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ABSTRACT

Brain dopamine neurotransmission is regulated by dopamine transporter (DAT), which drives 

reuptake of extracellular dopamine into the presynaptic neurons. We hypothesized that the dose of 

glucose loading would affect the striatal DAT availability. An intravenous bolus injection of 18F-FP-

CIT was administered after infusion of low-dose glucose (300 mg/kg), high-dose glucose (600 mg/kg) 

or placebo (normal saline). The emission data were acquired over 90 mins in 23 healthy male subjects. 

Substantial increases of binding potential (BPNDs) from ventral striatum (VST), caudate nucleus, and 

putamen were observed after low-dose glucose loading (+26.0%, +87.0%, and +37.8%), and after 

high-dose glucose loading (+10.4%, +51.9%, and +22.0%). BPNDs of the caudate nucleus and 

putamen showed significant differences (p=0.0472 and 0.0221) after placebo, low-dose glucose, and 

high-dose glucose loading. BPNDs in the caudate nucleus and putamen after placebo, low-dose glucose, 

and high-dose glucose loading were positively intercorrelated with each other. In conclusion, striatal 

DAT changes after physiological glucose loading, but not after supraphysiological glucose loading in 

humans. DAT availabilities after placebo, low-dose glucose, high-dose glucose loading were 

correlated each other in the caudate nucleus and putamen, but not in the VST. Therefore, sub-regional 

variability in DAT regulatory mechanisms mediated by insulin may exist in humans. 
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INTRODUCTION

The brain plays a critical role in controlling energy balance of the body (1). Energy intake 

chronically exceeding energy expenditure leads to obesity (2,3). Obesity is related with insulin 

resistance in muscle, liver as well as the brain (4,5), as insulin is released from the pancreas in 

response to increased glucose levels as a consequence of food intake (6), it crosses the blood-brain 

barrier, and stimulates insulin receptors (7). There is a growing evidence that insulin resistance is 

associated with neurodegenerative disorders such as Alzheimer dementia (8), and Parkinson’s disease 

(9,10).  

Food intake is controlled by a homeostatic system in the hypothalamus and the hedonic 

reward system, both of which are closely linked (11). Dopamine is a neurotransmitter that plays a 

major role in the motivation and reward pathways (12). Feeding induces dopamine release in the 

striatum, and a dysfunction of the dopaminergic reward system can lead to overeating, and obesity 

(13). 

Brain dopamine neurotransmission is regulated by dopamine transporter (DAT), which 

drives reuptake of extracellular dopamine into presynaptic neurons (14). In addition, DAT is a major 

target for various pharmacologically active drugs (14). However, previous studies showed no 

association between baseline DAT availability and body mass index (BMI) (15-17). Recently, we 

reported the first human study that demonstrated substantial increases of striatal DAT after glucose 

loading, and the association of DAT availability in the ventral striatum (VST) after low-dose glucose 

loading with BMI (18). We measured striatal DAT availability using dynamic positron emission 

tomography (PET) scans with 18F-FP-CIT, a radioligand with high affinity for DAT, in response to 

glucose loading. 
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We hypothesized that the dose of glucose loading might affect striatal DAT availability in 

humans. Therefore, we investigated DAT availability by exploring the following: 1) the association 

between the dose of glucose loading and DAT availability, 2) the sub-regional variability of the effect 

of glucose loading on DAT availability in humans.

MATERIALS AND METHODS

Subjects

All participants signed an informed consent form prior to participation. Twenty-three healthy, 

non-obese male subjects were included in this study. Subjects who had more than 10% change in 

weight over six months, were heavy smokers, or indicated a history of drug abuse, brain injury, 

neuropsychological disorders, or endocrine disorders were excluded. We screened the subjects at first 

about the medication and past neuropsychological history, and those without any known histories 

were included. On the day of each visit, the subjects were instructed to fast overnight for at least 12 

hours and abstain from smoking and alcohol consumption. Participants were not instructed to have 

any standardized meal prior to experiment. The subjects visited the institution between 11 am and 12 

pm to account for the diurnal variations in dopamine. The majority of the participants in this study 

were included in a previous study of striatal DAT changes after low-dose glucose loading (18). This 

study was approved by the institutional review board of Pusan National University Hospital (PNUH-

1707-019-057).

Study design

Each subject visited the institution 3 times, on separate days, for three PET scans. Three PET 

scans were done within 2 months for each subject. During the visits, the height (m) and weight (kg) of 

the subject were measured. BMI was calculated as follows: weight / height-2. Bilateral antecubital 

veins were cannulated: one for blood sampling and for injection of 18F-FP-CIT, and the other for low 
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or high-dose glucose, or placebo infusions. The subjects were blinded and randomly assigned for 

either low-dose glucose, high-dose glucose, or placebo infusions. Over 10 minutes, 300 mg/kg (low-

dose) or 600 mg/kg (high-dose) of glucose in a 50% solution was administered. The placebo (normal 

saline) was also administered at the same speed and volume with 300 mg/kg of glucose (19). The 

serum glucose level (mg/dL) and insulin level (µU/mL) were measured before and after the infusions 

of glucose and placebo. Serum glucose level was determined through an enzymatic reference method 

using hexokinase with the Glucose HK Gen.3 (Roche Diagnostics GmbH, Germany). Serum insulin 

level was determined through an electrochemiluminescence immunoassay method using Elecsys 

Insulin (Roche Diagnostics GmbH, Germany). An intravenous bolus injection of 18F-FP-CIT (210.9 ± 

16.3 MBq) was administered after the infusion of glucose or placebo. The emission data were 

acquired over 90 mins 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) (20) using the Siemens 

Biograph 40 Truepoint PET/CT (Siemens Healthcare, Knoxville, Tennessee, USA). The dynamic 

PET data were collected in the 3-dimensional mode, with 148 slices with image sizes of 256 × 256 

and pixel sizes of 1.3364 × 1.3364 mm2. These were reconstructed using iterative method with a 

Gaussian filter. The study design is shown in Figure 1. 

Image Analysis

For a volume-of-interest (VOI)-based analysis, an averaged image (0-10 min after injection) 

was created from dynamic PET frames and spatially normalized to 15O-Water PET template in 

statistical parametric mapping 5 (Wellcome Trust Centre for Neuroimaging, United Kingdom). To 

extract time-activity curves (TACs) of VOIs from full dynamic PET scans, Oxford-GSK-Imanova 

striatal atlas from FMRIB Software Library v5.0 (https://fsl.fmrib.ox.ac.uk/fsl) was applied, which is 

an atlas consisting of 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 (21). DAT availability, expressed in terms of binding potential (BPND), were measured by 

analyzing TACs with the simplified reference tissue method (22) with the cerebellum as a reference. 

Image analysis was done using pmod version 3.6 (PMOD Technologies LLC, Zurich, Switzerland). 
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Statistical analysis

Normality was assessed using the D’Agostino & Pearson normality test. Percentage changes 

of BPND were calculated as follows: (BPND after glucose loading - BPND after placebo loading) / BPND 

after placebo loading × 100(%). A repeated-measures ANOVA was used to compare the difference of 

BPND between placebo, low-dose glucose, and high-dose glucose loading. A post-hoc analysis was 

done using the Tukey test. The Pearson correlation analysis was used to determine the association 

between the BMI and BPNDs from the VST, and between BPNDs after placebo, low-dose glucose, and 

high-dose glucose loading. All analyses were conducted using Prism (v7.0d, GraphPad Software Inc, 

La Jolla, CA, USA).

RESULTS

Twenty-three healthy males, with an age range of 20 to 30 years, and a mean age of 23.9 ± 

2.2 years were included in this study. The mean BMI of the study group was 22.5 ± 2.1 kg/m2. The 

serum glucose and insulin levels were increased after low-dose (p<0.0001, <0.0001), and high-dose 

(p<0.0001, <0.0001) glucose loading. The mean increases of glucose and insulin levels were 21.4 ± 

12.8 mg/dL, 6.9 ± 6.7 µU/mL after low-dose glucose loading, and 303.3 ± 34.6 mg/dL, 68.6 ± 15.1 

µU/mL after high-dose glucose loading, respectively. The subjects’ characteristics are summarized in 

Table 1.

The average BPND of the VST, caudate nucleus, and putamen were 4.65 ± 1.48, 3.06 ± 2.03, 

and 5.07 ± 2.11 with placebo loading, 5.01 ± 1.83, 4.07 ± 1.82, and 6.16 ± 1.67 with low-dose glucose 

loading, and 4.42 ± 1.41, 3.79 ± 2.25, and 5.59 ± 2.07 with high-dose glucose loading, respectively 

(Figure 2). Low-dose glucose induced BPND of the VST was negatively correlated with BMI (r=-

0.4314; p=0.0398), however, neither placebo (r=-0.1892; p=0.3872) nor high-dose glucose (r=-0.3144; 

p=0.1440) induced significant differences in BPND of the VST. 

Substantial increases of BPNDs were observed in the VST, caudate nucleus, and putamen on 

average: +26.0 ± 91.9%, +87.0 ± 120.6%, and +37.8 ± 54.8% after low-dose glucose loading, and 
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+10.4 ± 69.2%, +51.9 ± 104.0%, and +22.0 ± 56.5% after high-dose glucose loading, compared with 

those after placebo loading. Using a repeated-measures ANOVA, BPNDs of the VST after placebo, 

low-dose, and high-dose glucose loading were not significantly different (p=0.4324). However, BPNDs 

of caudate nucleus (p=0.0472), and putamen (p=0.0221) showed a significant difference after placebo, 

low-dose, and high-dose glucose loading. In post-hoc analysis, BPNDs of putamen after low-dose 

glucose loading was higher than those after placebo loading (adjusted p=0.0243), however, there was 

no difference of BPNDs of the putamen between placebo and high-dose glucose loading (adjusted 

p=0.3896), nor between low-dose and high-dose glucose loading (adjusted p=0.2725). Similarly, the 

BPNDs of the caudate nucleus after low-dose glucose loading showed a trend towards higher levels 

than those after placebo loading (adjusted p=0.0672) (Figure 3). 

Correlation of BPNDs from the VST, caudate nucleus, and putamen were analyzed to 

investigate how BPNDs are associated with each other. In the VST, BPNDs after placebo, low-dose 

glucose, and high-dose glucose loading were not significantly correlated with each other (p>0.05). 

However, BPNDs after placebo, low-dose glucose, and high-dose glucose loading were positively 

correlated with each other in 1) the caudate nucleus: placebo vs low-dose glucose loading (r=0.4392; 

p=0.0360), low-dose glucose vs high-dose glucose loading (r=0.5854; p=0.0033), and placebo vs 

high-dose glucose loading (r=0.6043; p=0.0023), and 2) the putamen: placebo vs low-dose glucose 

loading (r=0.5478; p=0.0068), low-dose glucose vs high-dose glucose loading (r=0.5937; p=0.0028), 

and placebo vs high-dose glucose loading (r=0.6005; p=0.0024), respectively (Figure 4).

DISCUSSION

The results of the current study indicate the following. First, DAT availability in the dorsal 

striatum (caudate nucleus and putamen) after low-dose glucose loading were higher than those after 

placebo (baseline), however, those after high-dose glucose loading were not significantly different 

from those after placebo loading (baseline). Second, DAT availability in the VST did not show 

significant differences after low or high-dose glucose loading. Third, DAT availability after placebo, 
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low-dose glucose, and high-dose glucose loading in the dorsal striatum (caudate nucleus and putamen) 

were correlated with each other.

Insulin is released from the beta cells of the pancreas in response to increased glucose levels 

as a consequence of food intake (6). It rapidly crosses the blood-brain barrier, and stimulates insulin 

receptors (7). In a study by Haltia et al, intravenous low-dose glucose loading did not produce a 

significant effect on dopamine receptor availability in healthy subjects (19). In animal studies, insulin 

activates the PI3K/Akt signalling pathway by acting on insulin receptors, which enhances surface 

expression of DAT (23). DAT actively promotes the reuptake of released dopamine, from the 

extracellular space into the presynaptic neuron (14,24). Recently, substantial increases of striatal DAT 

availability after low-dose glucose loading, and an association with DAT availability in the VST after 

low-dose glucose loading with BMI were reported by our group for the first time in humans (18). In 

this study, to investigate whether these changes of striatal DAT availability were associated with the 

dose of glucose loading, striatal DAT availability was measured after both placebo (normal saline), 

300 mg/kg (low-dose), and 600 mg/kg (high-dose) of glucose loading in each subject. As healthy, 

non-obese male subjects without endocrine disorders were included in this study, the mean glucose 

level of 103.9 mg/dL after low-dose glucose loading could be considered as physiological level of 

glucose loading, and that of 384.1 mg/dL after high-dose glucose loading could be considered as 

supraphysiological level of glucose loading. DAT availability was increased on average at least 26% 

after low-dose glucose loading similar with a previous study (25), and 10% after high-dose glucose 

loading. The repeated-measures ANOVA and post-hoc analysis of DAT availabilities in the dorsal 

striatum (caudate nucleus and putamen) showed the significant difference after placebo, low-dose 

glucose, and high-dose glucose loading, particularly with higher levels after low-dose glucose loading. 

This is consistent with an animal study by Stouffer et al in which DAT-mediated uptake was 

increased after exposure to a physiological concentration (30 nM) of insulin, however, was unchanged 

from control after supraphysiological concentration (100 nM) of insulin, which may be a consequence 

of insulin receptor desensitization or downregulation of signalling pathways at supraphysiological 
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concentrations of insulin (26). However, the underlying mechanisms of blunted responses of DAT-

mediated uptake in supraphysiological concentration of insulin remain unclear. 

Different from DAT availability in the dorsal striatum (caudate nucleus and putamen), those 

in the VST were not significantly different after either low-dose or high-dose glucose loading. DAT 

availability in the VST after placebo loading (baseline) did not show any significant correlation with 

BMI, consistent with previous studies (15-17). However, DAT availability in the VST after low-dose 

glucose loading was negatively correlated with BMI. The VST plays a major role in processing 

reward cues and in the motivation to seek rewards (27). As DAT takes up the synaptic dopamine into 

presynaptic neurons, subjects with lower BMI may have a higher clearance of synaptic dopamine 

resulting in lower endogenous concentrations of dopamine in the VST, stopping food intake. However, 

this cannot discriminate if this association between DAT availability in the VST after low-dose 

glucose loading and BMI is a consequence or a cause of the eating behavior. Although the increase of 

DAT availability in the dorsal striatum may be modest, and not be important in clinical setting, these 

might be important to understand the mechanism of insulin action on brain dopaminergic system. 

Although DAT availability in the dorsal striatum (caudate nucleus and putamen) after high-

dose glucose loading was not different from those after placebo (baseline) or low-dose glucose 

loading, they were significantly correlated each other without an association with obesity, as 

measured by BMI, which was not seen in the VST. In addition, although the substantial increase of 

DAT availability after low-dose glucose loading was shown in both the VST and the dorsal striatum 

(caudate nucleus and putamen), the coefficient of variation of percentage changes of BPND from the 

VST was 353.6%, while those from the caudate nucleus and putamen were 138.7%, and 145.0%, 

respectively, which indicates that the response of DAT availability in the VST after low-dose glucose 

loading varies in each subject. In animal studies, sub-regional variation in DAT regulation within the 

striatum were reported in rats with chronic hyperinsulinemia (23). They also had reduced DAT-

mediated uptake in the caudate/putamen with unchanged DAT-mediated uptake in the nucleus 

accumbens, which might be related to a compensatory decrease in the sensitivity of the insulin 
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receptor (23). Therefore, region-dependent DAT regulatory mechanisms (ventral vs dorsal striatum) 

may exist in both animals and humans. 

There are several limitations to this study. First, twenty-three healthy male subjects were 

included; as such, the sample size was small. Although the data was interpreted with cautions, sample 

size was not enough. As DAT availability, and the response to glucose loading may be affected by sex, 

we enrolled only males in this study. Therefore, these findings may not be generalized in females, 

subjects with obesity, prediabetes, and diabetes. Second, as this is the first human study which 

investigated the association between the dose of glucose loading and striatal DAT changes, non-obese 

subjects without endocrine disorders were included. From animal studies, streptozotocin induced 

insulin resistance is known to affect the action of DAT-mediated uptake and the release of dopamine 

(28). As there is growing evidence that insulin resistance is associated with neurodegenerative 

disorders such as Alzheimer dementia (8), and Parkinson’s disease (9,10), the relationship between 

insulin resistance, and dopamine signalling in the human brain needs to be investigated further. Third, 

BPNDs that were measured did not distinguish between DAT density and affinity. 

We have highlighted striatal DAT changes after physiological dose of glucose loading, not 

after supraphsyiological dose of glucose loading. DAT availabilities after placebo, low-dose glucose, 

high-dose glucose loading were correlated each other in the dorsal striatum (caudate nucleus and 

putamen), but not in the ventral striatum. Sub-regional variability in DAT regulatory mechanisms 

mediated by insulin may exist in humans. 
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FIGURE LEGENDS

Figure 1. Study design

Figure 2. The average binding potential (BPND) after placebo, low-dose glucose, and high-dose 

glucose loading

Figure 3. The repeated-measures ANOVA of binding potential (BPND) after placebo, low-dose 

glucose, and high-dose glucose loading from (A) ventral striatum, (B) caudate nucleus, and (C) 

putamen

Figure 4. Correlations of BPNDs after placebo, low-dose glucose, and high-dose glucose loading from 

(A) ventral striatum, (B) caudate nucleus, and (C) putamen
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TABLES

Table 1. Characteristics of the subjects

Data are expressed as mean ± standard deviation.
BPND, binding potential; VST, ventral striatum.

Variables
Age (years) 23.9 ± 2.2
Body mass index (kg/m2) 22.5 ± 2.1
Glucose level (mg/dL)
     Low-dose glucose loading
        Before
        After
     High-dose glucose loading
        Before
        After

82.5 ± 8.2
103.9 ± 15.5

80.8 ± 7.9
384.1 ± 36.0

Insulin level (µU/mL)
     Low-dose glucose loading
        Before
        After
     High-dose glucose loading
        Before
        After

5.9 ± 2.9
12.8 ± 7.9

6.4 ± 3.5
75.1 ± 38.0

BPND
     Placebo loading 
        VST
        Caudate nucleus
        Putamen         
     Low-dose glucose loading
        VST
        Caudate nucleus
        Putamen    
     High-dose glucose loading
        VST
        Caudate nucleus
        Putamen    

4.65 ± 1.48
3.06 ± 2.03
5.07 ± 2.11

5.01 ± 1.83
4.07 ± 1.82
6.16 ± 1.67

4.42 ± 1.41
3.79 ± 2.25
5.59 ± 2.07
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