested whether the multilocus genetic composite pre-
dicted these parameter estimates in regression models estimated
in SPSS. Similar to Nikolova et al. (2011), we found a main effect
in bilateral ventral striatum for both receipt and anticipated re-
ceipt of food. However, in contrast to the findings of Nikolova et
al. (2011), the multilocus genetic composite did not significantly
correlate with BOLD responses in these ventral striatum regions.

To probe the potential effects of population stratification, we
tested whether the multilocus genetic composite correlated with
neural activation during the food and monetary reward para-
digms separately for participants reporting European-American
ancestry (n � 123) and ethnic minority ancestry (n � 32). Al-
though no effects reached significance in the smaller subsamples,
the strongest correlation in the European-American sample was
found in the caudate (Z � 2.93; r � 0.23) in response to antici-
pated receipt of milkshake and the strongest correlation in the
ethnic minority sample was found in the putamen (Z � 1.97;
r � 0.35), also in response to the anticipated receipt of milk-
shake. These correlations were only slightly smaller than the
effects that emerged in the full sample, which ranged from r �
0.28 to r � 0.35.

Discussion
The objective of this study was to test whether individuals with
versus without the TaqIA A1 allele, DRD2–141C Ins/Ins geno-
type, DRD4-L allele, DAT1-L allele, and Met/Met COMT geno-
type, and individuals with a greater number of these genotypes
per a multilocus genetic composite, showed less responsivity of
DA-based reward regions in response to receipt and anticipated
receipt of palatable food and monetary reward. Preliminary anal-
yses confirmed that on average participants showed greater acti-
vation in reward regions in response to receipt and anticipated
receipt of palatable food and greater activation in regions in the
mesolimbocortical pathways and attention regions when antici-
pating and receiving monetary reward compared with the rele-
vant comparison events. Results also indicate that receipt and
anticipated receipt of palatable food resulted in elevated activa-
tion in oral somatosensory and gustatory regions. These results
converge with activation patterns observed in past fMRI studies
that have used the food reward paradigm (Stice et al., 2008, 2010,
2011) and monetary reward paradigm (Bjork et al., 2008; Knut-
son et al., 2001a,b), suggesting that these paradigms reliably elicit
robust activation in these brain regions.

Analyses testing for relations among the five genotypes and
activation in response to the paradigms in DA-based reward re-
gions (i.e., midbrain, caudate, and putamen) revealed no effects.
The one effect that did emerge for a classic DA-based reward
region in the individual genotype analyses was in the nonhypoth-
esized direction; greater activation of the midbrain in response to
anticipated receipt of palatable food for TaqIA A1 carriers relative
to A2/A2 homozygotes. Indeed, many of the significant effects
observed from individual analyses of the five genotypes were in
the unhypothesized direction, albeit outside of the primary do-

Table 4. Effects of multilocus composite (N � 151) for contrasts from the food
reward paradigm and monetary reward paradigm

Contrast, correlation, and region k Z- value MNI coordinates r

Milkshake receipt � tasteless solution receipt
Positive correlation

Pallidum 13 4.35 �18, �10, �8 0.35
Inferior frontal gyrus 15 4.10 60, 8, 16 0.33
Precuneus 20 3.70 �3, �55, 10 0.30
Inferior parietal lobe 14 3.49 �45, �49, 43 0.28

Winning � neutral coin display
Positive correlation

Precuneus 35 4.35 �9, �67, 40 0.35
Negative correlation

Putamen 19 4.32 �30, �19, 10 �0.35
Middle temporal gyrus 12 3.71 �57, �7, �14 �0.30
Caudate 19 3.59 21, 2, 19 �0.29
Putamen 3.30 27, �1, 13 �0.27
Insula 13 3.54 �39, �1, 13 �0.29

For all contrasts, activated regions, number of contiguous voxels (k), Z-values, and coordinates within the MNI
coordinate system are displayed. Peaks within the regions were considered significant at k � 12, p � 0.05,
corrected for multiple comparisons across the entire brain.

Figure 3. Correlation between the multilocus genetic composite and activation in the left
putamen (MNI coordinates: �30, �19, 10, Z � 3.32, k � 19) plus a coronal image of activa-
tion in the caudate (MNI coordinates: 21, 2, 19, Z � 3.62, k � 20) in response to win-neutral
coin display.
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paminergic brain regions, but those with the Met/Met versus the
Val/Val COMT genotype showed less middle temporal gyrus ac-
tivation and those with the DRD4-L versus the DRD4-S genotype
showed less MOG activation in response to monetary reward.
Yet, support for the central hypothesis did emerge for the multi-
locus genetic composite: individuals with elevated multilocus
composite scores, which theoretically identify those with low DA
signaling capacity in reward regions, showed less activation in the
dorsal striatum (bilateral putamen and the caudate) in response
to monetary reward. The striatum is the brain complex with the
greatest density of DA receptors (Waxham, 1999). A similar effect
emerged for the insula, which is also considered a classic reward
region (Nummenmaa et al., 2012). Although these effects were
not significant in follow-up analyses involving only European-
American and only ethnic minority participants, there were
peaks that were similar in magnitude to those that emerged in the
analyses with the entire sample, making it somewhat unclear as to
whether population stratification contributed to the effects or
whether there was simply insufficient power in the subgroup
analyses. Nikolova et al. (2011) found that individuals with a
greater number of genotypes associated with low DA signaling
capacity show less ventral striatal response to monetary reward.
We were unable to replicate this finding, even when we scored the
multilocus profile precisely as Nikolova et al. (2011) and took the
same analytic approach. One possible explanation for the lack of
replication is that the monetary reward paradigm used in the
current study does not recruit the ventral striatum specifically,
which the task used by Nikolova et al. (2011) does. For example,
in contrast to the task used by Nikolova et al. (2011), the para-
digm in the current study did not include a behavioral response
component. It is possible that a behavioral response component
is necessary to recruit the ventral striatum in this particular task.
In addition, Nikolova et al. (2011) used a somewhat uncommon
analytic approach, in which the parameter estimates from the
main effect of the monetary reward paradigm correlated signifi-
cantly with the multilocus genetic composite in SPSS. Most pre-
vious fMRI studies have tested whether genotypes correlate
directly with activation in the paradigms (Cohen et al., 2005;
Brody et al., 2006; Kirsch et al., 2006; Forbes et al., 2009; London
et al., 2009; Felsted et al., 2010). The fact that the multilocus
genetic composite, but not the individual genotypes, correlated
inversely with striatal responsivity to monetary reward suggests
that individual genes may only exert a relatively small influence
on brain activation phenotypes, but the additive effects of several
genes that theoretically have a similar functional impact are more
strongly related to reward circuitry responsivity. The fact that a
linear summation scoring procedure was used by both Nikolova
et al. (2011) and ourselves implies that the effects of the genotypes
are additive. However, it is possible that these genotypes may
interact, in an epistatic fashion, to influence responsivity of re-
ward circuitry, which should be investigated in larger future stud-
ies. An important implication of the present findings and those
from Nikolova et al. (2011) is that this multilocus genetic com-
posite is a more sensitive index of vulnerability for less reward
region responsivity than individual genotypes.

The multilocus genetic composite was also related to unhypoth-
esized increased activation in the pallidum, inferior frontal gyrus,
precuneus, and inferior parietal lobe in response to palatable food
receipt, and to increased activation in the precuneus in response to
monetary receipt. The pallidum, which is a part of the basal ganglia
neighboring the dorsal striatum has a similar synaptic composition
and encodes receipt of palatable food (Small et al., 2001; Bohon et al.,
2009; Smeets et al., 2011). Although the IFG has been implicated in

inhibitory control processes (Hare et al., 2009), it also has been
found to be involved in other cognitive processes. For example, ac-
tivity in the IFG correlated positively with participants’ valuation of
food items during a decision task (Plassmann et al., 2007; Hare et al.,
2008). Further, Murdaugh et al. (2012) found that greater IFG acti-
vation in response to palatable food images was associated with poor
weight maintenance. Precuneus activation occurs in response to sa-
lient stimuli in general (Maddock, 1999) and has been associated
with subjective increases and decreases in preferences of palatable
food (Small et al., 2001). Finally, the IPL has been found to be in-
volved in mediating attentional processes (Pessoa et al., 2002).
Therefore, our findings may suggest that individuals with a higher
number of variants associated with low DA signaling may have per-
ceived food reward and monetary reward as more salient.

It was noteworthy that the multilocus genetic composite showed
inverse relations to striatal response to monetary reward but not to
food reward. This may be due in part to the fact that all the partici-
pants were normal weight and may have found money more reward-
ing than food. Results might have been different if obese versus
normal weight participants had been studied, as the former may find
food more rewarding than the latter, and the individual genotypes
and the multilocus composite score may have moderated the rela-
tion of body mass to the neural response to food stimuli.

In conclusion, results provided partial support for the hypothe-
ses. On the one hand, there was evidence that individuals with a
greater number of genotypes that are putatively associated with low
DA signaling capacity showed less putamen, caudate, and insula
activation in response to monetary reward. The fact that this key
finding replicates results from the only other study to test this hy-
pothesis (Nikolova et al., 2011) suggests that the effect is robust.
Further, individuals with versus without the A1 TaqIA allele poly-
morphism, the 7-repeat or longer allele of the DRD4 genotype, and
the Met/Met COMT genotype showed altered activation in many
regions that are responsive to receipt and anticipated receipt of food
and monetary reward, many of which receive projections from clas-
sic DA-based reward regions, suggesting that future research should
expand the focus on regions that may be affected by these genotypes.
On the other hand, the individual genotypes did not correlate in-
versely with activation of classic DA-based reward regions, and there
were no effects for the 10-repeat allele of the DAT1 genotype. In
some respects, these findings converge with the mixed nature of the
findings in the literature, wherein some results support the hypoth-
esis that these genotypes were associated with less activation of re-
ward regions (Cohen et al., 2005; Brody et al., 2006; Forbes et al.,
2009; Nikolova et al., 2011), but other results have not (Kirsch et al.,
2006; Yacubian et al., 2007; Forbes et al., 2009; London et al., 2009;
Nikolova et al., 2011). It may be worthwhile to study additional
genes that are thought to impact DA signaling, such as tyrosine hy-
droxylase genes involved in DA synthesis, genotypes that influence
all five of the DA receptors, monoamine oxidase genotypes involved
in DA metabolism, and DRD2 TaqIB, which is associated with less
D2 receptor density (Jönsson et al., 1999). Collectively, results imply
that it may be useful to investigate the functional significance of the
additive effects of genotypes that affect DA signaling that are cap-
tured by multilocus composite scores, to investigate other genotypes
the affect DA signaling capacity, and to expand our functional focus
beyond the classic DA-based reward regions to other brain areas that
are activated by receipt and anticipated receipt of rewards.
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