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Abstract
Previous PET imaging studies have demonstrated mixed findings regarding dopamine D2/D3
receptor availability in obese relative to non-obese humans. Nonspecific D2/D3 radioligands do
not allow for separate estimation of D2 receptor (D2R) and D3 receptor (D3R) subtypes of the D2
receptor family, which may play different roles in behavior and are distributed differently
throughout the brain. These radioligands are also displaceable by endogenous dopamine,
confounding interpretation of differences in receptor availability with differing levels of dopamine
release. The present study used PET imaging with the D2R-selective radioligand (N-[11C]
methyl)benperidol ([11C]NMB), which is non-displaceable by endogenous dopamine, to estimate
D2R specific binding (BPND) and its relationship to body mass index (BMI) and age in 15 normal-
weight (mean BMI = 22.6 kg/m2) and 15 obese (mean BMI = 40.3 kg/m2) men and women.
Subjects with illnesses or taking medications that interfere with dopamine signaling were
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excluded. Striatal D2R BPND was calculated using the Logan graphical method with cerebellum as
a reference region. D2R BPND estimates were higher in putamen and caudate relative to nucleus
accumbens, but did not differ between normal-weight and obese groups. BMI values did not
correlate with D2R BPND. Age was negatively correlated with putamen D2R BPND in both
groups. These results suggest that altered D2R specific binding is not involved in the pathogenesis
of obesity per se and underscore the need for additional studies evaluating the relationship
between D3R, dopamine reuptake, or endogenous dopamine release and human obesity.
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INTRODUCTION
Obesity is a major health problem worldwide and is associated with serious medical
comorbidities and economic consequences (Shamseddeen et al., 2011). Obesity may be
neurobiologically and behaviorally similar to drug addiction since both are associated with
similar alterations in dopaminergic transmission in rodent models (de Jong et al., 2012).
Human studies indicate that drug addiction is associated with reduced striatal D2/D3
dopamine receptor availability, as evaluated in vivo with PET imaging (Hietala et al., 1994;
Volkow et al., 1996; Volkow et al., 2001; Wang et al., 1997). However, the relationship
between obesity and the dopaminergic system in people remains unclear due to conflicting
results among PET studies. Notably, several groups (de Weijer et al., 2011; Haltia et al.
2007; Wang et al., 2001) found that obesity is associated with a decrease while Dunn et al.
(2012) found an increase in striatal D2/D3 receptor availability.

The complexity of evaluating striatal dopaminergic signaling may contribute to discrepant
results in studies of normal-weight and obese people. PET and SPECT imaging studies of
D2/D3 receptor availability in obesity have used [11C]raclopride (Haltia et al., 2007; Wang
et al., 2001), [18F]fallypride (Dunn et al., 2012) and [123I]IBZM (de Weijer et al., 2011).
These radioligands have important limitations. First, these radioligands do not distinguish
between D2 (D2R) and D3 (D3R) receptor subtypes of the D2 dopamine receptor family
(Elsinga et al., 2006; Mukherjee et al., 1999; Videbaek et al., 2000). D2R and D3R have
different, although somewhat overlapping, distributions throughout the human brain
(Beaulieu and Gainetdinov, 2011) and thus could have separate functional roles in reward-
related behaviors. Second, endogenous dopamine release decreases specific binding of
[11C]raclopride, [18F]fallypride, or [123I]IBZM (Dewey et al., 1993; Laruelle et al., 1995;
Riccardi et al., 2006), making these radioligands useful to measure endogenous dopamine
release but confounding interpretation of D2/D3 receptor availability in previous studies.

Based on evidence for decreased striatal D2R specific binding and decreased D2/D3
receptor availability in obese rodents (de Jong et al., 2012) and decreased D2/D3 receptor
availability in obese humans (de Weijer et al., 2011; Haltia et al., 2007; Wang et al., 2001),
we hypothesized that striatal D2R specific binding would be decreased in obese relative to
normal-weight men and women. We carefully controlled for age and excluded those who
had psychiatric and diabetic conditions that are associated with dopaminergic dysfunction
(Blum et al., 2012; DeFronzo, 2011). We used the radioligand (N-[11C] methyl)benperidol
([11C]NMB), which has unique receptor-binding properties. NMB is more than 200 times as
selective for D2R than D3R (Karimi et al., 2011), and is specific to D2R over other types of
brain receptors (Arnett et al., 1985; Moerlein et al., 1995, 1997; Suehiro et al., 1990). In
addition, NMB is non-displaceable by release of endogenous dopamine (Moerlein et al.,
1997), which allows an assessment of D2R specific binding unconfounded by synaptic
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dopamine concentration. Note that NMB can be labeled with either 11C or 18F without
changing the molecular structure of the D2 ligand (Moerlein et al., 1992; Moerlein et al.,
2004). Thus, [11C]NMB and [18F]NMB are not analogs but are chemically (and therefore
pharmacologically) identical, and differ only in being labeled with 11C or 18F, respectively.

MATERIALS AND METHODS
Participants

Fifteen normal-weight (BMI 18.9 – 27.7 kg/m2; age 22.4 – 39.9 years; 4 men) and 15 obese
(BMI 33.2 – 47 kg/m2; age 25.4 – 40.9 years; 3 men) men and women participated in this
study (Table 1). All potential participants completed a comprehensive medical evaluation,
including medical history and physical examination, routine blood tests, hemoglobin A1C,
and an oral glucose tolerance test (OGTT). Those with self-reported history of diabetes,
A1C ≥ 6.5% (48 mmol/mol), or OGTT results that demonstrated impaired fasting glucose,
impaired oral glucose tolerance, or diabetes (≥ 200 mg/dl, (American Diabetic Association,
2010)) were excluded. Participants were also screened for neurological and psychiatric
conditions by neurological examination, psychiatric interview (Structured Clinical Interview
for DSM-IV (SCID, Steiner et al., 1995), Beck Depression Inventory (BDI-II, Beck et al.,
1996), the Wechsler Abbreviated Scale of Intelligence (WASI, Wechsler, 1999), and Part A
of the Adult ADHD Self-Report Scale Symptom Checklist (ASRS-v1.1, Kessler et al.,
2005). Individuals diagnosed with lifetime psychosis, mania, substance dependence, major
depression, social phobia, eating disorders and panic disorder, parkinsonism, IQ <80 or had
any psychiatric or neurologic illness (e.g. drug abuse, Parkinson disease, Tourette syndrome,
stroke) that could affect the interpretation of the data were excluded from the study.
Individuals who smoked, were pregnant or lactating, were postmenopausal, took
medications that could influence the study results such as dopamine agonist or antagonist
treatment (e.g. antipsychotics or metoclopramide) were excluded. All participants signed
informed consents before participating in the study, which was approved by the Washington
University Human Research Protection Office.

Radiopharmaceutical preparation
The synthesis of [11C]NMB is an automated adaptation of a published method (Moerlein et
al., 2004, 2010). [11C]CO2 was produced via the 14N(p,α)11C reaction on the Washington
University JSW BC-16/8 cyclotron, and converted to [11C]CH3I using a GE PETtrace MeI
MicroLab (Sandell et al., 2000). [11C]CH3I, benperidol and base were heated to 90°C for 10
minutes, and [11C]NMB isolated using reversed-phase preparative HPLC. Drug
reformulation used solid-phase extraction technology to give [11C]NMB in 10% ethanol in
Sodium Chloride for Injection, USP. The product was terminally sterilized (0.2 μm filter),
and had a radiochemical purity ≥ 95% and specific activity ≥ 1066 Ci/mmol (39 TBq/
mmol).

PET acquisition
[11C]NMB (6.4 – 18.1 mCi) was administered intravenously over 20 s through a plastic
catheter inserted in an arm vein. For each subject, < 7.3 μg of unlabeled NMB was injected.
PET scans were done with Siemens/CTI ECAT EXACT HR+, which has 32 rings of BGO
detector elements and acquires 63 simultaneous slices with 2.4 mm spacing with an axial
FOV of 15.5 cm. Three retractable 68Ge rod sources are used for transmission scans to
measure individual attenuation factors. Transaxial and axial spatial resolution at slice center
are 4.3 mm and 4.1 mm full width half maximum (FWHM) in 3D mode (Brix et al., 1997).
Emission data were collected in 3D mode for 2 hours with a total of 30 frames: 3 @ 1 min, 4
@ 2 min, 3 @ 3 min, 20 @ 5 min. PET scans were reconstructed with filtered back
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projection with ramp filter cut off at the Nyquist frequency and included attenuation, scatter
and randoms correction.

MRI acquisition
All participants underwent MRI scans in the Siemens MAGNETOM Tim Trio 3T scanner
using a 3-D MPRAGE sequence (TR=2400 ms, TE=3.16 ms, flip angle=8, 176 sagittally-
oriented frames, FOV=256 mm; voxels=1×1×1 mm).

ROI-based analysis
For each participant, the dynamic PET image frames were co-registered to each other and to
the participant's MPRAGE image as described (Eisenstein et al., 2012). MR-defined ROIs
and PET data were resampled in Talairach atlas space to (2 mm)3 (Hershey et al., 2003).

Three bilateral striatal regions of interest (ROIs) (putamen, caudate and nucleus accumbens)
and cerebellum (the reference region) were identified on each partcipant's MPRAGE using
FreeSurfer (available at http://surfer.nmr.mgh.harvard.edu). To minimize partial volume
effects, putamen and caudate regions were eroded by one surface voxel using a gaussian
smoothing filter combined with thresholding, resulting in removal of 2 mm from the
surfaces of these regions (Eisenstein et al., 2012). Nucleus accumbens was not large enough
to erode.

The ROIs were resampled in the same Talairach atlas space as the PET images. Decay-
corrected tissue activity curves were then extracted from the dynamic PET data for each
participant. D2R specific binding potential (BPND) was calculated for each ROI using the
Logan graphical method with cerebellum as a reference region (Logan et al., 1996) as
previously validated for [18F]NMB with a 3-compartment tracer kinetic model and a
graphical method requiring arterial input (Antenor-Dorsey et al., 2008; Eisenstein et al.,
2012). The Logan method is appropriate for this analysis because the cerebellum has
negligible specific binding for NMB in healthy subjects (Antenor-Dorsey et al., 2008) and it
is unlikely that obese subjects would develop specific binding sites in the cerebellum.
Furthermore, even if there are differences in the obese group in uptake of [11C] NMB into
the cerebellum such as changes in local blood flow, blood brain barrier permeability, or non-
specfic binding, the basic assumption of the Logan reference region approach assumes that
these changes, similar to non-specific binding, also occur in the target ROI for that subject
group or individual. Thus the calculated BPND takes this variation into consideration. Slopes
were obtained from Logan plot points for data acquired 60–120 min after [11C]NMB
injection. BPND's were averaged for left and right caudate, putamen and nucleus accumbens
to minimize regional comparisons and because no evidence suggested that these findings
would be asymmetric.

Voxel-based analysis
A voxel-based analysis was performed to detect possible differences in D2R specific
binding between normal-weight and obese groups that were not detected with ROI-based
analyses as in (Haltia et al., 2007). The freely available PVEOUT software (https://nru.dk/
pveout/index.php) and co-registered structural MR images for each subject were used to
correct for partial volume effects (PVE) using an published method (Quarentelli et al., 2004;
Harri et al., 2007). [11C]NMB PET images corrected for PVE were made for each
individual. BPND voxel maps were made for each subject using these images and compared
across normal-weight and obese groups at the voxel level using SPM8 (http://
www.fil.ion.ucl.ac.uk/spm).
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Statistical analyses
Distribution normality for continuous variables was assessed using D'Agostino and Pearson
omnibus normality tests in the normal-weight and obese groups separately. Ethnicity and
gender distributions between normal-weight and obese groups was assessed with Chi-square
tests. To exclude the possibility that differing distributions of ethnicity in normal-weight and
obese groups would affect results, participant characteristics and striatal BPND estimates
were compared between Caucasian and African American obese subjects with between-
subjects Student's t-tests or univariate general linear models (GLM) using age as a covariate.
BMI, age, education level, BDI and ASRS Part A scores were compared between groups
with between-subjects Student t-tests, or, in the case of non-normal distributions, non-
parametric Mann-Whitney U-tests. BPND estimates for putamen, caudate and nucleus
accumbens were compared between groups with a repeated measures GLM using age as a
covariate. In an effort to be consistent with the ROIs in similar studies (Volkow et al., 2008;
Wang et al., 2001) we also compared a combined striatal BPND ROI (average of putamen
and caudate BPND values) between groups with a univariate GLM controlling for age.
Relationships between BMI, age and D2R BPND were calculated using Pearson's r or
Spearman's rho for each ROI. For voxel-based SPM8 analysis, groups were compared with
Student's t-tests using age as a covariate. Results were deemed significant at α ≤ 0.05.

Power analyses
The power of our study to detect differences in D2R BPND estimates between normal-
weight and obese groups as well as to detect correlations between D2R BPND estimates and
BMI in the obese group was calculated based on results from previous studies of D2/D3
receptor availability (de Weijer et al., 2011; Dunn et al., 2012; Wang et al., 2001) and our
own using G*Power 3, available at http://www.psycho.uni-duesseldorf.de/abteilungen/aap/
gpower3 (Faul et al., 2007). The effect sizes for differences in striatal D2/D3 receptor
availability between non-obese and obese groups using [11C]raclopride (Wang et al., 2001)
and [123I]IBZM (de Weijer et al., 2011) were estimated to be 1.35 and 1.13 (Cohen's d),
respectively. Assuming similar effects in our study, our sample size of 15 individuals per
group had power between 0.85 and 0.95 to detect differences of these effect sizes between
normal-weight and obese groups. The correlation between striatal D2/D3 receptor
availability and BMI in the obese group was −0.84 using [11C]raclopride (Wang et al., 2001)
and 0.5–0.6 using [18F]fallypride (Dunn et al., 2012). Our sample size had power of 0.5–
0.97 to detect these medium to large effects.

RESULTS
Assessment of normality

All continuous dependent measures had normal distributions in both groups (p ≥ 0.07 for all
tests) except for BDI (p = 0.01) and ASRS Part A (p < 0.05) scores in the normal-weight
group and age in the obese group (p = 0.05). These variables were therefore treated as non-
normally distributed in subsequent analyses.

Participant characteristics and striatal BPND estimates across ethnicity and gender
Ethnicity distributions between normal-weight and obese groups significantly differed (χ2(2)
= 6.2, p = 0.05, Table 1), while gender distribution did not (χ2(1) = 0.19, p = 0.67). BMI,
age, and years of education did not differ between obese Caucasian and African American
subjects (p ≥ 0.2). When controlling for age, a factor known to negatively correlate with
striatal dopamine receptor availability and specific binding (Antonini and Leenders, 1993;
Brucke et al., 1993; Eisenstein et al., 2012; Wang et al., 2001), striatal BPND did not differ
between Caucasians and African Americans in the obese group (p ≥ 0.14 for all
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comparisons). To further determine whether gender and ethnicity differences were masking
a relationship between obesity and striatal BPND, univariate GLM analyses covarying age,
were performed for each striatal region in female Caucasians. Normal-weight and obese
Caucasian women did not differ in striatal BPND for any region (p ≥ 0.19 for all analyses).
Furthermore, BMI did not correlate with BPND for any region in normal-weight (p ≥ 0.29,
controlling for age) or obese (p ≥ 0.11, controlling for age) Caucasian women. Therefore,
gender and ethnicity were not controlled for in the rest of the analyses.

Participant characteristics
Obese and normal-weight participants did not differ in age (U28 = 78, p = 0.16), education
level (t28 = −1.58, p = 0.13), BDI (U28 = 78, p = 0.16), WASI IQ (t28 = −1.82, p = 0.08), or
ASRS Part A (U28 = 93.5, p = 0.44) scores.

[11C]NMB BPND

Normal-weight and obese groups did not differ in overall D2R BPND estimates (main effect
of group, F1,27 = 0.12, p = 0.73; Fig. 1A, C, Table 2). As expected (Eisenstein et al., 2012),
there was a main effect of region (F2,54 = 30.88, p < 0.0001), in which putamen BPND
estimates were higher than those of caudate (p < 0.05) and nucleus accumbens (p < 0.0001).
Caudate BPND estimates were also higher than those of nucleus accumbens (p < 0.0001, Fig.
1A). There was no interaction between group and region (group × region interaction, F2, 54 =
0.86, p = 0.43, Fig. 1A, C). Combined striatal mean BPND estimates of D2R availability did
not differ between normal-weight and obese groups (F1,27 = 0.23, p = 0.63; Fig. 1B, C,
Table 2). The putamen and mean striatal BPNDs for one obese participant were 2.42 and 2.24
standard deviations above the mean, respectively. Therefore the analyses described above
were performed excluding this subject and, similarly, did not reveal differences in striatal
BPND between normal-weight and obese groups (main effect of group, F1,26 = 0.05, p = 0.82
for repeated measures GLM; F1,26 = 0, p = 0.98 for univariate GLM).

Voxel-based analysis
There were no differences between groups in D2R BPND after multiple comparisons
correction whether or not the potential outlier was included in the analysis (p > 0.05 for all
clusters).

[11C]NMB BPND across BMI
BMI did not correlate with D2R BPND estimates for any individual striatal ROI or combined
striatum within the normal-weight group (p ≥ 0.46) or the obese group (p ≥ 0.27; Fig. 2, A–
D, Table 3). Excluding the potential outlier, caudate BPND was positively correlated with
BMI in the obese group (r11 = 0.58, p < 0.05, 95% confidence interval, 0.08 to 0.85) but
there were no significant relationships between BMI and other striatal regions (p ≥ 0.1).

[11C]NMB BPND across age
In normal-weight and obese subjects, age was negatively correlated with D2R BPND
estimates for putamen (p < 0.05 for each correlation) but not caudate, nucleus accumbens or
combined striatum (p ≥ 0.09, Fig. 3A–D, Table 4). Excluding the obese subject described as
a potential outlier in the previous section, age was not significantly correlated with striatal
BPND in the obese group (p ≥ 0.07).

DISCUSSION
We found no difference in striatal D2R specific binding, as estimated by [11C]NMB BPND,
between normal-weight and obese people. We used the unique PET radioligand [11C]NMB,
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so these measurements were not confounded by D3R binding or by endogenous dopamine
release (Karimi et al., 2011; Moerlein et al., 1997). Furthermore, our results were not
confounded by excluded related conditions that can affect dopamine receptor specific
binding, such as diabetes, neurologic illness, or psychiatric and substance abuse disorders
(Blum et al., 2012, DeFronzo, 2011).

It is unlikely that we failed to find a difference in D2R specific binding between normal-
weight and obese groups due to inadequate sample size. Based on results from previous
studies (de Weijer et al., 2011; Dunn et al., 2012; Wang et al., 2001), the number of subjects
enrolled in our study provided power sufficient to detect medium to large effect sizes both
for the between-group comparisons and for the correlations of D2R specific binding with
BMI. It should be noted that our group sizes are larger than or equal to those of several
previous D2/D3 PET obesity studies (de Weijer et al., 2011: n = 15/group; Dunn et al.,
2012: n = 8–14/group; Wang et al., 2001: n = 10/group). Our findings suggest that when
relevant comorbidities are excluded, D2 receptor specific binding is not responsible for the
previously observed differences in D2/D3 availability in obesity (de Weijer et al., 2011;
Dunn et al., 2012; Haltia et al., 2007; Wang et al., 2001). Other aspects of dopamine
signaling should be explored, such as D3R receptors, endogenous dopamine release,
reuptake via the dopamine transporter or second messenger systems.

The selectivity of [11C]NMB for the D2R of the D2 receptor family over D3R (Karimi et al.,
2011) might explain the differences between our results and previous studies. The PET
radioligands used in previous obesity studies such as [11C]raclopride (Haltia et al., 2007;
Wang et al., 2001) and [18F]fallypride (Dunn et al., 2012) and the SPECT radioligand [123I]
IBZM (de Weijer et al., 2011) do not distinguish well between D2 and D3 subtypes (Elsinga
et al., 2006; Mukherjee et al., 1999; Videbaek et al., 2000). If D3R specific binding is
altered in obesity, it could explain the difference between our finding and other studies with
non-specific D2/D3 radioligands. D2R occur at high levels in the dorsal striatum, nucleus
accumbens, extrastriatal subcortical and cortical regions while D3R are present at high
levels in ventral (as opposed to lateral) caudate and putamen, the shell of the nucleus
accumbens and other limbic regions (Beaulieu and Gainetdinov, 2011) and thus may play a
larger role in reward function. While D3R is clearly a factor in drug seeking and addiction in
rodents and nonhuman primates (Newman et al., 2012) with some suggestive evidence in
humans (Boileau et al., 2012), there is mixed and limited evidence for a role of striatal D3R
in rodent (Thanos et al., 2008) and human (Dodds et al., 2012; Nathan et al., 2012) obesity.
The data from our study and previous reports underscore the potential importance of D3R in
obesity and the need for future studies using a D3R-selective PET radioligand.

The displaceability of PET radioligands by endogenous dopamine might also contribute to
the differences between our results and those of previous studies. [11C]NMB is not
displaceable by endogenous dopamine (Moerlein et al., 1997), but [11C]raclopride,
[18F]fallypride and [123I]IBZM are (Dewey et al., 1993; Laruelle et al., 1995; Riccardi et al.,
2006). Thus, if obesity is associated with increased striatal extracellular dopamine content,
due to increased dopamine release or reduced uptake, then [11C] raclopride, [18F] fallypride,
and [123I]IBZM studies might find reduced D2/D3 receptor availability in striatum, due to
displacement, while [11C]NMB would not. Alterations in extracellular dopamine levels in
obesity have been studied indirectly in humans. Data from fMRI studies conducted in
human subjects indicate greater striatal activation in response to food-related cues (i.e.,
visual images of high calorie food) in obese than in non-obese individuals (Stoeckel et al.,
2008), but blunted striatal activation in response to consumption of a highly palatable food
that was negatively correlated with BMI in obese individuals (Stice et al., 2010). Therefore,
data from human studies indicate that the striatal system is overactivated in overweight and
obese people in response to food stimuli but underactive during palatable food consumption.
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A major advantage of using [11C]NMB in PET to measure D2R is that it is not sensitive to
transient changes in synaptic dopamine concentration. However, these changes may be
relevant to obesity. Given that striatal activation is highly dynamic and dependent on the
behavior of an individual over time (e.g. response to food stimuli versus food receipt), future
studies need to address these possibilities by measuring endogenous dopamine release under
different satiety conditions using .ligands that are displaceable by endogenous dopamine
(e.g. [11C]raclopride)]..

A possible limitation of this study is that both men and women of several ethnicities were
included as subjects. It is possible that variability due to these factors may have influenced
the findings reported here. The study was not designed or powered to determine if there are
statistically significant differences in D2R specific binding levels between men and women
or between different ethnicities. However, D2R specific binding levels did not differ
between Caucasian and African Americans in the obese group or between normal-weight
and obese Caucasian women. Gender differences at baseline were not reported in previous
PET studies of D2/D3 receptor availability in obesity (Haltia et al., 2007; Wang et al., 2001)
or in a larger [11C]NMB PET study of healthy men and women (Eisenstein et al., 2012).
Therefore, it is unlikely that ethnicity and gender differences contributed to our
findings. .Furthermore, it is unlikely that differences between our study and others in subject
characteristics (e.g. BMI, sex, or age) explain differences in results. Our study targeted
obese individuals with a BMI range of 30 – 50 kg/m2, to ensure that individuals fit the
criteria for obesity, but would also avoid major health and age comorbidities and still fit
within the confines of the scanners (average obese BMI = 40.3 kg/m2; range = 33.2 – 47 kg/
m2). The other studies targeted individuals with similar (Dunn et al., 2012: average obese
BMI = 40 kg/m2, range not available) or lower BMI (Haltia et al., 2007: average
overweight/obese BMI = 33 kg/m2, range not available), but one study had a higher and
only partly overlapping range of BMI (de Weijer et al., 2011: average obese BMI = 46.8 kg/
m2, range = 38.7 – 61.3 kg/m2; Wang et al., 2001: average obese BMI = 51 kg/m2, range =
42–60 kg/m2). Differences in D2R specific binding may be detectable only in more severely
obese individuals. However, the results of Haltia et al. (2007) and Dunn et al. (2012) would
argue against this notion. Interestingly, as in Dunn et al. (2012) but opposite of findings in
Wang et al. (2001), caudate D2R specific binding was positively correlated with BMI in the
obese group when controlling for age and excluding a potential outlier. It is possible that
reduced endogenous dopamine levels and increased BMI in obese subjects contributes to
increased D2R in caudate as observed in Dunn et al. (2012).

Finally, our normal-weight and obese participants were younger (normal-weight age range:
22.4 – 39.9 years; obese: 25.4 – 40.9 years) than in Wang et al., (2001) (range: 25–54 years),
de Weijer et al. (2011) (range = 20 – 60 years) and Dunn et al. (2012) (mean age = 40 years,
range not available). Age is negatively associated with striatal D2/D3 receptor availability as
measured by [11C] raclopride, [18F]fallypride and [123I]IBZM (Antonini and Leenders,
1993; Brucke et al., 1993; Wang et al., 2001), and with D2R specific binding as measured
by [11C]NMB (Eisenstein et al., 2012), which was found in the current study in both groups
for the putamen. In contrast, we did not find a significant relationship between D2R specific
binding and age for other striatal regions. This is likely due to the somewhat narrow age
range studied, which was chosen intentionally to exclude age as a confounding factor in
BPND estimates.

Our findings shed light on the role of striatal dopaminergic signaling in obesity by
demonstrating that baseline specific binding of the striatal D2 receptor subtype of the D2
receptor family does not differ between normal-weight and obese adults. Since individuals
with diabetes were excluded from this study, it remains unknown whether D2R may play a
role in the association between diabetes and obesity. Additional studies are needed to answer
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this question and to better understand the contribution of striatal dopaminergic transmission
and D3R specific binding to dopaminergic signaling in normal-weight and obese
individuals.
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Figure 1. Striatal D2R specific binding does not differ between obese and normal-weight
individuals
A) D2R specific binding (BPND) estimates (error bars = S.D.) are significantly higher in
putamen than in caudate and nucleus accumbens. D2R BPND estimates are significantly
higher in caudate than in nucleus accumbens. D2R BPND estimates do not differ between
normal-weight and obese subjects in any ROI. B) Combined striatal mean D2R BPND (error
bars = S.D) do not differ between normal-weight and obese participants. C) Average
[11C]NMB radioactivity levels, represented by distribution volume ratios (DVRs, DVR =
BPND +1), in normal-weight (left) and obese (right) groups in striatal ROIs overlaid on MRI
in coronal view. Red = peak [11C]NMB radioactivity; Green = lowest [11C]NMB
radioactivity. NAc, nucleus accumbens. #, p < 0.05 relative to caudate; ***, p < 0.0001
relative to nucleus accumbens.
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Figure 2. Striatal D2R specific binding is not associated with BMI in obese or normal-weight
individuals
D2R specific binding (BPND) is not significantly correlated with BMI in A) putamen, B)
caudate, C) nucleus accumbens or D) combined striatum in normal-weight or obese groups.
Correlational analyses are controlled for age. Partial regression plots are shown with
standardized values for striatal BPNDs.
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Figure 3. Striatal D2R specific binding is associated with age in normal-weight and obese
individuals
Age is negatively associated with D2R specific binding (BPND) in normal-weight and obese
participants in A) putamen but not in B) caudate, C) nucleus accumbens or D) combined
striatum. *, p < 0.05 for Spearman's rho between BPND and age.
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Table 1

Participant Characteristics

Normal-weight (n = 15) Obese (n = 15)

BMI Mean (S.D.) 22.6 kg/m2 (2.2)*** 40.3 kg/m2 (4.9)

Age Mean (S.D.) 29.7 years (5.6) 32.5 years (5.9)

Education Mean (S.D.) 16.2 years (1.4) 15.3 years (1.8)

Ethnicity (Caucasian, African American, Hispanic) 14, 1, 0 8, 6, 1

BDI-II Mean (S.D.) 3.4 (4.6) 5.9 (5.7)

WASI IQ Mean (S.D.)
† 113 (13.6) 104.5 (10.7)

ASRS Part A Mean (S.D.) 0.9 (1.2) 1.5 (1.8)

BMI, body mass index; BDI-II, Beck Depression Inventory-II; WASI IQ, Wechsler Abbreviated Scale of Intelligence Intelligence Quotient; ASRS,
Adult ADHD Self-Report Scale Symptom Checklist v1.1, Part A.

***
p < 0.001 relative to obese group.

†
WASI IQ scores were not obtained for 3 normal-weight participants.

Synapse. Author manuscript; available in PMC 2014 November 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Eisenstein et al. Page 17

Table 2

Striatal BPND Estimates

Normal-weight Obese 95% CI

Putamen Mean (S.D.) 4.13 (0.54) 4.14 (0.59) −0.21 to 0.53

Caudate Mean (S.D.) 4.00 (0.54) 3.93 (0.64) −0.43 to 0.47

Nucleus Accumbens Mean (S.D.) 2.09 (0.23) 2.01 (0.33) −0.23 to 0.18

Combined Striatum Mean (S.D.) 4.07 (0.52) 4.04 (0.58) −0.3 to 0.48

CI, confidence interval.
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Table 3

Partial Pearson's Correlations (r) Between BMI and Striatal BPND, Controlling for Age

Normal-Weight BMI 95% CI Obese BMI 95% CI

Putamen 0.004 −0.57 to 0.57 −0.10 −0.57 to 0.42

Caudate −0.22 −0.7 to 0.41 −0.28 −0.25 to 0.68

Nucleus Accumbens −0.002 −0.57 to 0.57 −0.32 −0.71 to 0.21

Combined Striatum −0.12 −0.65 to 0.49 0.12 −0.4 to 0.58

CI, confidence interval.
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Table 4

Spearman's Correlations (rho) Between Age and Striatal BPND

Normal-Weight Age 95% CI Obese Age 95% CI

Putamen −0.59* −0.85 to −0.11 −0.54* −0.79 to −0.13

Caudate −0.35 −0.73 to 0.46 −0.13 −0.54 to 0.33

Nucleus Accumbens −0.4 −0.76 to 0.14 −0.14 −0.55 to 0.32

Combined Striatum −0.45† −0.78 to −0.08 −0.31 −0.66 to 0.15

CI, confidence interval.

*
p < 0.05;

†
p = 0.09
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