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Abstract
Animal research finds that insulin regulates dopamine signaling and reward behavior, but
similar research in humans is lacking. We investigated whether individual differences in body
mass index, percent body fat, pancreatic β-cell function, and dopamine D2 receptor binding
were related to reward discounting in obese and non-obese adult men and women. Obese
(n = 27; body mass index>30) and non-obese (n = 20; body mass index<30) adults were
assessed for percent body fat with dual-energy X-ray absorptiometry and for β-cell function
using disposition index. Choice of larger, but delayed or less certain, monetary rewards relative to immediate, certain smaller monetary rewards was measured using delayed and probabilistic reward discounting tasks. Positron emission tomography using a non-displaceable
D2-specific radioligand, [11C](N-methyl)benperidol quantified striatal D2 receptor binding.
Groups differed in body mass index, percent body fat, and disposition index, but not in striatal
D2 receptor specific binding or reward discounting. Higher percent body fat in non-obese
women related to preference for a smaller, certain reward over a larger, less likely one
(greater probabilistic discounting). Lower β-cell function in the total sample and lower insulin
sensitivity in obese related to stronger preference for an immediate and smaller monetary
reward over delayed receipt of a larger one (greater delay discounting). In obese adults,
higher striatal D2 receptor binding related to greater delay discounting. Interestingly, striatal
D2 receptor binding was not significantly related to body mass index, percent body fat, or βcell function in either group. Our findings indicate that individual differences in percent body
fat, β-cell function, and striatal D2 receptor binding may each contribute to altered reward
discounting behavior in non-obese and obese individuals. These results raise interesting
questions about whether and how striatal D2 receptor binding and metabolic factors, including β-cell function, interact to affect reward discounting in humans.
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Introduction
Human obesity is associated with altered dopamine (DA) function [1], altered DA D2-like
receptor binding in brain reward regions [2–3], altered reward-related behavior [4–6], and
insulin dysregulation [7–8]. How these factors relate to each other remains unclear. Understanding the precise relations among dopaminergic dysfunction, altered reward behavior, and
metabolic factors may be critical for identifying behavioral subtypes of obesity, and for specifying targets of clinical intervention along the complex pathway linking neuroendocrine hormones and behavior.
In nonhuman animals, the pancreatic β-cell-secreted hormone insulin binds directly to
insulin receptors located on DA neurons in brain reward pathways [9], and regulates DA signaling, reward processing, and reward behavior by increasing DA transporter (DAT) density
and function in the striatum [10–12]. Insulin also interacts with D2-like receptors to affect
DA-dependent behavior [13], increases brain reward thresholds [14], and reduces preference
and operant responding for food reward [15–16], non-hedonic food intake [17], and hedonic
food intake in sated animals [11].
Recent human neuroimaging evidence indicates that insulin alters brain activity and
response to food cues in healthy individuals [18–19]. Specifically, insulin administration
decreases palatable food intake [20–21], and oral glucose-induced insulin reactivity lessens
brain activation in response to images of food [22]. In insulin-resistant individuals, the
increased rate of brain glucose metabolism normally associated with insulin infusion is
decreased, particularly in regions related to reward such as ventral striatum [23]. Lower insulin
sensitivity is associated with increased brain activation induced by food images [24] and
increased striatal D2-like receptor binding [3]. Finally, in obese but not lean individuals, activity in reward-related brain regions mediates the relation between insulin resistance and food
craving [25]. To our knowledge, however, there are no published human studies of the relations
among pancreatic β-cell insulin secretion, striatal D2 receptor (D2R) binding, and food or
non-food reward discounting behavior in the same individual.
The goal of the present study was to determine specific relations among body mass
index (BMI), percent body fat (PBF), β-cell function, D2R binding, and monetary reward discounting behavior in obese and non-obese adults. Steep discounting of delayed rewards is
associated with increased impulsivity and poor self-control whereas shallow discounting of
probabilistic rewards is related to increased risk-taking behavior [26], characteristics that
may fuel problem eating behavior in obesity. We hypothesized that 1) higher BMI and PBF,
2) lower β-cell function, as reflected by disposition index (DI) values, and 3) lower striatal
D2R binding, would relate to greater preference for an immediate, smaller (greater discounting of a delayed reward, DRD) and larger but less certain (less discounting of a less probable
reward, PRD) monetary reward in both non-obese and obese groups. The direction of the latter hypothesis is based on animal and human studies that indicate associations between
decreased striatal D2-like receptor availability and addiction-like behavior and/or obesity
[1,27–29]. Striatal D2R specific binding was quantified with [11C] (N-methyl)benperidol
([11C]NMB), a novel radioligand that, unlike other commonly used D2-like receptor PET
radioligands, is over 200-fold selective for D2R over D3 receptors [30], is not displaced by
endogenous DA [31], making it suitable for measuring absolute D2R binding. We further
predicted that lower β-cell function, but not BMI [32] or PBF, would relate to decreased D2R
binding in non-obese and obese groups.
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Materials and Methods
Participants
Volunteers were assessed with a detailed history, including neurological and physical examinations, psychiatric interviews [33], and routine blood tests (e.g., fasting plasma glucose, lipids,
serum creatinine, hematocrit). Individuals were excluded for history of medical problems (e.g.,
diabetes) as well as other significant neurological, cerebrovascular, cardiovascular, or psychiatric diagnosis (DSM-IV Axis I disorders except for specific phobias), head trauma, any current
or recent dopaminergic drug use (e.g., stimulants, agonists, bupropion, neuroleptics or metoclopramide), current heavy alcohol use (males >2 drinks per day, females >1 drink per day) or
illicit drug use [34], history of substance abuse or dependence, or IQ below 70 as measured by
the Wechsler Adult Intelligence Scale [35]. All women were premenopausal. Fifteen non-obese
and 15 obese participants overlap with the sample reported on previously [32].

Ethics Statement
The study (IRB ID#201104109) was approved by the Washington University School of Medicine Human Research Protection Office and the Radioactive Drug Research Committee, and
was carried out in accordance with the principles expressed in the Declaration of Helsinki. All
participants gave written informed consent prior to participation.

Obesity and insulin measures
An average of 13.9 days (S.D. = 17.1) prior to the positron emission tomography (PET) scans
and usually on the same day that reward discounting was assessed, BMI and PBF were obtained
by dual-energy X-ray absorptiometry using the GE Lunar iDXA (GE Healthcare; Chalfont St
Giles, UK; [36]) (1 person completed the reward discounting task 1 month after the PET scan
and another completed the task on the day of the PET scan). Participants also underwent a
2-hour oral glucose tolerance test (OGTT), with arterialized hand vein sampling of insulin, Cpeptides, and blood glucose levels at times –5, 0, 10, 20, 30, 60, and 120 minutes after drinking
a standard 75g glucose load. The oral glucose minimal model provides a measure of insulin
sensitivity that compares well with insulin sensitivity estimated from an intravenous glucose
tolerance test [37]. Pancreatic β-cell function was estimated using this model to calculate a DI
(Disposition Index = insulin sensitivity × insulin secretion for the given amount of glucose).
Unlike the homeostatic model assessment of insulin resistance (HOMA-IR), which is based
solely on fasting levels, this index is a more comprehensive measure of whole body insulin sensitivity that takes into account both the fasting and post-glucose load values [38]. Whole-body
insulin sensitivity was estimated using the Matsuda insulin sensitivity index (Matsuda ISI;
p
10,000/ [(Glucoset0’ (mg/dL) × Insulint0’ (mU/L) × (Glucosemean × Insulinmean)] [39]; a
higher Matsuda ISI indicates greater insulin sensitivity. Postprandial β-cell insulin secretion
was calculated using the minimal model analysis, providing an index (Phi Total) of insulin
secretion in relation to a plasma glucose concentration that relies on plasma C-peptide as a
function of glucose concentration [38]; higher Phi Total indicates greater pancreatic β-cell
secretion of insulin in response to glucose load. DI was selected as the primary insulin measure
of interest because it accounts both for how much insulin is secreted for a given amount of
ingested glucose, and for how effective insulin secretion is at clearing glucose [38]. A higher DI
indicates better β-cell function.
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PET & MRI acquisition, preprocessing, and analyses
Structural magnetic resonance T1-weighted anatomical images were acquired on a Siemens
Magnetom Tim Trio 3T scanner using a 3-D MP-RAGE sequence (sagittal orientation,
TR = 2400 ms, TE = 3.16 ms, flip angle = 8 degrees, slab thickness 176mm, FOV = 256x256mm;
voxel dimensions = 1x1x1 mm). PET images were acquired on a Siemens/CTI ECAT EXACT
HR+ scanner using ([11C]NMB). [11C]NMB was prepared using an automated system based on
published methods [40–41]. Benperidol (Janssen Pharmaceutica) was [11C]methylated with
[11C]CH3I made with the Washington University JSW BC-16/8 cyclotron and GE PETtrace MeI
MicroLab, and product [11C]NMB was isolated using preparative HPLC. The radiopharmaceutical was terminally sterilized by membrane filtration (0.2 μM) and reformulated in 10% ethanol
in Sodium Chloride for Injection, USP. The product radiochemical purity exceeded 95%, and
specific activity  2000 Ci/mmol (74 TBq/mmol). In all studies, the injected dose of unlabeled
NMB was  7.3 μg. Each participant received 6.4–18.1 mCi [11C]NMB intravenously.
ROIs including the dorsal striatum (putamen, caudate), and ventral striatum (nucleus
accumbens (NAc)) were selected a priori and identified using FreeSurfer [42]. To reduce partial
volume effects, putamen and caudate regions were eroded by approximately 2 mm from the
surface by combining a Gaussian smoothing filter with thresholding. The NAc volume was not
large enough to erode in this manner. For each participant, the dynamic PET images were coregistered to each other and to the participant’s MP-RAGE image, as described previously [43].
Striatal ROIs and the cerebellar cortex reference region were resampled in the same atlas space
[44], and decay-corrected tissue activity curves were extracted for each ROI from the dynamic
PET data. Non-displaceable binding potentials (BPND) for DA D2R were determined for each
ROI using the Logan graphical method with the whole cerebellum as the reference region [45].
D2R BPNDs for putamen, caudate, and NAc were averaged across left and right hemispheres to
reduce the number of comparisons. The independent variable ‘Striatal D2R BPND’ was calculated by summing BPNDs for putamen, caudate, and NAc in each individual.

Behavioral paradigms and analyses
Participants completed delayed (DRD) and probabilistic (PRD) reward discounting tasks. Performance on these tasks may relate to dopaminergic signaling [46–47]. In addition, these tasks
are associated with distinct neural mechanisms [48–49] and decision-making processes in
humans [50–51], and were used in previous studies of human obesity [6,52–53]. Participants
first completed 2 separate practice rounds (1 for DRD and 1 for PRD), consisting of 5 trials
each, before completing the actual tasks. Presentation order regarding type of task was randomly assigned. The DRD task consisted of 5 trials per delay condition in which participants
made a series of choices, indicated by mouse click, between two hypothetical monetary rewards
displayed simultaneously on the computer screen: an immediate, smaller amount (to be
received “now”), and a larger, delayed amount to be received in the future at each of 5 delays
(1 week, 1 month, 6 months, 1 year, and 2 years from now). The smaller immediate reward
amount varied from trial to trial but the delayed larger reward was held constant at $500. The
PRD task was identical to the DRD task except that the probability of receiving the larger
amount varied (10%, 25%, 50%, 75%, or 90%) instead of time to obtaining the reward. For each
participant, the presentation order of the 5 different delay and probability conditions was randomized within each task. Visual locations for choices were randomly positioned on the left
and right side of the screen.
For each delay condition and for each probability condition, a series of “indifference points”
was computed in an iterative fashion, representing the points at which the immediate/certain
and delayed/probabilistic amounts were of approximately equal subjective value for an
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individual. For the first choice trial within a delay or a probability condition, the small, immediate/certain amount ($250) was always half of the delayed/less probable larger reward amount.
For each subsequent trial within a condition, the immediate/certain, smaller amount was half
the size of the previous change; the immediate/certain amount increased or decreased in the
direction of the participant’s previous choice. Completion of the tasks yielded 5 indifference
points each for DRD and PRD. Degree of reward discounting in an individual was determined
by calculating area under the curve (AuC) [54], an atheoretical measure of the degree to which
a reward decreases in subjective value as a function of delay (DRDAuC) or probability (“odds
against;” PRDAuC) [55]. AuC values range from 0.0 (complete discounting) to 1.0 (no discounting). Lower AuC values indicate greater discounting as a function of delay or odds against; that
is, lower DRDAuC reflects greater preference for immediate, smaller rewards, and higher
PRDAuC reflects greater preference for risky, larger rewards.

Primary statistical analyses
Planned data analyses were conducted using SPSS v. 20.0. For each variable, distribution
normality was assessed with one-sample Kolmogorov-Smirnov tests. Comparisons between
non-obese and obese individuals were conducted using independent samples t-tests, MannWhitney U (for non-normally distributed variables), or, in the cases of DI, Matsuda ISI, Phi
Total, striatal D2R BPND, and reward discounting, analyses of covariance (ANCOVA) covarying for age, education level, sex, and ethnicity. Since only three individuals had ethnicities
other than White or Black, ethnicity was entered as a binary variable—‘White or not.’ Differences in gender and ethnic distributions between non-obese and obese participants were
assessed with Chi-Square tests. Mixed repeated measures ANOVAs determined whether subjective values of delayed or probabilistic rewards decreased at the same rate in non-obese and
obese groups. Bivariate correlations were calculated as Pearson’s r.
Within-group analyses used hierarchical multiple linear regression models with appropriate
covariates in Step 1 (i.e., age, gender, education, ethnicity, group (group was covaried in total
sample analyses only)). Age and education were covaried because they have been shown to
correlate with our variables of interest in previous studies [32, 56–58]. Step 2 of the model
included a single predictor of interest: BMI, PBF, DI, or striatal D2R binding. The dependent
variable was DRDAuC or PRDAuC except for the hierarchical multiple linear regression analyses
testing relations among predictor variables. Small group sizes precluded use of an interaction
term (i.e., group x BMI) in these analyses; therefore, regression analyses were performed separately in the total sample, non-obese, and obese groups. These separate group analyses were
treated as exploratory and results were corrected for multiple comparisons by the Bonferroni
method (Bonferroni-corrected α = 0.025). Partial correlations (pr) were calculated for each
hierarchical linear regression model to describe the unique variance explained by each predictor variable and outcome variable. These analyses were also performed including only female
participants.
We also explored the effects of β-cell function on variables of interest by examining relations
with Matsuda ISI and Phi Total separately, but only in cases where the relation with DI was significant, to minimize the problem of multiple comparisons. Likewise, significant relations with
striatal D2R binding were followed up with examining those between specific ROIs (putamen,
caudate, Nac) and the outcome measure.
A threshold of p0.05 was used for significance testing except for separate group
hierarchical multiple linear regression analyses, where α0.025 due to Bonferroni correction.
Cohen’s effect size calculations for differences between groups (Cohen’s d; [59]) and for each
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hierarchical linear regression (Cohen’s f2; [59]) were completed using StatCalc3 [60]. Other
effect size statistics (r, ƞ 2p, φ) were calculated by hand or in SPSS.

Results
Participants
Twenty-seven obese adults and 20 non-obese adults participated. Two participants with
BMI > 25 kg/m2 (25.9 and 25.1 kg/m2) were included in the non-obese group. All other participants included in the non-obese group could therefore be considered true ‘normal-weight’.
There were no PET data for three obese participants due to attrition between behavioral testing
and the PET scan day. The final sample for analyses involving PET data included 24 obese (4
male) and 20 non-obese (5 male) adults; for analyses involving DRD and PRD, data included
26 obese (4 male) and 19 non-obese (5 male) adults.

Group comparisons
Descriptive statistics for demographics and all study variables are summarized in Table 1.
Non-obese and obese individuals differed significantly in BMI and PBF but not years of education or age. The non-obese and obese groups did not differ in gender distribution, but ethnicity
distribution was different at a marginally significant level. β-cell function (DI) and insulin sensitivity (Matsuda ISI) were lower, and insulin secretion was higher, in obese relative to nonobese participants. Consistent with an overlapping sample in a previous publication from our
lab [32], obese and non-obese groups did not differ significantly in striatal D2R BPND. Reward
discounting behavior did not differ between the non-obese and obese groups on either delay
discounting (DRDAuC) or probabilistic discounting (PRDAuC (Fig 1). DRDAuC and PRDAuC
values were positively correlated across the total sample (r45 = .43, p<0.01), as well as within
Table 1. Participant characteristics.
Obese (n = 27)

Non-obese (n = 20)

Group Comparisons

Mean (S.D.)

Range

Mean (S.D.)

Range

Test Statistic

p-value

Effect Size

BMI (kg/m )

39.90 (4.76)

33.2–51

22.42 (2.40)

18.6–27.7

U45 = 217

<0.001***

0.85

PBF

48.67 (4.04)

39.7–55.6

32.74 (5.87)

20.8–43.6

U45 = 217

<0.01**

0.83

Age (years)

31.5 (6.61)

20–40.9

28.64 (5.28)

21.0–39.7

U45 = 408

0.12

0.23

Education (years)

14.96 (1.91)

12–18

15.90 (1.39)

13–18

U45 = 578

0.11

0.22

Disposition Index

123.68 (71.95)

54.4–288.8

276.61 (172.24)

74.6–758.4

F1,41 = 24.22

<0.001***

0.37

<0.001***

0.36

2

Matsuda ISI

4.05 (2.97)

1.2–10.5

10.02 (5.97)

3.3–21.4

F1,41 = 22.97

Phi Total

36.36 (15.71)

18.3–93.2

28.69 (7.46)

16.0–41.2

F1,41 = 4.14

0.05*

0.09

Striatal D2R BPND

10.12 (1.34)

8.2–13.4

10.20 (1.20)

8.6–12.3

F1,38 = 1.98

0.17

0.05

DRDAuC

.52 (.27)

.14–.98

.55 (.29)

.05–.98

F1,39 = 0.00

0.97

0.00

PRDAuC

.22 (.13)

.02–.50

.20 (.11)

.02–.42

F1,39 = 0.56

0.46

0.01

Gender Distribution

23 Female, 4 Male

15 Female, 5 Male

χ 2(1, N = 47) = 0.75

0.39

0.13

Ethnic Distribution

13 Wh, 13 Bl, 1 Hi

16 Wh, 2 Bl, 1 Hi, 1 Biracial

χ 2(1, N = 47) = 3.41

0.07†

0.27

BMI, body mass index; ISI, insulin sensitivity index; DRD, delayed reward discounting; PRD, probabilistic reward discounting; D2R, dopamine D2 receptor;
BPND, non-displaceable binding potential; NAc, nucleus accumbens; Wh, white; Bl, black; Hi, Hispanic.
*, p0.05
**, p0.01
***, p.001
†
, p = 0.07 for comparison between obese and non-obese
doi:10.1371/journal.pone.0133621.t001
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Fig 1. Non-obese and Obese Individuals Show Similar Reward Discounting Tendencies. (A) The
subjective value of a monetary reward ($500) decreased as time to its receipt increased (main effect of time:
F4,120 = 54.10, p < .001) in a similar manner in non-obese and obese individuals (no main effect of group:
F1,30 = .12, p = 0.73 or group x time interaction (F4,120 = .36, p = 0.84). (B) The subjective value of a monetary
reward ($500) decreased as the odds against its receipt increased (main effect of time: F4,120 = 88.66,
p<0.001) in a similar fashion in non-obese and obese groups (no main effect of group: F1,30 = .12, p = 0.73 or
group x time interaction (F4,120 = .67, p = 0.62).
doi:10.1371/journal.pone.0133621.g001

the non-obese (r19 = .51, p = 0.03) and obese (r26 = .39, p = 0.05) groups, such that greater preference for smaller and immediate monetary reward was associated with greater preference for
smaller and certain ones.

Relations of BMI and PBF to reward choice
BMI did not significantly relate to DRDAuC within the total sample, non-obese, or obese individuals (Table 2). When PBF was entered as a predictor in place of BMI, it was not significantly
related to DRDAuC within the total sample or obese participants. The significance level for this
relationship in non-obese individuals was p = 0.05 but did not survive Bonferroni multiple
comparisons correction (Table 2).
Neither BMI nor PBF were related to PRDAuC in the total sample, non-obese, or obese
groups (Table 3).

Relation of β-cell function to reward choice
DI significantly related to DRDAuC within the total sample (Fig 2A, Table 2and S1 Table),
such that individuals with higher β-cell function discounted delayed rewards at a lower rate
than those with lower β-cell function. The significance level of this relationship in obese individuals was p = 0.05 but did not survive multiple comparison correction. In non-obese individuals, DI and DRDAuC were not significantly related (Table 2and S1 Table).
In follow-up analyses, within the total sample, insulin sensitivity (Matsuda ISI) and
DRDAuC were related at a marginally significant level (S2 Table). This relationship was not significant in non-obese individuals but, in the obese group, lower insulin sensitivity was significantly associated with greater discounting and survived Bonferroni multiple comparisons
correction (Fig 2B, S2 Table).
Insulin secretion (Phi Total) did not correlate with DRDAuC in the total sample, obese, or
non-obese groups (F for change in R22.39, p0.14).
DI was not significantly associated with PRDAuC within the total sample or within nonobese or obese groups (Table 3).

Relation of striatal D2R BPND to reward choice
Striatal D2R BPND significantly related to DRDAuC in obese individuals (Fig 3A, Table 2, S3
Table), such that obese participants with higher striatal D2R BPND discounted delayed rewards
to a higher degree than those with lower striatal D2R. This relationship was not significant in
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Table 2. Hierarchical multiple linear regression analyses results in non-obese and obese men and women for delayed reward discounting
(DRDAuC).
N

Partial r for DRDAuC and Predictor Variable

F for change in R2, p-value

Effect Size (Cohen’s f2)

Total sample

45

-.05

.08, p = 0.78

.01

Non-obese

19

-.39

2.35, p = 0.15

.19

Obese

26

.01

.00, p = 0.98

.00

Total sample

45

-.05

2.70, p = 0.11

.08

Non-obese

19

-.52

4.69, p = 0.05#

.36

Obese

26

-.01

.00, p = 0.97

.00

Total sample

45

.38

6.21, p = 0.02*

.17

Non-obese

19

.43

2.91, p = 0.11

.22

Obese

26

.43

4.48, p = 0.05#

.22

Total sample

42

-.28

3.00, p = 0.09†

.09

Non-obese

19

.05

.04, p = 0.85

.00

Obese

23

-.56

7.64, p = 0.01**

.45

Body Mass Index

Percent Body Fat

Disposition Index

Striatal D2 Receptor Binding

*, p<0.05
**, p = 0.01
, p<0.10

†

, p0.05 but does not survive Bonferroni-corrected signiﬁcance level (α = 0.025)

#

doi:10.1371/journal.pone.0133621.t002

Table 3. Hierarchical multiple linear regression analyses results in non-obese and obese men and women for probabilistic reward discounting
(PRDAuC).
N

Partial r for PRDAuC and Predictor Variable

F for change in R2, p-value

Effect Size (Cohen’s f2)

Body Mass Index
Total sample

45

.01

.01, p = 0.93

.00

Non-obese

19

-.11

.16, p = 0.70

.01

Obese

26

-.01

.00, p = 0.95

.00

Total sample

45

-.07

.21, p = 0.65

.01

Non-obese

19

-.29

1.19, p = 0.30

.10

Obese

26

-.01

.17, p = 0.69

.00

Total sample

45

-.05

.08, p = 0.78

.01

Non-obese

19

.20

.51, p = 0.49

.05

Obese

26

-.30

2.01, p = 0.17

.09

Total sample

42

-.23

1.86, p = 0.18

.06

Non-obese

19

.14

.26, p = 0.62

.02

Obese

23

-.48

5.15, p = 0.04#

.30

Percent Body Fat

Disposition Index

Striatal D2 Receptor Binding

, p0.05 but does not reach Bonferroni-corrected signiﬁcance level (α = 0.025)

#

doi:10.1371/journal.pone.0133621.t003
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Fig 2. Insulin Function Relates to Delayed Reward Discounting in Total Sample and Obese Group. (A)
β-cell function across the total sample and (B), insulin sensitivity in obese participants related to greater
preference for a smaller but immediate monetary reward relative to one that was larger but delayed. Data
points are standardized residuals of variables after controlling for age, gender, education, and ethnicity (and
group in (A)). Clear data points, non-obese; filled data points, obese; DRDAuC, area under the curve for
delayed reward discounting.
doi:10.1371/journal.pone.0133621.g002

non-obese individuals (Fig 3B, Table 2and S3 Table). Within the total sample, the significance
level of the relationship between striatal D2R BPND and DRDAuC was trend-level (Table 2and
S3 Table).
Follow-up analyses in the total sample indicated a non-significant trend correlating
DRDAuC and D2R BPND for putamen (pr = -0.31, F for change in R2 = 3.59, p = 0.07) and nonsignificant for caudate and NAc (F for change in R22.15, p0.15). Within obese individuals,
D2R binding in the putamen was significantly related to DRDAuC (pr = -.57, F for change in R2
= 8.18, p = 0.01, Cohen’s f2 = .48) but not in the caudate or NAc (F for change in R24.44,
p0.05). DRDAuC did not relate to D2R BPND in any striatal region within non-obese individuals (F for change in R20.72, p0.41).
Striatal D2R did not relate to PRDAuC in the total sample or in non-obese individuals
(Table 3). In obese individuals, the statistical significance of this relationship was p = 0.04 but
did not survive multiple comparisons correction (Table 3).

Relation of D2R BPND to BMI, PBF, and β-cell Function
Striatal D2R BPND did not relate to BMI, PBF, or DI in the total sample or within non-obese or
obese groups (Table 4).

Fig 3. Striatal D2 Receptor Binding Relates to Delayed Reward Discounting in Obese but not Nonobese Individuals. (A) In obese individuals, higher striatal D2 receptor binding related to preference for a
smaller, immediate monetary reward over a larger but delayed reward. (B) This relationship was not observed
in non-obese individuals. Data points are standardized residuals of variables after controlling for age, gender,
education, and ethnicity. DRDAuC, area under the curve for delayed reward discounting; D2R BPND,
dopamine D2 receptor specific binding.
doi:10.1371/journal.pone.0133621.g003
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Table 4. Hierarchical multiple linear regression analyses results in non-obese and obese men and women for striatal D2 receptor (D2R) binding
and other predictor variables.
N

Partial r for D2R binding and Predictor Variable

F for change in R2, p-value

Effect Size (Cohen’s f2)

Body Mass Index
Total sample

44

.05

.10, p = 0.76

.00

Non-obese

20

.10

.01, p = 0.72

.00

Obese

24

.00

.00, p = 0.99

.00

Total sample

44

.06

.15, p = 0.70

.00

Non-obese

20

.03

.01, p = 0.72

.00

Obese

24

.06

.06, p = 0.82

.00

Total sample

44

-.08

.26, p = 0.61

.00

Non-obese

20

-.18

.45, p = 0.51

.04

Obese

24

-.23

.96, p = 0.34

.05

Percent Body Fat

Disposition Index

doi:10.1371/journal.pone.0133621.t004

Within-subject Analyses in Women
In non-obese women, PBF significantly related to PRDAuC, such that non-obese women with
higher PBF tended to prefer smaller but certain over larger but less likely monetary rewards
(S4 Table, Fig 4A). This relationship was not observed in the total sample of women or within
obese women (S4 Table, Fig 4B). Otherwise, relationships among variables were not particularly strengthened or weakened in analyses excluding men relative to the results described for
analyses including both men and women (S5–S7 Tables).

Discussion
The current study provides preliminary evidence of relationships between reward discounting
behavior and 3 biological constructs related to obesity: PBF, pancreatic β-cell function, and
striatal DA D2R binding in non-obese and obese humans. To our knowledge, this is the first
human study of the relations between pancreatic insulin secretion and any type of discounting
reward behavior in individuals carefully screened for prediabetes and diabetes. Further, in
these same individuals, the relation between striatal D2R binding and reward discounting was
characterized, unconfounded by diabetes or clinically significant addiction-like tendencies (i.e.,
binge eating disorder).

Fig 4. Body Fat Relates to Probabilistic Reward Discounting in Non-obese but not Obese Women. (A)
In non-obese women, higher percent body fat related to greater preference for a smaller, certain monetary
reward relative to one that was larger but less likely. This relationship was not observed in (B) obese women.
Data points are standardized residuals of variables after controlling for age, education, and ethnicity.
PRDAuC, area under the curve for probabilistic reward discounting.
doi:10.1371/journal.pone.0133621.g004
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In line with our hypotheses, lower β-cell function across obese and non-obese individuals
and lower insulin sensitivity in obese participants related to increased delayed reward discounting. One interpretation of these findings is that individuals with lower β-cell function and insulin sensitivity, which presumably reflect suboptimal insulin response to glucose overload, made
more impulsive choices, choosing smaller but immediate receipt of a monetary reward over a
delayed but larger reward amount. The mechanisms by which β-cell function and insulin
sensitivity may relate to monetary reward discounting in humans remain to be discovered. Certainly, animal literature directly implicates insulin in regulation of brain reward circuitry [9–
11] and behavior [11,14–17], and human neuroimaging studies show that insulin affects
reward network activation and craving for food [3,18–25]. Overall, these previous reports indicate that insulin regulates appetitive behavior by decreasing craving and consumption of palatable food, possibly via its effects on DA transmission and network activity in reward-related
brain regions. To our knowledge, the relationship of reward discounting to measures of β-cell
function, insulin sensitivity, or insulin resistance has not been previously studied in animals or
humans. Therefore, the relations between reward discounting and pancreatic β-cell function
and insulin sensitivity observed here require replication.
The relationship we observed in non-obese women between greater probabilistic reward discounting and higher PBF is novel and indicates that women with higher PBF who are not
obese may be more risk-averse since they preferred certain, smaller over less certain but larger
monetary rewards. This finding as well as the near-significant relationship between PBF and
delayed monetary reward discounting in non-obese women makes it tempting to speculate that
non-obese women with relatively high body fat percentage, as observed here with monetary
reward, may tend to consume foods that are easily accessible (more certain and more immediate) such as fast food relative to healthier meals that require time to plan and prepare. Alternatively, individuals who are more risk-averse may maintain healthy BMI despite preference for
high-fat foods due to restrained (non-impulsive)_consumption of these foods. Interestingly,
relationships between PBF and either type of monetary reward discounting were not observed
in obese women. Future studies may determine whether transition to obesity in non-obese
individuals with high PBF disrupts the relationship between this characteristic and reward
discounting.
Contrary to our hypotheses, higher, rather than lower, striatal D2R binding was correlated
with higher rates of delayed monetary reward discounting in obese individuals. That is, obese
individuals with higher striatal D2R binding preferred smaller but immediate over larger but
delayed monetary rewards. Our hypothesis was based on previous studies in animals and
humans that demonstrate lower striatal D2-like receptor availability in obesity, addiction, and
impulsivity [1, 27–29]. Further, administration of the stimulants d-amphetamine and methylphenidate decreases delay discounting in healthy individuals [61] and individuals with criminal
and non-stimulant substance abuse histories [62], respectively. Some human studies have failed
to find effects of pharmacological DA D2-like receptor agonism [63–64] or antagonism [65] on
delayed discounting in healthy volunteers [64–65] and smokers [63]. However, in accordance
with our finding, some previous studies do demonstrate that increased DA signaling and/or
D2-like receptor availability relate to steeper delayed reward discounting. Administration of
the DA precursor L-dopa increases delayed reward discounting in healthy individuals [65]. In
addition, pharmacologic DA replacement or agonist therapy augments delayed reward discounting in Parkinson disease patients [66–67] and antagonism of D2R with metoclopramide
decreases discounting in healthy individuals [68]. Also in line with our observation, addictionlike eating behavior is associated with increased DA signaling, as represented by individual
multilocus genetic profile scores that account for variability in ANKK1 alleles A2 and A1 [69],
which are associated with higher and lower D2-like receptor binding, respectively [70]. Finally,
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we very recently found that, in many of the same participants studied here, higher rates of emotional eating relate to higher striatal D2R binding across both non-obese and obese groups,
independent of BMI [71]. Some propose that striatal DA signaling may encode temporal information about reward receipt and therefore influence the subjective value of reward, such that
relatively high DA signaling may imbue an immediate, smaller reward with greater subjective
value than a delayed, larger one [65]. Assuming that higher striatal D2R binding reflects
increased striatal DA transmission, our finding is in agreement with this hypothesis. Clearly,
the relationship between striatal DA transmission, including D2-like receptor availability or
D2R binding, and reward discounting may differ based on the population under study. It
would be informative if future studies determined whether severity of disease (i.e. moderate
obesity vs. morbid obesity or substance abuse vs. substance dependence) modulates the direction of the relationship between striatal DA transmission and reward discounting.
Interestingly, striatal D2R binding in non-obese individuals did not relate to delayed or
probabilistic monetary reward discounting. Lower caudate BOLD response to palatable food
has been associated with self-reported impulsivity in overweight but not healthy weight individuals [72]. The specificity of our finding and this fMRI study [72] to obese and overweight,
respectively, as opposed to non-obese and normal-weight individuals, may indicate that DA
signaling or striatal activation is more strongly coupled to impulsivity or discounting in individuals with a propensity for subclinical abnormal eating habits, such as increased desire for
immediate gratification. The question of whether this coupling arises as a result of weight gain
or predisposes individuals to overeating deservers further study, preferably in a longitudinal
study that tracks aspects of DA signaling and reward discounting and/or impulsivity during
weight gain or loss.
Importantly, when we broke down our analyses, D2R binding in dorsal striatal regions
related more strongly to discounting behavior than D2R binding in ventral striatum (p = 0.10).
We may not have had power to detect this relationship, since D2R binding is lower and PET
measurements are therefore more variable in ventral relative to dorsal striatum. Although several human neuroimaging studies link discounting behavior, including subjective value of
delayed monetary reward [73–74] and coding of reward magnitude [75] to ventral striatal reactivity, the dorsal striatum is thought to be involved in future reward prediction, with a particular role in encoding temporal delay to reward [76]. For example, greater caudate BOLD
activation relates to increased discounting for reward receipt that is delayed one year relative to
delays of less than one year [77]. Further, greater delay discounting correlates with dorsal locations relative to ventral locations of peak brain activation in caudate [78]. Intriguingly, dorsal
and ventral striatal DA transmission or activation may differentially contribute to delay discounting and these relationships may depend on the population under study. For example,
steeper discounting is associated with decreased ventral striatal DA release and D2-like receptor activation in pathological gamblers but correlated with greater dorsal striatal DA terminal
function in individuals with Parkinson disease [79].
Notably, neither β-cell function nor striatal D2R binding were related to probabilistic reward
discounting in non-obese or obese participants. The parameters of our probabilistic discounting task (i.e., large and small reward amounts, probability of receipt), may not have provided
adequate sensitivity to detect individual differences in discounting tendencies. In both nonobese and obese groups, the range of PRDAuC values was much less than that of DRDAuC values
(Table 1), and this lack of variability, coupled with small sample size, may have obscured any
relationship with our measures of insulin function and D2R binding. Alternatively, the underlying processes for delayed and probabilistic discounting may not be identical [80]. For example, in probabilistic discounting, larger reward amounts are discounted equally or more than
smaller amounts whereas larger amounts are discounted less in delay discounting [81–82].
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Although higher PBF related to greater probabilistic reward discounting in non-obese
women, non-obese and obese individuals did not differ significantly in delayed or probabilistic
monetary reward discounting. Our results are similar to those of a previous study [52], in
which obese women with binge eating disorder showed steeper discounting compared to obese
without binge eating disorder and non-obese women, who did not differ in rates of delayed or
probabilistic reward discounting, and the two types of discounting were positively correlated
with each other. In other words, preference for immediate reward was related to preference for
certain receipt of reward, as was true across our total sample, who did not have binge eating
disorder. Our findings do contrast with those of three prior studies in which obese women
demonstrated higher rates of delay discounting relative to normal-weight or lean women
[53,83–84]. In one of these studies [83], statistical analyses did not account for significant age
differences between the obese and normal weight groups, which is problematic because age
affects reward discounting [56]. More importantly, the findings were not significant after controlling for education level; this is critical because the obese and normal weight groups differed
significantly in education [83], and education relates to discounting rates [58]. In the other
study [84], the delayed monetary reward was larger ($1,000) and the delay longer (up to 10
years). Therefore, differences in task parameter magnitudes may explain our differing results.
These earlier studies also do not specify whether and how (i.e., self-report vs. blood test) individuals were screened for prediabetes or type 2 diabetes and none quantified β-cell function,
insulin sensitivity, or insulin secretion. Perhaps differences in discounting between obese and
non-obese groups may be more apparent in obese individuals with more severe metabolic or
psychological pathology.
The lack of a relationship between BMI or PBF and striatal D2R binding is in agreement
with findings from our previous study which did not detect differences in striatal binding
between obese and non-obese individuals (some of whom are included in the present data analyses) [32]. Importantly, even when two individuals with BMI>25 in the non-obese group were
excluded from the analyses, D2R binding was not different between this ‘true’ normal-weight
group and the obese group. In contrast, our present results conflict with other previous studies.
For example, striatal D2-like receptor binding was lower in obese relative to leaner individuals
in some studies [1, 85–86]. However, others have found either higher striatal D2-like receptor
binding in obese individuals [3, 87] or no relationship between BMI and striatal D2-like receptor binding [88–89]. These different findings may be due to several factors. First, the radioligands commonly used in these studies, including [11C]raclopride and [18F]fallypride, do not
distinguish between D2 and D3 receptors [90] and may be displaced by endogenous DA [91–
92]. The PET radioligand we used, [11C]NMB, overcomes these limitations: it is highly selective
for D2 over D3 receptors [30] and is not displaceable by endogenous DA [31]. Thus, we measured D2R dopamine receptor binding whereas other studies measured availability of D2 and
D3 confounded by status of endogenous dopamine, which can be influenced by environmental
context. Differences in group characteristics across studies also may produce discordant results.
Our non-obese and obese groups were rigorously screened for diabetes, psychiatric disorders,
and other conditions that may affect DA transmission, thereby limiting confounding variables.
Another explanation for disparate findings is that DA signaling may differ as a function of
BMI severity. As others have speculated [88–89, 93], striatal DA system over-activity induced
by over-eating in less severe forms of overweight or obesity may eventually downregulate striatal D2-like receptor binding, as observed in extremely obese individuals [1, 86]. Alternatively,
obese individuals with higher striatal D2-like receptor binding at baseline may be less prone to
developing more severe obesity or eating pathology. The longitudinal study of clinical eating or
metabolic abnormalities, including binge eating disorder and diabetes may help elucidate if,
how, and when metabolic health and DA signaling function interact to affect reward behavior.
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These possible relationships certainly merit further study, given their potential roles in rewardrelated regulation of food consumption.
Finally, the results of the present study suggest that striatal D2R binding does not relate
directly to β-cell function or BMI. The former finding is unexpected given strong evidence that
insulin and DA interact to affect appetitive behavior in nonhuman animals [11–13]. Therefore,
we believe our null finding is likely due to the particular measures (D2R binding, DI) and
experimental conditions (i.e. single time point) employed in our research design. Other features of striatal DA signaling, including synaptic neurotransmission and transport, may be
related to measures of insulin secretion, sensitivity, or resistance. Other measures of insulin
function and other metabolic variables (i.e. ghrelin, leptin) may mediate a relationship between
D2R binding and DI and/or reward discounting behavior. In addition, other central neurotransmitter systems, including serotonergic and noradrenergic, and other brain regions,
including hypothalamic, prefrontal cortical and subcortical limbic regions, may interact with
insulin function and DA signaling to affect reward discounting behavior (for review, see [47]).
Despite the methodological strengths of the current study, the results are correlational in
nature. For example, low β-cell function may influence behavior or, conversely, individuals
with altered reward behavior may have poor eating habits that lead to poor β-cell function.
Longitudinal or interventional studies of changes in β-cell function or weight will be important
for understanding the direction of these relations. In addition, while we did include gender as a
covariate in regression analyses, we did not directly measure hormone levels in women to
determine menstrual phase, which may interact with cortical DA activity to affect DA-dependent working memory [94] and delay discounting [95]. A number of women in our sample
reported absent or irregular menstrual cycle due to contraceptive method and hysterectomy
(n = 10). Therefore, due to variability in contraceptive type, and lack of hormone levels to
determine menstrual phase during the PET scans, we cannot assess whether menstrual phase
contributed to our results, including differences between non-obese and obese individuals.
Finally, replication and validation of our findings are necessary due to the novel nature of our
findings and our ultimately small sample size, which likely increased Type II error.
Overall, our results provide initial support for the hypotheses that metabolic health, pancreatic β-cell function and striatal D2R binding relate to monetary reward discounting behavior in
humans. Specifically, higher PBF in non-obese women was associated with risk-aversion as
indicated by greater tendency to prefer certain, smaller over larger but less likely monetary
reward. Worse β-cell function in the total sample and lower insulin sensitivity in obese participants correlated with preference for smaller, immediate over delayed, larger monetary rewards,
an indication of greater impulsivity. Higher striatal D2R binding also related to greater delay
discounting in obese individuals. We found no significant relations between β-cell function
and striatal D2R binding in obese or non-obese individuals. Whether and how insulin and DA
signaling interact to affect reward discounting behavior in humans clearly deserves further
study, as many different aspects of both of these systems other than those studied here (β-cell
function and D2R binding) exist. Replication and extension of our findings by investigation of
other aspects of DA signaling and insulin function will lend support to the notion that these
variables interact in humans to regulate reward-related aspects of eating behavior.

Supporting Information
S1 Table. Summary of hierarchical multiple linear regression analyses for prediction of
delayed monetary reward discounting (DRDAuC) by disposition index (DI) in the total
sample, non-obese, and obese individuals.
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0133621 July 20, 2015

14 / 20

Insulin, DA D2R, and Reward in Obesity

S2 Table. Summary of hierarchical multiple linear regression analyses for prediction of
delayed monetary reward discounting (DRDAuC) by Matsuda insulin sensitivity indices
(ISI) in the total sample, non-obese, and obese individuals.
(DOCX)
S3 Table. Summary of hierarchical multiple linear regression analyses for prediction of
delayed monetary reward discounting (DRDAuC) by striatal D2 receptor (D2R) binding in
the total sample, non-obese, and obese individuals.
(DOCX)
S4 Table. Summary of hierarchical multiple linear regression analyses for prediction of
probabilistic monetary reward discounting (PRDAuC) by percent body fat (PBF) in women.
(DOCX)
S5 Table. Hierarchical multiple linear regression analyses results in non-obese and obese
women for delayed reward discounting (DRDAuC).
(DOCX)
S6 Table. Hierarchical multiple linear regression analyses results in non-obese and obese
women for probabilistic reward discounting (PRDAuC).
(DOCX)
S7 Table. Hierarchical multiple linear regression analyses results in non-obese and obese
women for striatal D2 receptor (D2R) binding and other predictor variables.
(DOCX)

Acknowledgments
The authors thank the participants for their involvement. We thank Dr. Bruce Patterson
(Washington University School of Medicine) for his expertise with the modeling of β-cell function and endocrine secretion. We also thank Samantha Ranck and Emily Bihun for assistance
in study recruitment and data collection, and Heather Lugar, Jerrell Rutlin, and Johanna Hartlein (Washington University School of Medicine) for help in scanning participants and data
processing. We thank Luís Oliveira (Washington University) for delayed and probabilistic
reward discounting data processing.
Portions of this work were presented as an abstract at the 72nd Scientific Session of the
American Diabetes Association in 2012.

Author Contributions
Conceived and designed the experiments: TH JSP KJB. Performed the experiments: SAE JAD.
Analyzed the data: DMG SAE JAD TH JMK. Contributed reagents/materials/analysis tools: LG
SMM. Wrote the paper: SAE DMG LG KJB JSP AMA TH.

References
1.

Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, Zhu W, et al. Brain dopamine and obesity. Lancet. 2001; 357: 354–357. PMID: 11210998

2.

Volkow ND, Wang GJ, Telang F, Fowler JS, Thanos PK, Logan J, et al. Low dopamine striatal D2
receptors are associated with prefrontal metabolism in obese subjects: possible contributing factors.
Neuroimage. 2008; 42: 1537–1543. doi: 10.1016/j.neuroimage.2008.06.002 PMID: 18598772

3.

Dunn JP, Kessler RM, Feurer ID, Volkow ND, Patterson BW, Ansari MS, et al. Relationship of dopamine type 2 receptor binding potential with fasting neuroendocrine hormones and insulin sensitivity in
human obesity. Diabetes Care. 2012; 35: 1105–1111. doi: 10.2337/dc11-2250 PMID: 22432117

PLOS ONE | DOI:10.1371/journal.pone.0133621 July 20, 2015

15 / 20

Insulin, DA D2R, and Reward in Obesity

4.

Elias MF, Elias PK, Sullivan LM, Wolf PA, D'Agostino RB. Obesity, diabetes and cognitive deficit: The
Framingham Heart Study. Neurobiol Aging. 2005; 26: 11–16. PMID: 16223549

5.

Davis C, Levitan RD, Muglia P, Bewell C, Kennedy JL. Decision-making deficits and overeating: a risk
model for obesity. Obesity. 2004; 12: 929–935.

6.

Brogan A, Hevey D, O'Callaghan G, Yoder R, O'Shea D. Impaired decision making among morbidly
obese adults. J Psychosom Res. 2011; 70: 189–196. doi: 10.1016/j.jpsychores.2010.07.012 PMID:
21262422

7.

Weiss R, Dziura J, Burgert TS, Tamborlane WV, Taksali SE, Yeckel CW, et al. Obesity and the metabolic syndrome in children and adolescents. New Engl J Med. 2004; 350: 2362–2374. PMID:
15175438

8.

Despres JP, Lemieux I. Abdominal obesity and metabolic syndrome. Nature. 2006; 444: 881–887.
PMID: 17167477

9.

Figlewicz DP, Evans SB, Murphy J, Hoen M, Baskin DG. Expression of receptors for insulin and leptin
in the ventral tegmental area/substantia nigra (VTA/SN) of the rat. Brain Res. 2003; 964: 107–115.
PMID: 12573518

10.

Russo SJ. IRS2-Akt pathway in midbrain dopamine neurons regulates behavioral and cellular
responses to opiates. Nature Neurosci. 2007; 10: 93–99. PMID: 17143271

11.

Mebel D, Wong J, Dong Y, Borgland S. Insulin in the ventral tegmental area reduces hedonic feeding
and suppresses dopamine concentration via increased reuptake. Eur J Neurosci. 2012; 36: 2336–
2346. doi: 10.1111/j.1460-9568.2012.08168.x PMID: 22712725

12.

Kleinridders A, Cai W, Cappellucci L, Ghazarian A, Collins WR, Vienberg SG, et al. Insulin resistance in
brain alters dopamine turnover and causes behavioral disorders. Proc Natl Acad Sci U S A. 2015; 112:
3463–3468. doi: 10.1073/pnas.1500877112 PMID: 25733901

13.

Sipols AJ, Stuber GD, Klein SN, Higgins MS, Figlewicz DP. Insulin and raclopride combine to decrease
short-term intake of sucrose solutions. Peptides. 2000; 21: 1361–1367. PMID: 11072123

14.

Carr KD, Kim GY, Cabeza de Vaca S. Hypoinsulinemia may mediate the lowering of self-stimulation
thresholds by food restriction and streptozotocin-induced diabetes. Brain Res. 2000; 863: 160–168.
PMID: 10773204

15.

Figlewicz DP, Bennett J, Evans SB, Kaiyala K, Sipols AJ, Benoit SC. Intraventricular insulin and leptin
reverse place preference conditioned with high-fat diet in rats. Behav Neurosci. 2004; 118: 479–487.
PMID: 15174925

16.

Figlewicz DP, Bennett JL, Naleid AM, Davis C, Grimm JW. Intraventricular insulin and leptin decrease
sucrose self-administration in rats. Physiol Behav. 2006; 89: 611–616. PMID: 17045623

17.

Air EL, Benoit SC, Blake Smith KA, Clegg DJ, Woods SC. Acute third ventricular administration of insulin decreases food intake in two paradigms. Pharmacol Biochem Behav. 2002; 72: 423–429. PMID:
11900815

18.

Heni M, Kullmann S, Ketterer C, Guthoff M, Linder K, Wagner R, et al. Nasal insulin changes peripheral
insulin simultaneously with altered activity in homeostatic and reward-related human brain regions. Diabetologia. 2012; 55: 1773–1782. doi: 10.1007/s00125-012-2528-y PMID: 22434537

19.

Kullmann S, Frank S, Heni M, Ketterer C, Veit R, Häring HU, et al. Intranasal insulin modulates intrinsic
reward and prefrontal circuitry of the human brain in lean women. Neuroendocrinology. 2013; 97: 176–
182. doi: 10.1159/000341406 PMID: 22922661

20.

Hallschmid M, Higgs S, Thienel M, Ott V, Lehnert H. Postprandial administration of intranasal insulin
intensifies satiety and reduces intake of palatable snacks in women. Diabetes. 2012; 61: 782–789. doi:
10.2337/db11-1390 PMID: 22344561

21.

Jauch-Chara K, Friedrich A, Rezmer M, Melchert UH, G Scholand-Engler H, Hallschmid M, et al. Intranasal insulin suppresses food intake via enhancement of brain energy levels in humans. Diabetes.
2012; 61: 2261–2268. doi: 10.2337/db12-0025 PMID: 22586589

22.

Kroemer NB, Krebs L, Kobiella A, Grimm O, Vollstädt-Klein S, Wolfensteller U, et al. (Still) longing for
food: insulin reactivity modulates response to food pictures. Hum Brain Mapp. 2013; 34: 2367–2380.
doi: 10.1002/hbm.22071 PMID: 22461323

23.

Anthony K, Reed LJ, Dunn JP, Bingham E, Hopkins D, Marsden PK, et al. Attenuation of insulin-evoked
responses in brain networks controlling appetite and reward in insulin resistance: the cerebral basis for
impaired control of food intake in metabolic syndrome? Diabetes. 2006; 55: 2986–2992. PMID:
17065334

24.

Adam TC, Tsao S, Page KA, Hu H, Hasson RE, Goran MI. Insulin sensitivity and brain reward activation
in overweight Hispanic girls: a pilot study. Pediatr Obes. 2013 Dec 20. doi: 10.1111/j.2047-6310.2013.
00210.x

PLOS ONE | DOI:10.1371/journal.pone.0133621 July 20, 2015

16 / 20

Insulin, DA D2R, and Reward in Obesity

25.

Jastreboff AM, Sinha R, Lacadie C, Small DM, Sherwin RS, Potenza MN. Neural correlates of stressand food cue-induced food craving in obesity: association with insulin levels. Diabetes Care. 2013; 36:
394–402. doi: 10.2337/dc12-1112 PMID: 23069840

26.

Green L,Myerson J. How many impulsivities: a dicounting perspective. J Exp Anal Behav. 2013; 99:3–
13. doi: 10.1002/jeab.1 PMID: 23344985

27.

Wang GJ, Smith L, Volkow ND, Telang F, Logan J, Tomasi D, et al. Decreased dopamine activity predicts relapse in methamphetamine abusers. Mol Psychiatry. 2012; 17: 918–925. doi: 10.1038/mp.
2011.86 PMID: 21747399

28.

Michaelides M, Thanos PK, Kim R, Cho J, Ananth M, Wang GJ, et al. PET imaging predicts future body
weight and cocaine preference. Neuroimage. 2012; 59: 1508–1513. doi: 10.1016/j.neuroimage.2011.
08.028 PMID: 21889993

29.

Ballard ME, Mandelkern MA, Monterosso JR, Hsu E, Robertson CL, Ishibashi K, et al. Low dopamine
D2/D3 receptor availability is associated with steep discounting of delayed rewards in methamphetamine dependence. Int J Neuropsychopharmacol. 2015 Jan 20. pii: pyu119. doi: 10.1093/ijnp/pyu119

30.

Karimi M, Moerlein SM, Videen TO, Luedtke RR, Taylor M, Mach RH, et al. Decreased striatal dopamine receptor binding in primary focal dystonia: A D2 or D3 defect? Mov Disord. 2011; 26: 100–106.
doi: 10.1002/mds.23401 PMID: 20960437

31.

Moerlein SM, Perlmutter JS, Markham J, Welch MJ. In vivo kinetics of [18F](N-methyl)benperidol: a
novel PET tracer for assessment of dopaminergic D2-like receptor binding. J Cereb Blood Flow Metab.
1997; 17: 833–845. PMID: 9290581

32.

Eisenstein SA, Antenor-Dorsey JA, Gredysa DM, Koller JM, Bihun EC, Ranck SA, et al. A comparison
of D2 receptor specific binding in obese and normal-weight individuals using PET with (N-[11C]methyl)
benperidol. Synapse. 2013; 67:748–756. doi: 10.1002/syn.21680 PMID: 23650017

33.

First MB, Spitzer RL, Gibbon M, Williams JBW. Structured Clinical Interview for DSM-IV-TR Axis I Disorders, Research Version, Non-patient Edition. (SCID-I/NP). New York: Biometrics Research, New
York State Psychiatric Institute; 2002.

34.

Wechsler H, Nelson TF. Binge drinking and the American college students: What's five drinks? Psych
Addict Behav. 2001; 15:287–291.

35.

Wechsler D. Wechsler Abbreviated Scale of Intelligence (WASI). San Antonio, TX: Harcourt Assessment; 1999.

36.

Hind K, Oldroyd B, Truscott JG. In vivo precision of the GE Lunar iDXA densitometer for the measurement of total body composition and fat distribution in adults. Eur J Clin Nutr. 2011; 65: 140–142. doi:
10.1038/ejcn.2010.190 PMID: 20842171

37.

Della Man C, Caumo A, Cobelli C. The oral glucose minimal model: Estimation of insulin sensitivity
from a meal test. IEEE Trans Biomed Eng. 2002; 49: 419–429. PMID: 12002173

38.

Breda E, Cavaghan MK, Toffolo G, Polonsky KS, Cobelli C. Oral glucose tolerance test minimal model
indexes of β-cell function and insulin sensitivity. Diabetes. 2001; 50: 150–158. PMID: 11147781

39.

Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral glucose tolerance testing: comparison with the euglycemic insulin clamp. Diabetes Care. 1999; 22: 1462–1470. PMID: 10480510

40.

Moerlein SM, LaVenture JP, Gaehle GG, Robben J, Perlmutter JS, Mach RH. Automated production of
N-([11C]methyl)benperidol for clinical application. Eur J Nucl Med Mol Imaging. 2010; 37: S366.

41.

Moerlein SM, Perlmutter JS, Welch MJ. Radiosynthesis of (N-[11C]methyl)benperidol for PET investigation of D2 receptor binding. Radiochem Acta. 2004; 92: 333–339.

42.

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron. 2002; 33: 341–355. PMID:
11832223

43.

Eisenstein SA, Koller JM, Piccirillo M, Kim A, Antenor-Dorsey JA, Videen TO, et al. Characterization of
extrastriatal D2 in vivo specific binding of [18F](N-methyl)benperidol using PET. Synapse. 2012; 66:
770–780. doi: 10.1002/syn.21566 PMID: 22535514

44.

Hershey T, Black KJ, Carl JL, McGee-Minnich L, Snyder AZ, Perlmutter JS. Long term treatment and
disease severity change brain responses to levodopa in Parkinson's disease. J Neurol Neurosurg Psychiatry. 2003; 74: 844–851. PMID: 12810765

45.

Antenor-Dorsey JA, Markham J, Moerlein SM, Videen TO, Perlmutter JS. Validation of the reference
tissue model for estimation of dopaminergic D2-like receptor binding with [18F](N-methyl)benperidol in
humans. Nucl Med Biol. 2008; 35: 335–341. doi: 10.1016/j.nucmedbio.2007.12.004 PMID: 18355689

46.

MacKillop J. Integrating behavioral economics and behavioral genetics: delayed reward discounting as
an endophenotype for addictive disorders. J Exp Anal Behav. 2013; 99: 14–31. doi: 10.1002/jeab.4
PMID: 23344986

PLOS ONE | DOI:10.1371/journal.pone.0133621 July 20, 2015

17 / 20

Insulin, DA D2R, and Reward in Obesity

47.

Cardinal RN. Neural systems implicated in delayed and probabilistic reinforcement. Neural Netw. 2006;
19: 1277–1230. PMID: 16938431

48.

Peters J, Büchel C. Overlapping and distinct neural systems code for subjective value during intertemporal and risky decision making. J Neurosci. 2009; 29: 15727–15734. doi: 10.1523/JNEUROSCI.
3489-09.2009 PMID: 20016088

49.

Bechara A, Damasio H, Damasio AR, Lee GP. Different contributions of the human amygdala and ventromedial prefrontal cortex to decision-making. J Neurosci. 1999; 19: 5473–5481. PMID: 10377356

50.

Myerson J, Green L, Hanson JS, Holt DD, Estle SJ. Discounting delayed and probabilistic rewards: Processes and traits. J Econ Psych. 2003; 24: 619–635.

51.

Green L, Myerson J. How many impulsivities? A discounting perspective. J Exp Anal Behav. 2013; 99:
3–13. doi: 10.1002/jeab.1 PMID: 23344985

52.

Manwaring JL, Green L, Myerson J, Strube MJ, Wilfley DE. Discounting of various types of rewards by
women with and without binge eating disorder: evidence for general rather than specific differences.
Psychol Rec. 2011; 61: 561–582. PMID: 24039301

53.

Weller RE, Cook EW III, Avsar KB, Cox JE. Obese women show greater delay discounting than
healthy-weight women. Appetite. 2008; 51: 563–569. doi: 10.1016/j.appet.2008.04.010 PMID:
18513828

54.

Myerson J, Green L, Warusawitharana M. Area under the curve as a measure of discounting. J Exp
Anal Behav. 2001; 76: 235–243. PMID: 11599641

55.

Green L, Myerson J. A discounting framework for choice with delayed and probabilistic rewards. Psychol Bull. 2004; 130: 769–792. PMID: 15367080

56.

Green L, Myerson J, Ostasqewski P. Discounting of delayed rewards across the life span: age differences in individual discounting functions. Behav Proc. 1999; 46: 89–96.

57.

Guo JF, Kuang Yang Y, Tsing Chui N, Lieh Yeh T, See Chen P, Lee IH et al. The correlation between
striatal dopamine D2/D3 receptor availability and verbal intelligence quotient in healthy volunteers. Psychol Med. 2006; 36: 547–554. PMID: 16359604

58.

Reimers S, Maylor EA, Stewart N, Chater N. Associations between a one-shot delay discounting measure and age, income, education and real-world impulsive behavior. Pers Indiv Differ. 2009; 47: 973–
978.

59.

Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale, NJ: Lawrence Erlbaum Associates; 1988.

60.

Soper D: Effect size calculator for hierarchical multiple regression. Available: http://www.danielsoper.
com/statcalc3, 2015.

61.

de Wit H, Enggasser JL, Richards JB. Acute administration of d-amphetamine decreases impulsivity in
healthy volunteers. Neuropsychopharmacology. 2002; 27: 813–825. PMID: 12431855

62.

Pietras CJ, Cherek DR, Lane SD, Tcheremissine OV, Steinberg JL. Effects of methylphenidate on
impulsive choice in adult humans. Psychopharmacology (Berl). 2003; 170: 390–398.

63.

Freeman TP, Morgan CJ, Brandner B, Almahdi B, Curran HV. Dopaminergic involvement in effortbased but not impulsive reward processing in smokers. Drug Alcohol Depend. 2013; 130: 109–114.
doi: 10.1016/j.drugalcdep.2012.10.016 PMID: 23182407

64.

Hamidovic A, Kang UJ, de Wit H. Effects of low to moderate doses of pramipexole on impulsivity and
cognition in healthy volunteers. J Clin Psychopharmacol. 2008; 28: 45–51. doi: 10.1097/jcp.
0b013e3181602fab PMID: 18204340

65.

Pine A, Shiner T, Seymour B, Dolan RJ. Dopamine, time, and impulsivity in humans. J Neurosci. 2010;
30: 8888–8896. doi: 10.1523/JNEUROSCI.6028-09.2010 PMID: 20592211

66.

Leroi I, Barraclough M, McKie S, Hinvest N, Evans J, Elliott R, et al. Dopaminergic influences on executive function and impulsive behaviour in impulse control disorders in Parkinson’s disease. J Neuropsychol. 2013; 7: 306–325. doi: 10.1111/jnp.12026 PMID: 23901888

67.

Antonelli F, Ko JH, Miyasaki J, Lang AE, Houle S, Valzania F, et al. Dopamine-agonists and impulsivity
in Parkinson’s disease: impulsive choices vs. impulsive actions. Hum Brain Mapp. 2014; 35: 2499–
2506. doi: 10.1002/hbm.22344 PMID: 24038587

68.

Arrondo G, Aznárez-Sanado M, Fernández-Seara MA, Goñi J, Loavza FR, Salamon-Klobut, et al.
Dopaminergic modulation of the trade-off between probability and time in economic decision-making.
Eur Neuropsychopharmacol. 2015 Mar 16. pii: S0924-977X(15)00044-9. doi: 10.1016/j.euroneuro.
2015.02.011

69.

Davis C, Loxton NJ, Levitan RD, Kaplan AS, Carter JC, Kennedy JL. 'Food addiction' and its association with a dopaminergic multilocus genetic profile. Physiol Behav. 2013; 118: 63–69. doi: 10.1016/j.
physbeh.2013.05.014 PMID: 23680433

PLOS ONE | DOI:10.1371/journal.pone.0133621 July 20, 2015

18 / 20

Insulin, DA D2R, and Reward in Obesity

70.

Pohjalainen T, Rinne JO, Någren K, Lehikoinen P, Anttila K, Syvälahti EK, et al. The A1 allele of the
human D2 dopamine receptor gene predicts low D2 receptor availability in healthy volunteers. Mol Psychiatry. 1998; 3: 256–260. PMID: 9672901

71.

Eisenstein SA, Bischoff AN, Gredysa DM, Antenory-Dorsey JAV, Koller JM, Al-Lozi A, et al. Emotional
eating phenotype is associated with central dopamine D2 receptor binding independent of body mass
index. Sci Rep. 2015; In press.

72.

Babbs RK, Sun X, Felsted J, Chouinard-Decorte F, Veldhuizen MG, Small DM. Decreased caudate
response to milkshake is associated with higher body mass index and greater impulsivity. Physiol
Behav. 2013; 121: 103–111. doi: 10.1016/j.physbeh.2013.03.025 PMID: 23562867

73.

Kable JW, Glimcher PW. The neural correlates of subjective value during intertemporal choice. Nat
Neuroscience. 2007; 10: 1625–1633. PMID: 17982449

74.

Marco-Pallarés J, Mohammadi B, Samii A, Münte TF. Brain activations reflect individual discount rates
in intertemporal choice. Brain Res. 2010; 1320: 123–129. doi: 10.1016/j.brainres.2010.01.025 PMID:
20083092

75.

Ballard K, Knutson B. Dissociable neural representations of future reward magnitude and delay during
temporal discounting. Neuroimage. 2009; 45: 143–150. doi: 10.1016/j.neuroimage.2008.11.004 PMID:
19071223

76.

Tanaka SC, Doya K, Okada G, Ueda K, Okamoto Y, Yamawaki S. Prediction of immediate and future
rewards differentially recruits cortico-basal ganglia loops. Nat Neurosci. 2004; 7: 887–893. PMID:
15235607

77.

Wittmann M, Leland DS, Paulus MP. Time and decision making: differential contribution of the posterior
insular cortex and the striatum during a delay discounting task. Exp Brain Res. 2007; 179: 643–653.
PMID: 17216152

78.

Onoda K, Okamoto Y, Kunisato Y, Aoyama S, Shishida K, Okada G, et al. Inter-individual discount factor differences in reward prediction are topographically associated with caudate activation. Exp Brain
Res. 2011; 212: 593–601. doi: 10.1007/s00221-011-2771-3 PMID: 21695536

79.

Joutsa J, Voon V, Johansson J, Niemelä S, Bergman J, Kaasinen V. Dopaminergic function and intertemporal choice. Transl Psychiatry. 2015; 5: e491. doi: 10.1038/tp.2014.133 PMID: 25562841

80.

Green L, Myerson J. A discounting framework for choice with delayed and probabilistic rewards. Psychol Bull. 2004; 130: 769–792. PMID: 15367080

81.

Christensen J, Parker S, Silberberg A, Hursh S. Trade-offs in choice between risk and delay depend on
monetary amounts. J Exp Anal Behav. 1998; 69: 123–139. PMID: 16812870

82.

Green L, Myerson J, Ostaszewski P. Amount of reward has opposite effects on the discounting of
delayed and probabilistic outcomes. J Exp Psychol Learn Mem Cogn. 1999; 25: 418–427. PMID:
10093208

83.

Davis C, Patte K, Curtis C, Reid C. Immediate pleasures and future consequences. A neuropsychological study of binge eating and obesity. Appetite. 2010; 54: 208–213. doi: 10.1016/j.appet.2009.11.002
PMID: 19896515

84.

Epstein LH, Jankowiak N, Fletcher KD, Carr KA, Nederkoorn C, Raynor HA, et al. Women who are
motivated to eat and discount the future are more obese. Obesity (Silver Spring). 2014; 22: 1394–
1399.

85.

Haltia LT, Rinne JO, Merisaari H, Maguire RP, Savontaus E, Helin S, et al. Effects of intravenous glucose on dopaminergic function in the human brain in vivo. Synapse. 2007; 61: 748–756. PMID:
17568412

86.

de Weijer BA, van de Giessen E, van Amelsvoort TA, Boot E, Braak B, Janssen IM, et al. Lower striatal
dopamine D2/3 receptor availability in obese compared with non-obese subjects. EJNMMI Res. 2011;
1: 37. doi: 10.1186/2191-219X-1-37 PMID: 22214469

87.

Guo J, Simmons WK, Herscovitch P, Martin A, Hall KD. Striatal dopamine D2-like receptor correlation
patterns with human obesity and opportunistic eating behavior. Mol Psychiatry. 2014; 19: 1078–1084.
doi: 10.1038/mp.2014.102 PMID: 25199919

88.

Kessler RM, Zald DH, Ansari MS, Li R, Cowan RL. Changes in dopamine release and dopamine D2/D3
receptor levels with the development of mild obesity. Synapse. 2014; 68: 317–320. doi: 10.1002/syn.
21738 PMID: 24573975

89.

Karlsson HK, Tuominen L, Tuulari JJ, Hirvonen J, Parkkola R, Helin S, et al. Obesity is associated with
decreased μ-opioid but unaltered dopamine D2 receptor availability in the brain. J Neurosci. 2015; 35:
3959–3965. doi: 10.1523/JNEUROSCI.4744-14.2015 PMID: 25740524

90.

Elsinga PH, Hatano K, Ishiwata K. PET tracers for imaging of the dopaminergic system. Curr Med
Chem. 2006; 13: 2139–2153. PMID: 16918344

PLOS ONE | DOI:10.1371/journal.pone.0133621 July 20, 2015

19 / 20

Insulin, DA D2R, and Reward in Obesity

91.

Dewey SL, Smith GS, Logan J, Brodie JD, Fowler JS, Wolf AP. Striatal binding of the PET ligand 11Craclopride is altered by drugs that modify synaptic dopamine levels. Synapse. 1993; 13: 350–356.
PMID: 8480281

92.

Cropley VL, Innis RB, Nathan PJ, Brown AK, Sangare JL, Lerner A, et al. Small effect of dopamine
release and no effect of dopamin depletion on [18F]fallypride binding in healthy humans. Synapse.
2008; 62: 399–408. doi: 10.1002/syn.20506 PMID: 18361438

93.

Burger KS, Stice E. Variability in reward responsivity and obesity: evidence from brain imaging studies.
Curr Drug Abuse Rev. 2011; 4: 182–189. PMID: 21999692

94.

Jacobs E, D'Esposito M. Estrogen shapes dopamine-dependent cognitive processes: implications for
women's health. J Neurosci. 2011; 31: 5286–5293. doi: 10.1523/JNEUROSCI.6394-10.2011 PMID:
21471363

95.

Smith CT, Sierra Y, Oppler SH, Boettiger CA. Ovarian cycle effects on immediate reward selection bias
in humans. J Neurosci. 2014; 34: 5468–5476. doi: 10.1523/JNEUROSCI.0014-14.2014 PMID:
24741037

PLOS ONE | DOI:10.1371/journal.pone.0133621 July 20, 2015

20 / 20

