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Abstract

Aims: The dopamine transporter (DAT) actively translocates dopamine that is

released from the presynaptic neurons across the membranes of nerve terminals into

the extracellular space. We hypothesized that glucose loading-induced changes in

striatal DAT levels could be associated with food intake in humans.

Materials and methods: An intravenous bolus injection of 18F-FP-CIT was adminis-

tered after infusion of glucose or placebo (normal saline), and emission data were

acquired over 90 minutes in 33 healthy males. For a volume-of-interest-based analy-

sis, an atlas involving sub-striatal regions of ventral striatum (VST), caudate nucleus

and putamen was applied. DAT availability and binding potential (BPND) were mea-

sured using a simplified reference tissue method with cerebellum as the reference.

Results: The glucose-loaded BPND from the VST negatively correlated with body

mass index (BMI), whereas the placebo-loaded BPND from the VST did not. After

loading with glucose, there were substantial increases in BPNDs: 18.3%, 71.7% and

34.0% on average in the VST, caudate nucleus and putamen, respectively.

Conclusion: Striatal DAT changes after glucose loading, and BMI is associated with

glucose-loaded DAT availability, not with placebo-loaded DAT availability. DAT might

have a role in the reward system of eating behavior.
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1 | INTRODUCTION

Obesity rates have nearly tripled worldwide since 1975 and obesity

has become one of the major public health threats.1 Obesity arises

from energy intake that chronically exceeds energy expenditure.1

Among other factors, the brain plays a critical role in controlling this

energy balance.2 Food intake is controlled by a homeostatic system in

the hypothalamus and the hedonic reward system, which are closely

linked with each other.3 Dopamine is a neurotransmitter that plays a

major role in motivation and reward pathways.4 Feeding induces

dopamine release in the striatum, and dysfunction of the dopaminer-

gic reward system can lead to overeating, which significantly overlaps

with drug addiction.5

There is no direct method of measuring dopamine levels in the

human brain. Therefore, molecular neuroimaging using dopamine

receptor (DR) radiopharmaceuticals was adopted in order to under-

stand the dopaminergic pathway in the brain. When compared with

lean controls, DR availability in individuals with moderate obesity was

observed to be higher than that in individuals with severe obesity.6,7

However, results among studies are inconsistent, and the role of DR

in obesity is uncertain. In addition, DR availability acquired by positron

emission tomography (PET) is sensitive to the endogenous concentra-

tions of dopamine,8 which can complicate interpretation of results.

The dopamine transporter (DAT) is located on the plasma mem-

brane.9 It actively translocates dopamine that is released from the pre-

synaptic neurons across the membranes of nerve terminals into the

extracellular space.10 Unlike DR, the DAT might be insensitive to the

synaptic dopamine concentration, as no change in DAT availability

was observed after depletion or release of dopamine.11,12 Although

the DAT is a major target of various pharmacologically active drugs,

its role in obesity has not been established. The majority of previous

studies reported no significant correlation between DAT availability

and body mass index (BMI),13-15 and the DAT was not thought to be

involved in the neurobiology underlying obesity in humans.13 How-

ever, according to animal studies, insulin increases the levels and

activity of DAT mRNA and, thereby, enhances the clearance of dopa-

mine from the synapse.16

We hypothesized that glucose loading might change striatal DAT

availability in humans. Therefore, we investigated the potential role of

the DAT by exploring (a) the association between BMI and DAT avail-

ability and (b) the effect of glucose loading on DAT availability in

humans.

2 | METHODS

2.1 | Participants

The study was approved by the institutional review board of Pusan

National University Hospital (PNUH-1707-019-057). All participants

signed an informed consent form prior to participation. Thirty-three

healthy, non-obese males were recruited. Participants who experi-

enced more than 10% change in weight over six months, who were

heavy smokers, or who had a history of drug abuse, brain injury, neu-

ropsychological disorders or endocrine disorders were excluded. On

the day of each visit, participants were instructed to fast overnight for

at least 12 hours and to abstain from smoking and alcohol consump-

tion. The participants visited the study site between 11:00 am and

12:00 pm to avoid the effect of diurnal variations in dopamine.

2.2 | Study design

Each participant visited the study site twice, on separate days, for two

PET scans. During each visit, height (m) and weight (kg) were mea-

sured and BMI was calculated as weight/height−2. Bilateral

antecubital veins were cannulated: one for blood sampling and for

injection of 18F-FP-CIT, and the other for glucose or placebo infusion.

Participants were blinded and randomly assigned to either glucose or

placebo infusions. For 10 minutes, 300 mg/kg of glucose in a 50%

solution was administered. Placebo (normal saline) was administered

at the same speed and volume.17 The serum glucose level (mg/dL) and

insulin level (μU/mL) were measured before and after the infusions of

glucose and placebo. The serum glucose level was determined by an

enzymatic reference method using hexokinase with Glucose HK

Gen.3 (Roche Diagnostics GmbH, Mannheim, Germany). The serum

insulin level was determined by an electrochemiluminescence immu-

noassay method using Elecsys Insulin (Roche Diagnostics GmbH). An

intravenous bolus injection of 18F-FP-CIT (210.9 ± 16.3 MBq) was

administered after infusion of glucose or placebo. Emission data were

acquired over 90 minutes with 50 frames of progressively increasing

durations (15 s × 8 frames, 30 s × 16 frames, 60 s × 10 frames,

240 s × 10 frames and 300 s × 6 frames) using the Biograph

40 Truepoint PET/CT (Siemens Healthcare, Knoxville, Tennessee).

Dynamic PET data were collected in the three-dimensional mode,

with 148 slices with image sizes of 256 × 256 and pixel sizes of

1.3364 × 1.3364 mm2. These were reconstructed by filtered back

projection using a Gaussian filter. The study design is illustrated in

Figure 1.

2.3 | Image analysis

For a volume-of-interest (VOI)-based analysis, an averaged image (0–-

10 minutes after injection) was created from dynamic PET frames and

spatially normalized to a 15O-Water PET template in statistical para-

metric mapping 5 (Wellcome Trust Centre for Neuroimaging, UK). To

F IGURE 1 Study design
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extract time-activity curves (TACs) of VOIs from full dynamic PET

scans, the Oxford-GSK-Imanova striatal atlas from the FMRIB Soft-

ware Library v5.0 (https://fsl.fmrib.ox.ac.uk/fsl) was applied. This is an

atlas involving sub-striatal regions of ventral striatum (VST), caudate

nucleus and putamen, segmented according to anatomical structure

and manually delineated on the non-linear MNI 152 template.18 DAT

availability, expressed in terms of binding potential (BPND), was mea-

sured by analyzing TACs using a simplified reference tissue method19

with cerebellum as the reference tissue. Percent changes in BPND

were calculated as follows: (Glucose-loaded BPND – Placebo loaded

BPND) / Placebo-loaded BPND × 100(%). Image analysis was done

using pmod version 3.6 (PMOD Technologies LLC, Zurich,

Switzerland).

2.4 | Statistical analysis

Normality was assessed using the D'Agostino and Pearson normality

test. The paired t-test was used to compare the glucose-loaded BPND

and placebo-loaded BPND of each participant, and to compare

glucose/insulin levels before and after glucose loading. Pearson corre-

lation analysis was used to determine the association between BMI

and the BPND. All analyses were conducted using Prism v7.0d

(GraphPad Software Inc, La Jolla, California).

3 | RESULTS

Thirty-three healthy males, with an age range of 20 to 31 years and

mean age of 24.5 ± 2.8 years, were included in the study. Mean BMI

of the study group was 23.1 kg/m2. Glucose and insulin levels were

increased after glucose loading (both P < 0.0001). Participant charac-

teristics are summarized in Table 1.

In VOI-based analyses, the average BPND of the VST, caudate

nucleus and putamen were 4.49 ± 1.99, 3.98 ± 1.90 and 5.96 ± 1.96,

respectively, for participants loaded with glucose, and were 4.61

± 1.61, 3.25 ± 1.97 and 5.25 ± 2.14, respectively, for participants

loaded with placebo (Figure 2). BPND of the VST, caudate nucleus and

putamen were increased after glucose loading in 15, 19 and 21 partici-

pants, respectively. Interestingly, glucose-loaded BPND from the VST

negatively correlated with BMI (r = −0.4159; P = 0.0161), whereas,

placebo-loaded BPND from the VST did not show any significant asso-

ciation with BMI (r = −0.1355; P = 0.4521) (Figure 3). Both glucose-

loaded and placebo-loaded BPNDs from the caudate nucleus

(r = 0.0067; P = 0.9703 and r = −0.1219; P = 0.4992, respectively)

and the putamen (r = −0.1038; P = 0.5652 and r = −0.0708;

P = 0.6953, respectively) did not show any significant correlation with

BMI. However, after loading with glucose, there were substantial

increases in BPNDs: 18.3%, 71.7% and 34.0% on average in the VST,

caudate nucleus and putamen, respectively, although the paired t-test

did not reveal significant differences in BPNDs in the VST (P = 0.7828),

caudate nucleus (P = 0.0763) and putamen (P = 0.1094) (Figure 4).

4 | DISCUSSION

To the best of our knowledge, this is the first human study to investi-

gate the association of DAT availability with glucose loading. The

results indicate, first, that BMI is associated with DAT availability from

the VST after glucose loading, whereas such an association is not pre-

sent with placebo loading, and second, that the average increase in

DAT availability after glucose loading was more than 18%.

Obesity results from an imbalance between energy intake and

expenditure,1 and the brain is the primary centre controlling this bal-

ance.20 Eating behavior is regulated by the homeostatic and hedonic

systems of the brain.3 The hypothalamus plays a central role in

maintaining the physiologic requirements of the body through regula-

tory neuropeptides such as leptin, ghrelin and orexin.16,21 Also, the

regulation of eating behavior is involved with a reward system.16 Neu-

rotransmitters, such as dopamine, opioid and serotonin, mediate the

hedonic functions of this reward system.3,22 Among them, dopamine

plays a major role in modulating motivation and in reward

processing.23 There are two major hypotheses regarding the role of

dopamine. The first hypothesis, dopamine hyper-responsiveness,

explains the hypersensitivity to rewards that is related to an increased

salience of food, leading to the excessive intake of highly palatable

foods.24,25 The second hypothesis, reward deficiency syndrome, main-

tains that individuals who are insensitive to rewards overeat to

increase their endogenous dopamine levels.24,25 Hence, a nonlinear

relationship of an inverted parabola has been proposed between DR

and BMI based on previous studies. In mild obesity, the change in DR

TABLE 1 Characteristics of participants

Variable

Age (years) 24.5 ± 2.8

Body mass index (kg/m2) 23.1 ± 2.2

BPND

Glucose-loaded

VST 4.49 ± 1.99

Caudate nucleus 3.98 ± 1.90

Putamen 5.96 ± 1.96

Placebo-loaded

VST 4.61 ± 1.61

Caudate nucleus 3.25 ± 1.97

Putamen 5.25 ± 2.14

Glucose level (mg/dL)

Before glucose loading 84.6 ± 9.2

After glucose loading 106.5 ± 15.7

Insulin level (μU/mL)

Before glucose loading 6.8 ± 3.5

After glucose loading 15.7 ± 9.6

Note: Data are expressed as number of participants or mean ± standard

deviation.

Abbreviations: BPND, binding potential; VST, ventral striatum.
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is not significant. However, with the onset of moderate obesity, the

responsiveness of dopamine increases until the BMI rises to approxi-

mately 35–40 kg/m2, following which a reward deficiency occurs in

severe obesity.3,24

As it is not currently possible to measure directly the concentra-

tion of dopamine in the human brain, molecular imaging using radio-

pharmaceuticals to assess biomarkers in vivo has been adopted. The

DR has been investigated widely in the field of neuroimaging with

regard to obesity. However, the association between obesity and the

DR remains unclear as the result of lack of agreement among previous

studies. A lower availability of DR in obese individuals than in non-

obese individuals was reported for the first time by Wang et al.6 How-

ever, the opposite was also observed, as well as the absence of a dif-

ference in availability of DR between obese and non-obese

individuals.26,27 This inconsistency could be attributed to the charac-

teristics of the radiopharmaceuticals. For example, in individuals who

were scanned with both 11C-PHNO and 11C-raclopride, different

associations between the radiopharmaceuticals and obesity were

found, even in the same individual.28 In addition, the distribution of

BMI in each study might have had an effect on this disagreement. As

obesity can be defined as a BMI of 30 or more, individuals with both

moderate and severe obesity can be included in the obese group in

each study.6,26,29 Moreover, as a fundamental limitation of DR

availability acquired as assessed by PET scans is that endogenous

dopamine competes with the radiopharmaceuticals for binding with

the DR,8 lower DR availability can be interpreted as either higher

release of endogenous dopamine or downregulation of DR. DR avail-

ability cannot determine whether obesity is associated with changes

in endogenous dopamine concentration or with the expression of

DR. In addition, the majority of studies regarding DR availability were

done without food stimulation (in the preprandial state) or eating

(in the postprandial state). The prediction of DR availability or endoge-

nous dopamine concentration in the preprandial or postprandial state,

from baseline DR availability, might be difficult in both obese and

non-obese individuals. The average striatal DR availability showed a

statistically insignificant decrease of 3.0%–7.4% with stimulation via

the smell and taste of food.30,31 Although the average striatal DR

availability did not change significantly after eating, DR availability

from the dorsal striatum decreased by 6.8%–12.4%.32 When loaded

with glucose, striatal DR availability decreased by 7.0%–8.2%.17

Therefore, based on studies in the preprandial or postprandial state,

the changes in DR availability are minimal, the maximal decrease being

12.4%.

The role of the DAT in obesity has been investigated previously.

Although synaptic dopamine concentrations are regulated by the

DAT, it is insensitive to the synaptic dopamine concentration, unlike

F IGURE 2 Average BPND after
glucose and placebo loading
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DR, and it is affected neither by the depletion of dopamine via the

tyrosine hydroxylase inhibitor11 nor by the release of dopamine by

the DR antagonist.12 With the exception of one study,33 most base-

line studies have shown no significant association between DAT avail-

ability and BMI.13-15 Consistent with previous studies, DAT

availability in the placebo-loaded participants (baseline) did not show

any significant correlation with BMI in this study. However, eating

behavior is a complicated and incompletely understood process,

resulting from a combination of visual stimulation, olfactory stimula-

tion, expectation, gastric distension and glucose levels.17 In this study,

we used the glucose infusion to reflect food intake, and we focused

on the effect of an increase in glucose level on DAT availability. Inter-

estingly, DAT availability in the VST after glucose loading negatively

correlated with BMI. The VST plays a key role in processing reward

cues and in motivating reward- seeking behavior.28 As DATs take up

synaptic dopamine into the presynaptic neuron, individuals with a

lower BMI may experience higher clearance of synaptic dopamine,

resulting in lower endogenous concentrations of dopamine in the

VST, which stops food intake. As DAT availability is not affected by

endogenous dopamine concentrations, DAT availability in the VST

after glucose loading might be directly connected with eating behav-

ior. This connection is seen despite the narrow range in BMI among

participants in this study. From animal studies, it is known that insulin

can act on insulin receptors to amplify dopamine uptake by the DAT

through the PI3 kinase signaling pathway, which enhances the surface

expression of DATs, and also the release of dopamine in the striatum,

F IGURE 3 Correlation between body mass index (BMI) and BPND of the ventral striatum (A, D), caudate nucleus (B, E) and putamen (C, F)
after glucose and placebo loading

F IGURE 4 Paired t-test of BPND of ventral striatum (A), caudate nucleus (B) and putamen (C) between glucose loading and placebo loading
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which might influence food-related rewards.34,35 Therefore, the

change in DAT availability might be related to the increase in insulin

level after glucose loading. In this study, the average change in DAT

availability was more than 18%, which is much higher than the aver-

age change in DR availability, or in dopamine concentrations, seen in

previous studies.17

There are several limitations to this study. First, the sample size of

33 healthy males was small. Second, only males were studied, to

exclude the effect of sex, as sex hormones are known to regulate

appetite and eating behavior.36 Third, the BPNDs measured did not

distinguish between DAT density and affinity. Moreover, both direct

comparisons with DR availability in the same individuals and further

studies to investigate the role of DAT in obesity are necessary.

We have highlighted that 1) striatal DAT changes after glucose

loading, and 2) BMI is associated with glucose-loaded DAT availability,

not with placebo-loaded DAT availability. After loading with glucose,

substantial increases in striatal DAT availability were observed and

DAT might have a role in the reward system concerning eating

behavior.
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