1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Neuroimage. 2010 May 1; 50(4): 1618-1625. doi:10.1016/j.neuroimage.2010.01.081.

Reward Circuitry Responsivity to Food Predicts Future
Increases in Body Mass: Moderating Effects of DRD2 and DRD4

Eric Stice, Ph.D.1", Sonja Yokum, Ph.D.1, Cara Bohon, Ph.D.1, Nate Marti, Ph.D.2, and
Andrew Smolen, Ph.D.3
10regon Research Institute, Eugene, Oregon

2University of Texas, Austin, Texas

SUniversity of Colorado, Boulder, Colorado

Abstract

Objective—To determine whether responsivity of reward circuitry to food predicts future
increases in body mass and whether polymorphisms in DRD2 and DRD4 moderate these relations.

Design—The functional magnetic resonance imaging (fMRI) paradigm investigated blood
oxygen level dependent activation in response to imagined intake of palatable foods, unpalatable
foods, and glasses of water shown in pictures. DNA was extracted from saliva samples using
standard salting-out and solvent precipitation methods.

Participants—Forty-four adolescent female high school students ranging from lean to obese.
Main Outcome—Future increases in body mass index (BMI).

Results—Weaker activation of the frontal operculum, lateral orbitofrontal cortex, and striatum in
response to imagined intake of palatable foods, versus imagined intake of unpalatable foods or
water, predicted future increases in body mass for those with the DRD2 TaqglA Al allele or the
DRD4-7R allele. Data also suggest that for those lacking these alleles, greater responsivity of
these food reward regions predicted future increases in body mass.

Discussion—This novel prospective fMRI study indicates that responsivity of reward circuitry
to food increases risk for future weight gain, but that genes that impact dopamine signaling
capacity moderate the predictive effects, suggesting two qualitatively distinct pathways to
unhealthy weight gain based on genetic risk.

Theorists posit that hyper-responsivity of the mesolimbic and mesocortical circuitry that
encodes food reward increases risk for obesity (Davis et al., 2004). Functional magnetic
resonance imaging (fMRI) studies indicate that obese versus lean individuals show greater
activation in the insula, frontal operculum, lateral orbitofrontal cortex (OFC), amygdala, and

© 2010 Elsevier Inc. All rights reserved.

"Correspondence: Eric Stice, Oregon Research Institute, 1715 Franklin Blvd., Eugene, OR 97403, estice@ori.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stice et al.

Page 2

striatum in response to pictures of palatable foods (Rothmund et al., 2007; Stoeckel et al.,
2008) and anticipated receipt of palatable food (Stice et al., 2008b). Data suggest that the
insula and frontal operculum are involved in food craving and anticipated reward from food,
and further that the OFC, amygdala, and striatum encode the reward value of food (Gottfried
et al., 2003; Small et al., 2008). However, because the fMRI studies that have investigated
the relation of anticipatory food reward to obesity have been cross-sectional, it is unclear
whether hyper-responsivity of this circuitry increases risk for future weight gain or is a
result of conditioning from overeating palatable foods. Thus, we tested whether hyper-
responsivity of food reward regions increases risk for future increases in body mass.

Other theorists argue that some individuals show hypo-responsivity of reward circuitry,
which prompts them to overeat to compensate for this deficiency (Comings and Blum,
2000). Positron emission tomography (PET) studies find that obese versus lean individuals
show less D2 receptor binding in the striatum (Volkow et al., 2008; Wang et al., 2001),
which suggests that they have fewer D2 receptors. Dopamine is involved in the reinforcing
effects of food; feeding results in dopamine release in the dorsal striatum and the degree of
pleasure from eating correlates with amount of dopamine release (Small et al., 2003).
Dopamine antagonists increase food intake and produce weight gain, whereas dopamine
agonists reduce energy intake and produce weight loss (Epstein et al., 2007). Yet,
consumption of a high-fat, high-sugar diet may lead to down-regulation of D2 receptors.
Repeated intake of sweet and fatty foods results in down-regulation of post-synaptic D2
receptors, increased D1 receptor binding, and decreased D2 sensitivity and p-opioid receptor
binding in animals (Bello et al. 2002; Colantuoni et al., 2001), paralleling neural response to
chronic use of drugs that increase dopamine signaling. Thus, it is important to test whether
hypo-responsivity of reward circuitry increases risk for future weight gain. One prospective
study found that when mice are exposed to a high-fat diet, those with lower D2 receptor
density in the putamen showed more weight gain than mice with higher D2 receptor density
in this region (Huang et al., 2006). In a prospective fMRI study we found that individuals
who showed weaker striatal activation in response to receipt of palatable food were at
elevated risk for increases in body mass over a 1-year follow-up, but only if they had an Al
allele of the TaglA SNP (rs1800497) in the DRD2 gene (Stice et al., 2008a). The TaqlA
polymorphism has three allelic variants: A1/Al, A1/A2, and A2/A2. Individuals with an
Al/Al or A1/A2 TaglA genotype have 30-40% fewer striatal D2 receptors than those with
the A2/A2 genotype (Ritchie and Noble, 2003; Tupala et al., 2003). The TaglA Al genotype
is also associated with hypofunctioning of the prefrontal cortex, hypothalamus, striatum,
insula, and amygdala (Bowirrat and Oscar-Berman, 2005; Noble, 2003). The DRD2 TaglA
Al genotype has correlated with body mass in some studies (Spitz et al., 2000; Thomas et
al., 2001), but other studies have not found a significant main effect (Jenkinson et al., 2000;
Southon et al., 2003).

Given the evidence that weaker striatal activation in response to food intake predicts future
increases in body mass if coupled with the DRD2 TaqlA Al genotype, we used blood
oxygen level dependent (BOLD) fMRI to test whether activation of brain reward regions in
response to imagined intake of palatable foods predicts future increases in body mass and
whether these relations were moderated by genotypes associated with a potential reduction
in dopamine signaling. We examined brain activation in response to imagined intake of a
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range of palatable foods because our previous fMRI paradigm (Stice et al., 2008a) examined
only activation in response to chocolate milkshake. In addition to investigating the DRD2
TaglA gene, we examined the 48-base pair (bp) exon 3 Variable Number Tandem Repeat
(VNTR) polymorphism in the DRD4 gene. DRD4 is a postsynaptic receptor that is
principally inhibitory of the second messenger adenylate cyclase. D4 receptors are localized
in areas innervated by mesocortical projections from the ventral tegmental area, including
the prefrontal cortex, cingulate gyrus, and insula (Noain et al., 2006). The 7-repeat or longer
VNTR allele (DRD4-7R) has been associated with compromised dopamine functioning in
an in vitro study 22, poorer response to dopamine stimulating drugs (Hamarman et al., 2004),
and less dopamine release in the ventral caudate and nucleus accumbens after cigarette use
(Brody et al., 2006). Humans with versus without one or more DRD4 long (7R-10R) alleles
have shown higher maximum lifetime body mass in samples at risk for obesity (Guo et al.,
2007; Kaplan et al., 2008; Levitan et al., 2004), as well as greater food cravings in response
to food cues (Sobik et al., 2005), smoking cravings and activation of the superior frontal
gyrus and insula in response to smoking cues (McClernon et al., 2007), alcohol cravings and
activation in OFC, anterior cingulate gyrus, and striatum in response to alcohol (Hutchison
et al., 2002; Filbey et al., 2008), and heroin craving in response to heroin cues (Shao et al.,
2006).

Participants were 44 adolescent girls (M age = 15.6; SD = .96; 2.3% African Americans,
84.1% European Americans, 4.5% Native Americans, and 9.1% mixed racial heritage)
recruited from a larger study of female high schools students who reported body image
concerns to participate in a study on the neural response to presentation of food (see also
Stice et al., 2008b). Those who reported binge eating or compensatory behavior in the past 3
months, any use of psychotropic medications or illicit drugs, head injury with a loss of
consciousness, or current Axis | psychiatric disorder (including anorexia or bulimia nervosa)
were excluded. Data from 5 participants were not analyzed because they showed excessive
head movement during the scan; 2 showed such pronounced head movement that the scans
were terminated and head movement for 3 other subjects exceeded 2 mm (M = 2.8 mm,
range 2.5-5 mm). This resulted in a final sample of 39 participants (M age = 15.5, SD = .94;
M BMI = 24.6; SD = 5.35, BMI range = 17.3-38.9). We recruited participants who ranged
in BMI from lean to obese to ensure that we would not have a restriction in range for BMI
for the analyses. The local Institutional Review Board approved this project. Participants
and parents provided written consent.

Body Mass—The body mass index (BMI = kg/m?) was used to reflect adiposity. After
removal of shoes and coats, height was measured to the nearest millimeter using a
stadiometer and weight was assessed to the nearest 0.1 kg using a digital scale. Two
measures of height and weight were obtained and averaged at baseline and at 6- and 12-
month follow-up assessments. BMI correlates with direct measures of total body fat such as
dual energy x-ray absorptiometry (r = .80 to .90) and with health measures including blood
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pressure, adverse lipoprotein profiles, atheroscleratic lesions, serum insulin levels, and
diabetes mellitus in adolescent samples (Dietz and Robinson, 1998).

Genotyping—-Participants were asked to provide saliva, from which epithelial cells were
collected, using a commercial product, Oragene® (DNAgenotek, Ottawa, ON, Canada),
though only 32 of the 39 participants consented and provided a saliva sample, which was
requested at 6-month follow-up rather than at baseline. DNA was extracted from the
samples using standard salting-out and solvent precipitation methaods, yielding an average of
45 g of DNA. The DRD2 TaglA assay was done using a fluorogenic 5” nuclease
(Tagman®, ABI, Foster City, CA) method (Haberstick and Smolen, 2004) on an ABI
Prism® 7000 Sequence Detection System using the allelic discrimination mode (Livak,
1999). Reactions containing 20 ng of DNA were performed in 10 pl reactions with
TagMan® Universal PCR Master Mix using the standard cycling conditions. Sequences of
the primers and probes are: Forward Primer: 5'-GTGCAGCTCACTCCATCCT-3’; Reverse
Primer: 5"-GCAACACAGCCATCCTCAAAG-3"; Al Probe: 5’-VIC-
CCTGCCTTGACCAGC-NFQMGB-3'; A2 Probe: 5"-FAM-CTGCCTCGACCAGC-
NFQMGB-3’. Each 96 well plate included non-template and DNA standards of known
genotype. Two investigators independently scored each genotype. DRD2 was coded A1/A1
or A1/A2 versus A2/A2; 13 subjects had the Al allele of the DRD2 gene and 19 subjects did
not. The DRD2 TaqlA site is now known to reside in exon 8 of the ANKKZ1 gene on the
opposite strand. This SNP results in a glutamate-to-lysine (E713K) substitution within the
eleventh ankyrin repeat of ANKKZ1, prompting the suggestion that changes in ANKK1
activity may be responsible for some of the associations attributed to DRD2 (Neville et al,
2004). With this caveat, we refer to the polymorphism as DRD2 TaqlA throughout the text.
The assay for the 48-base pair (bp) exon 3 VNTR polymorphism in the DRD4 gene was a
modification (Anchordoquy et al., 2003) of the method of (Lerman et al., 1998). The primer
sequences were forward: 5'-VIC-GCTCATGCTGCTGCTCTACTGGGC-3’; and reverse:
5'-CTGCGGGTCTGCGGTGGAGTCTGG-3’, which yield PCR products from 279 (2R) to
519 (7R) bp. Following PCR, the amplicons were analyzed on an ABI PRISM® 3130xI
Genetic Analyzer (Foster City, CA). 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 at least one 7R variant or none; 11 subjects had the 7R variant of the
DRD4 gene and 21 subjects did not. None of the subjects had DRD4 alleles longer than 7R.
The correlation between TaglA and DRD4 allele status (r = —.20) did not differ significantly
from zero.

fMRI paradigm—Participants were asked to consume a typical breakfast or lunch, but to
refrain from eating or drinking (except water) for 4-6 hours immediately preceding their
imaging session for standardization purposes. We selected this deprivation period to capture
the hunger state that most individuals experience as they approach their next meal, which is
a time when individual differences in food reward would logically impact caloric intake.
Most participants completed the paradigm between 16:00 and 18:00 (approximately 5 hours
after eating a typical lunch), but a subset completed scans between 11:00 and 13:00
(approximately 5 hours after eating a typical breakfast). Before the imaging session,
participants were familiarized with the fMRI paradigm. The imagine paradigm was designed
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to examine brain responses to imagined consumption of palatable foods, unpalatable foods,
and glasses of water shown in pictures. Because there is evidence that obese individuals
show a positive implicit attitude to both palatable and unpalatable foods (Craeynest et al.,
2005), we included a contrast involving imagined intake of a non-caloric substance (water),
as it seemed possible that overweight individuals would show hyper-responsivity of reward
circuitry to both palatable and unpalatable foods. Before the scanning session, they rated
how appetizing they found various foods shown in 103 pictures. Pictures included processed
foods (e.g., cheeseburger, cupcakes), fruits (e.g., grapes, peaches), and vegetables (e.qg.,
cauliflower, eggplant). During the fMRI paradigm, each participant was exposed to the 20
pictures of food they rated as the most appetizing and the 20 pictures of food they rated as
the least appetizing, as well as 20 pictures of glasses of water. Stimuli were presented in 2
separate scanning runs. There were 3 events of interest in the paradigm: (1) imagined intake
of appetizing foods, 2) imagined intake of unappetizing foods, and 3) imagined intake of
water shown in pictures. The images were presented for 5 seconds using Presentation
(Version 9.81, www.neuro-bs.com) run from Windows. Participants were asked to imagine
tasting and eating the pictured food, in attempt to activate brain regions associated with
anticipatory reward from the pictured foods. Order of presentation was randomized. Each
run consisted of 60 events (20 images each from the same category; appetizing,
unappetizing, water). A blank screen with a cross-hair at the center for fixation (to eliminate
random eye-movement) was presented for 2 seconds between each stimulus picture.

Imaging and statistical analysis

Scanning was performed by a Siemens Allegra 3 Tesla head-only MRI scanner. A standard
birdcage coil was used to acquire data from the entire brain. A thermo foam vacuum pillow
and additional padding was used to restrict head motion. In total, 720 brain volumes were
collected during both functional runs. Functional scans used a T2* weighted gradient single-
shot echo planar imaging (EPI) sequence (TE=30 ms, TR = 2000 ms, flip angle=80°) with
an in plane resolution of 3.0 x 3.0 mm? (64 x 64 matrix; 192 x 192 mm? field of view). To
cover the whole brain, 32 4mm slices (interleaved acquisition, no skip) were acquired along
the AC-PC transverse, oblique plane as determined by the midsagittal section. Structural
scans were collected using an inversion recovery T1 weighted sequence (MP-RAGE) in the
same orientation as the functional sequences to provide detailed anatomic images aligned to
the functional scans. High-resolution structural MRI sequences (FOV = 256 x 256 mm?2, 256
x 256 matrix, thickness = 1.0 mm, slice number ~ 160) were acquired.

Data were pre-processed and analyzed using SPM5 software (Wellcome Department of
Imaging Neuroscience, London, UK) in MATLAB Mathworks, Inc., Sherborn, MA)
(Worsley and Friston, 1995). The images were time-acquisition corrected to the slice
obtained at 50% of the TR. All functional images were then realigned to the mean. The
images (anatomical and functional) were normalized to the standard MNI template brain
implemented in SPM5 (ICBM152, based on an average of 152 normal MRI scans).
Normalization resulted in a voxel size of 3 mm3 for functional images and a voxel size of 1
mm3 for structural images. Functional images were smoothed with a 6 mm FWHM isotropic
Gaussian kernel. Condition specific effects at each voxel were analyzed using the conjoint
use of the general linear model and Gaussian random field theory. The response to events
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(i.e., indicated by stimulus onsets) were modeled by a canonical hemodynamic response
function (HRF), consisting of a mixture of 2 gamma functions that emulate the early peak at
5 seconds and the subsequent undershoot. We included temporal derivatives of the
hemodynamic function to obtain a better model of the data (Henson et al., 2002). A 128
second high-pass filter (per SPM5 convention) was used to remove low-frequency noise and
slow drifts in the signal. To identify brain regions activated in response to the appetizing
food condition, we contrasted BOLD responses during viewing pictures of appetizing food
versus viewing pictures of unappetizing food (appetizing food — unappetizing food) and
BOLD responses during viewing pictures of appetizing food versus viewing pictures of
glasses of water (appetizing food — water) at an individual level.

We performed small volume correction analyses within the somatosensory cortex, gustatory
cortex, and striatum with activation peaks from previous independent fMRI studies
(Rothmund et al., 2007; Stoeckel et al., 2008) as centroids to define 10-mm diameter
spheres. Reference coordinates from these prior studies are shown in Table 1. Peaks within
these regions were considered significant at P < .05, false-discovery rate (FDR) corrected
across the small volume. Additional exploratory inferences were made at the P<.001,
uncorrected for multiple comparisons. To test whether the genotypes moderated the cross-
sectional relations between BMI and brain responses, we conducted multiple regression
models using SPSS. Independent variables included BMI scores, genotype (DRD2, DRD4),
and the interaction between genotype and BMI scores. For the longitudinal analyses, we
conducted mixed models analyses using SAS PROC MIXED that included BMI at 6- and
12-month follow-ups as the outcomes; independent variables included baseline BMI,
genotype, brain response, and time as well as all two- and three-way interactions between
genotype, brain responses, and time. We examined model assumptions by inspecting
residual by predicted values and normal probability plots. Visual examination indicated a
random distribution around zero in the residuals and a straight line for the residual
probability plot. We evaluated outliers with the criteria recommended by (Neter et al.,
1996): a Cook’s distance F probability value greater than .2. In only one case was this
criterion met and because it did not alter the pattern of results, we retained that case in the
data set. These results suggest that no univariate or multivariate outliers contributed unduly
to the observed main and interactive effects reported herein.

Baseline BMI correlated positively with activation in the left putamen (r = .56; p<.001
Figure 1A-B) and right lateral OFC (r = .51, p <.01) during exposure to appetizing versus
unappetizing foods and with activation in the OFC (r = .50, p <.01; r = 60; p <.001 Figure
1C-D) and frontal operculum (r = .55 and .56) during exposure to appetizing food versus
water (Table 1). Presence of the Al allele (Figure 2) significantly moderated the relation
between baseline BMI and increased response in the right lateral OFC (r = -.33, p <.05)
during exposure to appetizing versus unappetizing food and the relation between baseline
BMI and increased response in the right frontal operculum (r = -.52, p <.01) during

L1t should be noted that the skew for baseline BMI was only 1.28 and the skew for the slope in BMI, reflecting change over the
follow-up period, was only —0.30, which confirms that the outcomes met the assumption of univariate normal distributions.
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exposure to appetizing food versus water. Presence of the DRD4-7R allele significantly
moderated the relation between baseline BMI and increased response in the right frontal
operculum (r = -.37, p = .02) during exposure to appetizing food versus water.

Mean BMI was 24.6 at baseline, 24.7 at 6-month follow-up, and 24.8 at 1-year follow-up.
The average increase in BMI over the 1-year follow-up period was 0.23 (SD = .56, range
-0.97 to 1.42), suggesting sufficient variation in weight change over the follow-up period.
Although BOLD activation did not show significant main effects on risk for future increases
in BMI over the 1-year follow-up, the TaqlAl allele of the DRD2 gene significantly
moderated the relations of responses in the left putamen (r = .33, p =.042) and right lateral
OFC (r = .60, p <.001) (Figure 3) during exposure to appetizing versus unappetizing food to
risk for increases in BMI over the 1-year follow-up. Further, both the TaglAl allele (r = .36,
p < .031) and the DRD4-7R allele (r = .42, p < .012) (Figure 4) significantly moderated the
relation between response in the right frontal operculum during exposure to appetizing food
versus water and risk for future increases in BMI.

Based on the evidence that reward-related neural function in women is heightened during
the mid-follicular phase (Dreher et al., 2007), we created a dichotomous variable that
reflected whether participants completed the fMRI scans during the midfollicular phase
(days 4-8 after onset of menses; n = 12) or not (n = 27). When we controlled for this
variable in all analyses, the activation in the reported regions remained significant.

Discussion

The prospective interactive effects suggest that individuals who show weaker activation of
brain reward circuitry in response to imagined intake of palatable foods are at elevated risk
for future weight gain if they possess the TaqlAl allele of the DRD2 gene or the exon 3 7-
repeat allele of the DRD4 gene, presumably because they have reduced dopamine signaling.
These findings dovetail with evidence that weaker striatal activation in response to receipt of
palatable food increases risk for weight gain among individuals with the TaglAl allele of
the DRD2 gene (Stice et al., 2008a). The present results extend the earlier findings in several
ways. First, they suggest that blunted activation of food reward circuitry to food cues, in
addition to actual intake of food, increases risk for weight gain if coupled with genetic risk
for attenuated dopamine signaling in reward circuitry. Collectively results suggest that a
hypo-responsivity to both consummatory and anticipatory food reward increases risk for
weight gain. Second, whereas the effect for blunted activation in the putamen echoes the
earlier findings regarding blunted striatal activation, the present study observed similar
effects for the frontal operculum and OFC, regions that play a role in encoding the taste and
reward value of foods. Third, whereas the finding for the TaqlA1l allele echoes the results
seen in the earlier report, the present study also suggests that the DRD4-7R allele, which is
associated with compromised dopamine functioning (Noain et al., 2006), increases risk for
weight gain if coupled with blunted responsivity of reward circuitry. Thus, data imply that
genotypes thought to be associated with reduced signaling capacity of dopamine-based
reward circuitry may increase risk for weight gain. These findings align with the thesis that
individuals who experience less activation of reward circuitry from food may overeat to
compensate for this reward deficit (Comings and Blum, 2000). Yet, Figures 3 and 4 imply
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that individuals who show elevated responsivity of these food reward regions may be at
increased risk for weight gain if they are not at genetic risk for compromised dopamine
signaling, which also echoes our previous results (Stice et al., 2008a). These findings hint at
two possible pathways to unhealthy weight gain and appear to provide support for both the
hypo-responsivity model and the hyper-responsivity model. Indeed, this may explain why
prior findings have appeared to provide support for both of these contrasting theories. This
pattern of findings suggests that experiencing too little or too much reward from food may
both paradoxically increase risk for obesity and that experiencing moderate reward from
food might serve as a protective factor. This interpretation echoes a previous suggestion that
there may be a quadratic relation between dopamine activity and reward sensitivity (Kirsch
et al., 2006), wherein individuals with too little or too much dopamine activity show
disturbances in reward sensitivity.

Other aspects of the present findings are also noteworthy. First, the cross-sectional analyses
revealed a positive association between baseline BMI and activation in the putamen. This
finding is important because it suggests that overweight individuals do not show a general
reduced responsivity of the striatum to food stimuli. It was also reassuring that the cross-
sectional main effects converge with previous evidence that obese versus lean individuals
show greater activation of reward regions to food images (Rothmund et al., 2007; Stoeckel
et al., 2008). Further, there was a positive relation between BMI and activation in the
opercular regions (i.e., frontal operculum, Rolandic operculum, parietal operculum). As
these regions have been associated with subjective reward from food intake as well as
anticipated intake (Small et al., 2003; Stice et al., 2008b; Yamamoto, 2006), these findings
may also imply that overweight and obese individuals experience greater food reward
relative to lean individuals. There was also a positive relation between BMI and superior
frontal gyrus activation, an area implicated in working memory (Postle et al, 2000), in
response to palatable foods versus unpalatable foods or water. This result converges with
those from Rothemund and colleagues (2007). We also found that overweight versus lean
individuals showed preferential activity in the ventrolateral prefrontal cortex (VLPFC)
during exposure to palatable foods, which converges with our previous finding that BMI is
positively correlated with activation in the VLPFC in response cues predicting the receipt of
a chocolate milkshake (Stice et al., 2008b). This region has projections to both sensory and
reward processing areas (e.g., Pertrides & Pandya, 2002). The VLPFC is thought to use
object information to guide goal-directed behavior (Kennerley & Wallis, 2009) and to play
an important role in attentional control (e.g., Roth et al., 2006). That is, VLPFC is
responsible for detecting behaviorally relevant events and redirecting attention
appropriately. Thus, results may imply that overweight individuals show increased attention
to palatable food and find it more rewarding. However, the fact that dopamine-related genes
moderated the relations implies that it is important to focus on relations that are conditional
on DRD2 and DRD4 status. Lastly, findings also illustrate the importance of conducting
prospective brain imaging studies to document that potential risk factors temporally precede
weight gain and provide a more rigorous test of etiologic processes.

When interpreting these results it is important to note that BOLD response reflects relative
amount of oxygenated hemoglobin rather than dopamine signaling; thus we can only infer
that our results may arise because of differences in dopamine functioning. It is possible that
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the differences in activation are a product of some other neurotransmitter. Further, when we
re-estimated the relation of the interaction between DRD2 and BMI to activation in the OFC
(see Figure 2) with the two participants with the greatest BMI removed from the data set, the
interaction became non-significant. Given this and the fact that this is one of the first
prospective fMRI studies to predict future increases in body mass, results should be
considered provisional until replicated in a larger sample. When we re-estimated the relation
of the interaction between DRD2 and BMI to activation in the OFC (see Figure 2) with the
two participants with the greatest BMI removed from the data set, the interaction became
non-significant. In addition, because we only studied females, results may not generalize to
males. Moreover, because hypo-responsivity of reward circuitry has been linked to both
obesity and substance abuse (Comings and Blum, 2000), it follows that there must be
unmeasured moderators that determine whether at-risk individuals develop obesity,
substance abuse, or some other motivated behavior problem. Interestingly, there is evidence
that obese individuals show a decreased risk of substance use and abuse (Simon et al., 2006;
Warren, Fronst-Pindea, & Gold, 2005), suggesting that routinely engaging in one behavior
that produces dopamine release may reduce the probability of turning to another behavior
for this end.

In sum, the present results suggest that individuals who show weaker responsivity of food
reward circuitry are at increased risk for unhealthy weight gain if they are at genetic risk for
reduced dopamine signaling. Yet, data also suggest that greater activation in these brain
regions predicted elevated future weight gain for those not at genetic risk for reduced
dopamine signalling, suggesting two distinct pathways to unhealthy weight gain that arise
from abnormal responsivity of reward circuitry and genetic risk.
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Figure 1.
A. Coronal section of increased activation in a region of the putamen (=15, 6, 3, Z=3.59, P

< 0.05 FDR corrected) during appetizing food - unappetizing food as a function of BMI with
B. the graph of parameter estimates (PE) from that region. C. Axial section of increased
activation in the lateral OFC (33, 27, -12, Z = 4.01, P < 0.05 FDR corrected) during
appetizing food — water as a function of BMI with D. the graph of PE from that region.
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Figure 2.
Al allele of the DRD2 attenuates the relation between concurrent Body Mass Index (BMI)

and response in a region of the OFC (36, 27, —15, Z = 3.27, P < 0.05 FDR corrected) during
appetizing food — unappetizing food?.

2Despite the lack of evidence for influential outliers, we re-estimated the test of the interaction between DRD2 and activation in the
OFC in the prediction of concurrent BMI with the two participants with the greatest BMI removed from the data set; the interaction
became non-significant (r = .04, p>.05), suggesting that this particular interaction was strongly influenced by the 5% of participants
who had the highest initial BMI values.
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Figure 3.

A. Activation in a region of the putamen (=15, 6, 3, Z = 3.59, P < 0.05 FDR corrected)
during appetizing food - unappetizing food was negatively related to predicted values of
future weight gain for participants with the A1 allele, but positively related to predicted
values of future weight gain for participants without the Al allele. B. Activation in the
lateral OFC (36, 27, -15, Z = 3.27, P < 0.05 FDR corrected) during appetizing food —
unappetizing food was negatively related to predicted values of future weight gain for
participants with the Al allele, but positively related to predicted values of future weight
gain for participants without the Al allele.
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Figure 4.
Activation in a region of the frontal operculum (33, 27, =12, Z = 4.01, P < 0.05 FDR

corrected) was A negatively related to predicted values of future weight gain for participants
with the Al allele, but positively related to predicted values of future weight gain for
participants without the Alallele and B negatively related to predicted values of future
weight gain for participants with the 7-repeat allele of the DRD4, but positively related to
predicted values of future weight gain for participants without the 7-repeat allele3.

3\We re-estimated the test of the interactions between DRD2 allele and activation in the frontal operculum and between DRD4 and
activation in the frontal operculum in the prediction of future increases in BMI excluding the single case that showed the greatest
increase in BMI over the follow-up period; both interactions remained statistically significant (r = .54, p <.01 and r = .61, p<.001,
respectively) suggesting that these interactions were not strongly driven by this potential outlier.
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