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Regulation of Novelty Seeking by Midbrain Dopamine D2/D3
Signaling and Ghrelin Is Altered in Obesity

Shane W. Savage', David H. Zald'?~, Ronald L. Cowan'?, Nora D. Volkow®, Pamela A. Marks-Shulman®,
Robert M. Kessler?, Naji N. Abumrad® and Julia P. Dunn®

Objective: To investigate the relationship of novelty seeking traits (NS) with midbrain dopamine (DA)
receptors and acyl ghrelin levels (AG) in normal weight (NW) and obese females.NS predict addictive
behaviors and are hypothesized to contribute to eating behaviors. In healthy, NS are negatively associ-
ated with DA receptors in the substantia nigra (SN). The influence of obesity on the regulation of NS by
DA signaling and AG was hypothesized.

Methods: PET scanning to measure DA type 2/type 3 receptor (D2/D3R) binding potential (BPyp) in the
SN was used. Participants completed Tridimensional Personality Questionnaire-Novelty-Seeking Scale
(TPQ-NS) and AG were measured.

Results: In eight NW and 19 obese (BMI 22 vs 38 kg/m?), TPQ-NS (16 vs 15) and SN D2/D3R BPyp
(2.48 vs 2.66) were similar, while AG higher (256 vs 60, P < 0.01), respectively. D2/D3R BPyp and TPQ-
NS had a negative relationship in NW (r= —0.7) but not in obese (P >0.10). AG and TPQ-NS were posi-
tively correlated in NW (r = 0.9) but not in obese (P> 0.10). D2R BPyp and AG were negatively correlated
in NW (r= —0.8) but positively in obese (r=0.6).

Conclusion: Obese do not maintain posited regulatory relationships for NS to either midbrain D2/D3R
availability or AG present in NW. Also opposite relationships exist for NW and obese between SN D2/
D3R availability and AG. The altered regulation of NS in obesity needs to be further explored.

Obesity (2014) 22, 1452-1457. doi:10.1002/0by.20690

Novelty seeking traits (NS) are characterized by a heightened excita-
tory response to novel stimuli (3) and are a predictor of drug abuse
risk. NS may also influence aspects of appetitive stimuli (4) and are
hypothesized to be involved in obesity (5). Using a radioligand that
binds DA type 2 class receptors (both D2R and D3R), Zald and col-
leagues demonstrated that in the region of the substantia nigra (SN)
D2/D3R binding potential (BPNp) is negatively correlated with NS
(6) and impulsivity (7). These midbrain receptors serve as autore-

Introduction

Central dopamine (DA) signaling is essential to the regulation of
food intake and obesity-related behaviors. In particular the mesolim-
bic dopamine (DA) pathway, which originates in the midbrain,
serves to drive behaviors necessary for food consumption by inte-
grating homeostatic signals and modulating the rewarding and moti-
vational value of food (1). DA neurons fire when predicting food

reward or when exposed to an unexpected food reward. Highly pal-
atable food stimulates some of the same reward pathways that are
activated by drugs of abuse. This has led to the hypothesis that dis-
ruption in DA signaling, similar to that present in addiction, may
underlie unrestrained food intake in obesity (2).

ceptors providing inhibitory regulation of DA release, and in rodents
with increased NS the inhibitory function of these receptors is
diminished (8), thus leading to impaired inhibitory control. In obese
rodents, directly knocking out dorsal striatal DA D2R, which are
downstream of the SN dopaminergic neurons, causes compulsive
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eating behaviors (9). Indeed, we and others using ligands that bind
to both D2R and D3R have previously reported that D2/D3R signal-
ing in human obesity is altered (10-12).

We previously demonstrated that D2/D3R BPyp in the striatum is
negatively associated with fasting acyl ghrelin levels in a cohort of
normal weight and obese females (10). Acyl ghrelin is a neuroendo-
crine hormone that is produced from the peptide ghrelin, which is
secreted by the stomach before meals. It is the primary orexigenic sig-
nal driving food intake. Acyl ghrelin is the active ligand for the
growth hormone secretagogue receptor (GHSR). The GHSR is abun-
dant in the hypothalamus and has been identified on midbrain dopami-
nergic neurons (13). Ghrelin exposure to the midbrain neurons of the
ventral tegmental area (VTA) causes neuronal activation and DA
release in the downstream nucleus accumbens, a region fundamental
for sensing reward and pleasure (14). Ghrelin is essential for sensing
reward from both sugar and high fat foods (15), and also drugs of
abuse (16). Hansson et al. demonstrated that ghrelin exposure to mid-
brain DA neurons increases novelty seeking behaviors in rodents,
while such behaviors are diminished by blockade of the GHSR. As
ghrelin secretion is related to eating patterns, its regulation of NS fur-
thers the hypothesis that NS may be involved in obesity.

In the current study we hypothesized that obesity would influence the
midbrain dopaminergic regulation of NS. Based on the work of Hans-
son et al., it was suspected that ghrelin would also be relevant to NS
and midbrain DA receptors. Lastly, we hypothesized that increased NS
would occur in subjects with binge eating, particularly in the obese.
Obese and normal weight females completed the Novelty Seeking
Scale from the Tridimensional Personality Questionnaire (TPQ-NS), as
a measure of NS (17), the binge eating scale (BES) (18), as a continu-
ous measure of binge eating behaviors, and PET imaging with ['®F]fall-
ypride to measure DA D2/D3R BPyp in the SN, which has previously
been shown to be associated with NS in healthy humans.

Methods

Participants

Protocol approval was obtained from the Vanderbilt University Insti-
tutional Review Board and all participants gave written informed
consent. The majority of the participants in this study were included
in a previous analysis and publication (10), which includes a
detailed description of recruitment. Briefly, screening evaluation
included laboratory testing and a comprehensive interview and exam
to recruit healthy, weight stable individuals without a concerning
history for significant systemic, metabolic, or psychiatric disease
including substance abuse. No participant was being treated for psy-
chiatric illness or with centrally acting medications, and all partici-
pants had scores <20 on the Beck Depression Inventory-II (BDI-II)
(19). At screening and before the PET scans, females capable of
childbearing underwent serum pregnancy testing.

General study protocol

Participants underwent baseline structural magnetic resonance imag-
ing (MRI) to co-register with the PET images. Two days prior to
and on the day of the PET study participants were asked to refrain
from exercising, drinking alcohol, and to restrict coffee to <8 oun-
ces daily. On the day of the PET scan participants ate breakfast,
then consumed a small meal just before 10:00 am and drank water
only thereafter. Participants arrived approximately 2 hours before
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the PET scan and completed the TPQ-NS (17), the BES (18), and a
blood sample was taken to measure fasting neuroendocrine hor-
mones. PET scans were started at approximately 18:30 hours and
finished 3.5 hours later.

Neuroimaging

MRI structural scans of the brain were obtained for co-registration
purposes. Thin section T1 weighted images were done on either a
1.5T (GE; General Electric, 1.2-1.4 mm slice thickness, in plane
voxel size of 1 X 1 mm) or a 3T MRI scanner (Philips Intera
Achieva, 1 mm slice thickness, in plane voxel size of 1 X 1 mm).
PET scans with the D,/ D; receptor radioligand ['®F] fallypride
were performed on a GE DTSE scanner with a three-dimensional
emission acquisition and a CT scan for attenuation correction, which
has a reconstructed resolution of 2.34 mm in plane, approximately
5 mm axially, and provides 47 planes over a 30 cm axial field of
view. Serial PET scans were obtained over 3.5 hours. The first scan
sequence (70 minutes) was initiated with a bolus injection over
15 seconds to deliver 5.0mCi of ['®F] fallypride (specific activity
>2,000 Ci/mmol). The second and third scan sequences started at
85 and 150 minutes, lasting 50 and 60 minutes, respectively, with
15 minute breaks between scan sequences.

Imaging analysis

PET imaging analyses were completed as previously described by our
group (20). For this study we completed regions of interest (ROI)
analysis for the SN. The serial PET scans were co-registered to each
other and to the thin section T1-weighted MRI scans and were co-
registered using a mutual information rigid body algorithm. Images
were re-oriented to the anterior commissure-posterior commissure line.
The full reference region method was used to calculate regional DA
D2/D3R BPyp (21) with the cerebellum as the reference region. The
SN was delineated bilaterally and the BPyp from right and left aver-
aged for analysis as our group has previously shown limited laterality
effects in this region both in obese (22) and nonobese subjects (20).

Acyl ghrelin assay

Samples were collected for plasma acyl ghrelin into tubes containing
the serine protease inhibitor pefabloc sc (4-amidinophenyl-methane-
sulfonyl fluoride, Roche Applied Science, Germany). Plasma was
then acidified with 1 N hydrochloric acid (50 pl/ml plasma). Acyl
ghrelin concentrations were determined by RIA (Linco Research, St.
Charles, MO) and run in duplicate.

Statistics

The Mann-Whitney U test was used for descriptive statistics includ-
ing comparing demographics and outcome measures between normal
weight and obese females. Data are reported as median (25%, 75%
interquartile range) in the tables and medians in the text. Tests of
normality were run for TPQ-NS, BES, SN BPyp, and acyl ghrelin.
Spearman’s rank correlation coefficient was used as a nonparametric
measure of statistical dependence due to the presence of non-normal
distributions of key variables. Analyses were completed using SPSS
Statistics Version 20.

Results

Participants included eight normal weight and 19 obese (61 vs 104
kg) females who were similar in age. All were right handed except
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TABLE 1 Demographics and primary outcomes by weight category represented by median and interquartile range

Normal weight (n = 8) Obese (n=19) P-value
Age (y) 38 (36,51) 38 (33,41) 0.473
Weight (kg) 61 (52,65) 104 (96,118) <0.001
BMI (kg/m2) 22 (20,25) 38 (35,42) <0.001
TPQ-NS 16 (10,17) 15 (10,18) 0.938
BES 3(2,10) 10 (8,17) 0.018
SN D2R BPyp 2.48 (2.35,2.57) 2.66 (2.43,2.89) 0.159
Acyl ghrelin (pg/ml) 256 (159,332) 60 (34,134) <0.001

2 of the obese participants. Normal weight and obese (16 vs 15) had
similar TPQ-NS scores while obese had significantly (P = 0.018)
higher BES scores than the normal weight (10 vs 3, respectively).
SN DA D2R BPyp were also similar between normal weight and
obese (P >0.01) (Table 1, Figures 1-3).

By Kolmogorov-Smirnov test for normality, neither TPQ-NS scores
(P =0.017) nor BES (P =0.020) were normally distributed in the
normal weight group, as a significant test indicates a poor fit. In
obese, acyl ghrelin levels were not normally distributed (P = 0.003)
but all other measures were normally distributed. In the normal
weight group, we confirmed the previously reported negative rela-
tionship between TPQ-NS scores and SN DA D2/D3R BPynp
(r=—-0.711, P =0.048) (Figure 1A). However, the relationship was
not significant in the whole cohort (P >0.10) nor in the obese
(r=-0.04, P>0.8) (Figure 1B). Based on the work of Hansson
et al (23), who reported that in rodents ghrelin exposure to midbrain
DA neurons led to greater novelty seeking, we investigated the rela-
tionship of acyl ghrelin levels to NS. Fasting acyl ghrelin levels
were positively associated with TPQ-NS scores in the normal weight
participants (r =0.916, P =0.001) but a significant relationship did
not occur in the obese (r= —0.03, P >0.8) (Figure 2A and B) nor
the cohort as a whole (P > 0.10). Based on these findings, we sought
to examine whether a direct relationship occurred between acyl
ghrelin levels and SN D2/D3R BPyp. SN D2R BPyp and acyl ghre-
lin levels were significantly associated in both normal weight
(r=—0.786, 0.021) and obese (r=0.551, P =0.015) but the rela-
tionships were in opposite directions (Figure 3A and B). There were

no significant correlations between TPQ-NS with BES: whole cohort
(P >0 .10), normal weight, (P > 0.10), and obese (P > 0.10).

Discussion

In our normal weight females, we confirmed that D2/D3R BPyp in
the substantia nigra is negatively associated with novelty seeking
traits as previously demonstrated in a younger, larger cohort of
males and females (6), and supported by preclinical observations.
However, in obese participants this relationship was not maintained.
Obese participants also lacked the relationship of increased novelty
seeking occurring with increased acyl ghrelin that was present in
normal weight participants. Lastly, the relationship of acyl ghrelin
levels to midbrain DA receptors in obese is opposite of that which
occurs in normal weight. These findings suggest that DA functioning
is altered in obesity, such that the normal relationship between mid-
brain DA signaling and individual differences in personality no lon-
ger hold and that alterations in neuroendocrine regulation may be
involved.

We identified novel human relationships for acyl ghrelin with nov-
elty seeking. In normal weight participants, novelty seeking was
positively associated with fasting acyl ghrelin levels, which con-
verges with preclinical findings in rodents (23). In the obese partici-
pants there was not a significant relationship of novelty seeking and
acyl ghrelin levels, revealing that the neuroendocrine regulation of
novelty seeking differs for obese and healthy weight. While two
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single nucleotide polymorphisms (SNPs) in the GHSR gene have
been associated with novelty seeking in humans (23), a relationship
with obesity has not been identified (24). Further work investigating
these SNPs impact on novelty seeking in obesity may be insightful.
Interestingly, heterodimerzation of GHSR and D2R occurs in the
hypothalamus and is necessary for D2R mediated anorexia (25).
Heterodimerzation of GHSR and D2R has not been identified in
other brain regions. A consideration for future investigation is
whether heterodimerzation of GHSR and D2-like receptors occurs in
the midbrain and if so whether this is influenced by obesity. Ghrelin
resistance also occurs in DIO (26), and is another potential contribu-
tor to variation between obese and normal weight.

We found that that acyl ghrelin levels are directly related to SN D2/
D3R availability, however, the direction of the relationship is oppo-
site in normal weight and obese individuals, negative and positive,
respectively. Given that D2 receptors in the midbrain are primarily
autoreceptors, the data in normal weight participants provide a con-
vergent picture in which acyl ghrelin, midbrain D2/D3 receptor
availability, and NS are each related. Acyl ghrelin enhances DA cell
firing properties (27), and a reduction in autoreceptor control will
similarly enhance DA release when stimulated (8). This enhance-
ment in DA excitability and release is expected to cause novelty
seeking behaviors. To our knowledge, no previous studies have

examined whether acyl ghrelin can alter expression of autoreceptors,
but the present data suggest this possibility. The possibility of
enhanced DA release in individuals with higher ghrelin levels is
also consistent with our previous report that fasting acyl ghrelin lev-
els are negatively associated with D2/D3R BPyp throughout the
striatum in normal weight and obese. If higher acyl ghrelin leads to
greater DA release at the time of scanning, it may lower estimates
of striatal binding potential, because of competition between
['®F]fallypride and endogenous DA, consistent with our past inter-
pretation of a ghrelin striatal dopamine link.

That the obese participants demonstrated an opposite pattern of rela-
tions between fasting acyl ghrelin levels and SN D2-like receptor
availability, suggests that in obesity the midbrain DA system is
altered such that the anticipated interaction with ghrelin is compro-
mised. Because binding potential is multidetermined, ghrelin and
other hormones related to obesity and feeding could influence differ-
ent aspects of midbrain receptor availability. For instance, higher
binding potential can reflect either larger numbers of DA neurons, or
higher levels of D2/D3 receptors expression per DA neuron. Recep-
tor availability can also be influenced by differences in somatoden-
dritic DA release, which is essential for feedback inhibition and
previously shown to be regulated by the hypothalamic stress hor-
mone corticotropin-releasing factor (28), supporting the complexities
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FIGURE 3 Linear representations of the correlations between fasting acyl ghrelin levels and SN D2/D3R
binding potential (BPnp) in normal weight (A, panel A) (= —0.786, P=0.021) and obese (@, panel B)

(r=0.551, P = 0.015) participants.
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of integration of information from both homeostatic and midbrain
pathways. Another consideration is that ['*F]fallypride binds at both
D2 and D3 receptors. Recently it was suggested that variation in
D3R density may explain the conflicting reports of striatal D2-like
availability in obesity that were determined with D2/D3R radioli-
gands (29). The midbrain has high levels of D3R (30), and thus our
reported associations could specifically reflect D3R density. Whereas
D2R provide the most potent inhibitory influence on DA neurons
(31,32), D3R also play a role in regulating DA neuron activity
(33.,34). For instance, it has been suggested that D3R play a specific
role in regulating basal DA levels through mechanisms that appear
distinct from the intracellular pathways used by D2R (35). If D2R or
D3R are differentially modulated by hormones related to feeding and
obesity, and only one of these receptor types is linked to novelty
seeking, then the ability to observe relations between combined D2/
D3R binding in the SN may disappear. Interestingly, emerging data
on D3R suggests that it may have some specific roles in feeding and
addiction. SN D3R binding is increased in methamphetamine poly-
drug users and believed to contribute to the compulsive phenotype
(36). Systemic antagonism of D3R is associated with reduced reactiv-
ity to drugs and food cues in rodents (37), and to food cues in over-
weight and obese individuals (38), but studies examining the relation
of midbrain D3 receptors to obesity and feeding are lacking. Simi-
larly, distinctions between D2R and D3R could help explain why the
relationship of ['®F]fallypride binding in the SN with acyl ghrelin is
opposite in obese compared to normal weight.

We had hypothesized that binge eating would be a relevant food
related correlate to novelty seeking behaviors but did not find an
association between the two. Binge eating behaviors are reported to
occur in as high as 64% of those seeking weight loss surgery. While
we did not find a significant relationship, in a cohort of nearly 600
obese patients seeking medical treatment for obesity, BES scores
were positively associated with novelty seeking (39). We found sim-
ilar novelty seeking scores for obese and normal weight, but Sulli-
van et al. in a larger cohort found that obese participants had ~20%
higher TPQ-NS scores compared to normal weight. They also
reported that lower baseline TPQ-NS predicted better weight loss
and concluded that participants with higher novelty seeking possibly
eat excessively out of boredom (40). As a result of the expense of
PET imaging, our sample is naturally smaller. Additionally, our
sample was limited to women, which does minimize any gender
related confounds in the study. Thus, we may simply be underpow-
ered to detect relations with BES, obesity, and TPQ-NS. It is also
worth noting that the TPQ-NS primarily addresses novelty seeking
traits to nonfood stimuli which does limit the ability to draw conclu-
sions related to eating behaviors. From our work, we cannot con-
clude that novelty seeking and binge eating have a relevant relation-
ship in obesity, but do propose that future investigations should
consider food specific novelty seeking behaviors.

There are various limitations when interpreting the existing data.
We focused on NS and the SN based on; 1) the previous human lit-
erature (6) in which the correlated voxels were highly consistent
with the location of the SN, and 2) the spatial resolution of PET
scanning, which limits the ability to dissociate binding potential in
the VTA and SN. As scanning methodology advances, improved
resolution may allow investigations delineating DA receptors in the
SN and VTA, enhancing the understanding as to how these specific
regions influence NS. Our participants only completed the NS por-
tion of TPQ, but TPQ also allows measurement of reward depend-

Novelty Seeking in Obesity Savage et al.

ence and harm avoidance (17), which likely have relevant relation-
ships to DA signaling and obesity. Participants were studied in a
fasted state which influences ghrelin levels; therefore postprandial
measurements would allow a more complete understanding of neuro-
endocrine regulation of NS. The obese group had a larger range of
variation for SN D2/D3R binding compared to the normal weight
and future studies that include sub-group analyses may be insightful.
The fasting acyl ghrelin levels were significantly lower in obese
compared to normal weight, which others have reported (26). These
very low levels potentially make the obese vulnerable to different
regulators of NS, thus contributing to the loss of relationship that
was present in our normal weight. Lastly, conclusions can only be
related to females. Future studies will need to take these limitations
into account.

In summary, in normal weight females the relationships of midbrain
dopaminergic D2/D3 receptors and ghrelin levels to novelty seeking
are consistent with preclinical models while neither relationship is
maintained in obesity. This supports that the dopaminergic regula-
tion of novelty seeking is compromised in obesity and may be influ-
enced by changes in neuroendocrine hormones. In addition, we pres-
ent evidence supporting a role for ghrelin in midbrain DA signaling
and reward related behaviors. Hence, further work is necessary to
understand the behaviors that drive and perpetuate obesity including
in the area of neuroendocrine regulation of reward signaling. O

© 2014 The Obesity Society
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