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ABSTRACT 
 
Background: In rodent studies the striatal dopamine (DA) system and the (hypo)thalamic serotonin 
(5-HT) system are involved in the regulation of feeding behavior. Disturbed feeding behavior is a 
hallmark of obesity and given the current obesity epidemic it is of importance to understand how 
the 5-HT and DA systems relate to motivation to eat in humans since this might lead to novel treat-
ment modalities in the battle against obesity. 
Methods: We included 36 lean male subjects and measured striatal DA transporter (DAT) and di-
encephalic 5-HT transporter (SERT) binding with 123I-FP-CIT SPECT. Visual attention bias for high- 
and low caloric food, a measure of food-related motivation, and degree of impulsivity were meas-
ured using response-latency based computer tasks. Craving and emotional eating were assessed 
with questionnaires and ratings of hunger by means of VAS scores. Ad libitum food intake was as-
sessed through a self-reported online dietary intake list.  
Results: Striatal DAT and diencephalic SERT binding positively correlated with visual attention bias 
for food (p=0.004; r=0.54 and p=0.001; r=0.60, respectively), but not with ratings of hunger, 
craving or impulsivity. Striatal DAT and diencephalic SERT binding did not correlate with ad libitum 
food intake while visual attention bias for food positively correlated with total caloric intake 
(p=0.001; r=-0.63), protein intake (p=0.005; r=-0.49), carbohydrate intake (p=0.03; r=-0.38) 
and fat intake (p=0.01, r=-0.44) indicating that a faster response to a visual food stimulus corre-
lates with higher food intake.  
Conclusion: These results confirm a role for the 5-HT and DA system in the regulation of motiva-
tional feeding behavior in non-obese, healthy humans. In addition, this study confirms that attention 
bias for food measured with the latency-based computer task positively correlates with total food 
and macronutrient intake. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

INTRODUCTION 
 
The brain plays a critical role in regulating food intake and the amount of consumed food is de-
termined by hunger and satiety signals as well as by the accessibility and the rewarding properties 
of food and a person’s motivation to obtain food. One of the brain neurotransmitters involved in 
the latter aspect is striatal dopamine (DA). Although in literature striatal DA is often used as a sur-
rogate for hedonism, the striatal DA system is in fact related to the motivation to seek a reward and 
not so much to the hedonic value of the reward (1;2). Rodent studies have shown a relationship 
between food-related motivational behavior and the striatal DA system. Thus, stimulating DA re-
lease with amphetamine in rats specifically amplified incentive salience for a food reward but not 
hedonic ‘liking’ (3) and motivation to obtain a food reward is reduced when DA antagonists are 
administered in the striatum of rats (4). Moreover, food itself as well as the sight or smell of food 
serve as stimuli for striatal DA release (5;6). The relationship between food motivated behavior 
and the striatal DA system in humans however has not been investigated in depth.  
 
A method to assess motivational impact of rewarding stimuli in humans is by measuring visual atten-
tion for the specific stimulus (7), and recently computerized tests to assess visual attention bias for 
food stimuli became available. Since then, it has repeatedly been shown that visual attention bias 
for food-related stimuli is reduced in obesity, indicating that obese subjects respond faster to food 
related cues (8-10). It has however consistently been shown that obese subjects have decreased 
striatal DA D2/3 receptor binding (11-13), but antagonizing the DA D3 receptor did not affect 
visual attention bias for food in overweight and obese humans (14). Another study showed that 
striatal DA D2 receptor availability measured with positron emission tomography (PET), which is 
indicative for extracellular dopamine, increased after non-hedonic food stimulation (display of food 
without consumption), indicating that DA in the human striatum is indeed involved in motivation to 
obtain food (15). Direct evidence for a relationship between visual attention bias for food stimuli 
as a measure of motivational impact of a food stimulus and the striatal DA system in healthy, lean 
humans is lacking.  
 
Whereas the striatal DA circuit is mainly involved in motivational behavior to obtain food, the neu-
rotransmitter serotonin (5-hydroxytryptamine; 5-HT) in the hypothalamus has been related to ho-
meostatic regulation of hunger and satiety signalling (16). The hypothalamic 5-HT system has 
extensively been linked to overfeeding and excess weight in animals and humans. For instance 
depleting hypothalamic 5-HT in rodents causes uncontrollable hyperphagia and obesity (17-19) 
and a hypercaloric high fat high sugar-snacking diet reduces diencephalic 5HT-transporters (SERT) 
in humans (20). Brain SERT binding may be decreased in obese humans (21;22) and mutations in 

the 5-HT 2A and 2C receptor promoter gene are associated with obesity (23-25). In contrast to 
the extensive data on 5-HT in overfeeding or obesity, limited data are available on its potential 
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regulatory role in a non-obese condition. Serotonergic drugs such as the 5-HT 2C receptor ago-
nist lorcaserin, currently in use as anti-obesity drug, suppress hunger and increase satiety in obese 
but also in lean humans (26) resulting in significant weight loss (27). It has not been investigated 
whether in lean humans there is an association between the hypothalamic 5-HT system, ad libitum 
food intake and food-intake-related behavioural outcomes.  
 
We hypothesized that striatal DA transporter (DAT) binding relates to visual attention for food as a 
measure of food-related motivation, and that SERT binding in the diencephalon, a brain region in-
cluding thalamus and hypothalamus, relates to hunger. Moreover, we hypothesized that both stria-
tal DAT and hypothalamic SERT binding would be related to total food intake. To test these 
hypotheses we measured striatal DAT and diencephalic SERT binding with 123I-FP-CIT SPECT and 
correlated these outcomes with ad libitum food intake, visual attention bias for food, hunger feel-
ings, impulsivity and craving.  
 
 

MATERIALS AND METHODS 
 
The subjects described in this study were included in a hypercaloric diet intervention trial. The ef-
fects of the hypercaloric diet intervention on metabolism, liver fat and diencephalic SERT binding 
were published previously (20;28). 
 
STUDY POPULATION 
 A total of 36, healthy, male subjects with a mean age of 22.2±2.5 years and a mean body mass 
index (BMI) of 22.3±1.4 kg/m2 were included in the current analyses. Exclusion criteria were a 
history of psychological- or psychiatric disorders, eating disorders assessed with the Eating Disor-
ders Examination Questionnaire (EDE-Q) (29;30), substance and alcohol abuse, unstable weight, 
any medical condition, performance of excessive sports, shift work and use of any medication. The 
study was approved by the institutional review board of the AMC, Amsterdam. Written informed 
consent was received from all participants prior to the start of study participation. 
 
IMAGING OF DAT AND SERT 
After an overnight fast subjects underwent a single photon emission computed tomography 
(SPECT) scan after intravenous administration of 115 MBq 123I-FP-CIT (range 110-120 MBq; spe-
cific activity > 750 MBq/nmol; radiochemical purity > 98%, produced according to GMP criteria 
at GE Healthcare, Eindhoven, The Netherlands) measuring SERT binding 2 hours and DAT bind-
ing 3 hours after injection, as these are the optimal time points for visualizing SERTs and DATs with 
123I-FP-CIT SPECT (31;32). Each participant was pre-treated with potassium iodide to block thyroid 
uptake of free radioactive iodide. SPECT imaging was performed using a 12-detector, single slice 

 

brain-dedicated scanner (Neurofocus Inc, Medfield, MA, USA), using an acquisition protocol as 
described earlier with slight modifications (interslice distance 5 mm, acquisition time 210 sec per 
slice) (31). All scans were reconstructed in 3D and corrected for attenuation. For quantification, a 
region-of-interest (ROI) analysis to determine specific binding activity in the diencephalon and stria-
tum was performed by a well-trained researcher and confirmed by a second analyst as described 
earlier (31). Briefly, the 4 consecutive slices with the highest binding were selected in the dien-
cephalon (including hypothalamus/thalamus) to assess binding to SERT and in the striatum to as-
sess binding to DAT. Activity in the cerebellum (3 consecutive slices) was assumed to represent 
non-displaceable activity (nonspecific binding and free radioactivity). A specific-to-nonspecific 
binding ratio (SNS-BR) was calculated as [ROI-binding minus cerebellar-binding / cerebellar-
binding]. The SNS-BR was used as the outcome measure. Due to a technical problem with the 
SPECT scanner scans of 6 subjects had to be excluded from the analyses, therefore data on DAT 
and SERT binding were available in 30 subjects. 
 
NEUROPSYCHOLOGICAL TASKS AND QUESTIONNAIRES 
The tasks and questionnaires were selected to assess functions associated with the brain 5-HT- and 
DA-ergic systems and were performed and filled in after an overnight fast of approximately 12 
hours, at the same day on which the SPECT scan was performed.  
 
1. Delay Discounting Task: a computerized task for assessment of impulsive decision making. 

Subjects choose between a smaller immediate reward (money) or a larger future reward. The 
future reward ranged from two weeks to 10 years from now. When subjects are inclined to 
choose the smaller, immediate amount of money over large, delayed money, they are char-
acterized by greater levels of impulsivity. A detailed description of this task was previously 
published (33). Behavioural performance was analysed by plotting the indifference points 
(the points where immediate and delayed reward were equally valued) at different time 
points and the area under the curve was used as a behavioural outcome (34). 

2. Food related Visual Search Task: a computerized task that measures visual attention or dis-
traction for a particular object (target) among other objects (distractors). In the current study 
we measured visual attention with high caloric- or low caloric food as target and the distrac-
tors were bags or balls. To measure distraction by food the situation was reversed: the targets 
were balls or bags and the distractors were low caloric- or high caloric food. The visual 
search task was programmed using E-prime software (Eprime 1.0; Psychology Software Tools 
Inc, Pittsburg; PA, USA). Participants initially completed 12 practice trials (with pictures of tools 
and clocks) followed by 154 experiment trials. The task lasted approximately 15 minutes and 
was split into two blocks of trials, separated by a brief break. Each trial started with a brief 

tone, followed by a fixation cross (500 ms). Then a 5 × 4 matrix containing 20 visual stimuli 
was presented. The participant was instructed to respond as quickly and as accurately as 
possible, and to press the right key in case of an odd-one-out (one picture in a category dif-
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ferent from the other 19 pictures), and the left key in case of no odd-one-out (20 pictures in 
the same category). The matrix remained on screen until the participant responded or for a 
maximum of 20 s. Then a new trial started. We assessed both reaction time (RT) and accura-
cy. Trials with an inaccurate response were not included in the analyses. RT outliers were ex-
cluded from the analyses if less than 200 ms, greater than 2000 ms or greater than 3 
standard deviations above each participant's mean. RTs for high caloric- and low caloric tar-
gets were corrected for RT for a neutral target by subtraction and likewise, RTs for distraction 
by high caloric- and low caloric objects were corrected for RT for neutral objects by subtrac-
tion. The RTs for attention and distraction corrected for the RT for neutral targets are called the 
visual attention or distraction bias. A negative attention bias means that subjects responded 
faster to a food target than to a neutral target. 

3. Dutch Eating Behaviour Questionnaire (DEBQ): a 33-item self-report for assessment of re-
strained, emotional and external eating behaviour (35).  

4. The Dutch 31-item version of the Barratt Impulsiveness Scale (BIS-11), scored on a four-point 
scale, was used for assessment of self-reported impulsiveness (36).  

5. General Food Craving Questionnaire-Trait (G-FCQ-T): a four-factor, 21-item questionnaire to 
assess general trait food cravings (37). 

6. Hunger and Appetite: assessed with 100 mm visual analogue scales (VAS) anchored at 
each end with descriptive extremes (e.g. extremely hungry – not hungry at all). Subjects were 
required to mark a point on the scale within the anchored points, which related to how hun-
gry they felt. 

 
FOOD INTAKE 
We assessed food intake with an online diet journal designed by the Dutch Nutrition Centre (eet-
meter.voedingscentrum.nl). Participants reported their ad libitum food intake at this website during 
7 days prior to the measurements. Reported intake was compared to the calculated eucaloric 
need (1.4x measured energy expenditure using indirect calorimetry) to exclude underreporting. In 
addition we measured body weight before- and after this week, which had to be stable, to vali-
date that the reported intake was eucaloric and weight-maintaining. We suspected underreporting 
of ad libitum food intake in 2 subjects (reported intake about 1000 kcal lower than expected 
based on energy expenditure measurements) Therefore food intake data of these 2 subjects were 
excluded and analyses on food intake were performed on data of 34 subjects. 
 
STATISTICS 
Statistical analyses were performed using SPSS version 20.0 (IBM SPSS, Chicago, Illinois, USA). 
Data were tested for normality. To evaluate correlations between the studied parameters, we first 

performed univariate linear regression analysis. We subsequently performed forward multivariate 
analysis with the rule that the maximum amount of variables was no more than 10% of the ana-
lysed amount of observations. In most cases this meant that the maximum amount of simultaneously 

entered variables was 2 or 3.  We tested for multicollinearity in all the multivariate analyses. There 
was multicollinearity between different visual attention biases (high caloric, low caloric and total) 
and between total caloric intake and specific macronutrient intake and therefore these parameters 
could not be analysed in the same model. We performed multivariate analysis to detect whether 
outcomes had independent associations with (1) striatal DAT and diencephalic SERT binding and 
(2) visual attention bias for high caloric food and low caloric food. Correlations were considered 
as significant when was p<0.05 and as a trend when p<0.1. 
 
 

RESULTS 

 
Baseline characteristics of the study participants are presented in Table 1.  
 
UNIVARIATE CORRELATIONS WITH STRIATAL DAT AND DIENCEPHALIC SERT BINDING 
Striatal DAT binding was significantly associated with visual attention bias for food in general (high 
caloric + low caloric food, figure 1A), with visual attention bias for low caloric food and with REE 
(kCal/kg) (Table 2). Subjects with lower striatal DAT binding responded faster to a visual food 
stimulus and vice versa. Visual attention bias for high caloric food and BMI tended to be associat-
ed with striatal DAT binding (Table 2). In addition, VAS hunger score positively correlated with 
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striatal DAT binding (Table 2). The delay discounting task, a measure for impulsivity and question-
naires on impulsivity, craving and appetite did not correlate with striatal DAT binding (Table 2). 
Diencephalic SERT binding was positively correlated with REE (Table 2) and attention bias for 
food in general (high caloric + low caloric food, figure 1B), as well as with attention bias for high 
and low caloric food separately (i.e. lower SERT binding was associated with a faster response to 
a visual food stimulus). Impulsive decision making as measured with the delay discounting task 
tended to be negatively correlated with diencephalic SERT binding (Table 2). BMI and the other 
tasks and questionnaires did not correlate with diencephalic SERT binding (Table 2). Moreover, 
striatal DAT binding correlated with diencephalic SERT binding (p=0.008, r =0.48, r2=0.23). 
 
Univariate correlations between visual attention for food and food intake  
Total caloric intake was associated with visual attention bias for food in general (p=0.001, r=-
0.63, figure 2A) and attention bias for high caloric (p<0.001; r=-0.67, figure 2B) and low caloric 
food (p=0.002; r=-0.53, figure 2C). Fat intake was associated with visual attention bias for food 
in general (p=0.01, r=-0.44), and visual attention bias for high caloric (p=0.02, r=-0.42) and low 
caloric food (p=0.03, r=-0.40) while carbohydrate intake was associated with visual attention bi-
as for food in general (p=0.03, r=-0.38) and a trend towards an association with visual attention 
bias for both high caloric (p=0.06) and low caloric (p=0.05) food. Protein intake correlated with 
both visual attention bias for food in general (p=0.005, r=-0.49) and high caloric food (p=0.004, 
r=-0.60), and showed a trend towards a correlation with visual attention bias for low caloric food 
(p=0.05, r=-0.35). 
 

 

 
MULTIVARIABLE PREDICTION MODEL FOR STRIATAL DAT AND DIENCEPHALIC SERT BIND-
ING 
The multivariable model for striatal DAT binding, including all variables with p<0.1 in the univariate 
analysis, predicted almost 50% of the variation in striatal DAT binding (p=0.01; r=0.68, r2=0.47), 
and visual attention bias for food was the only significant independent predictor of striatal DAT 
binding (p=0.02). A similar multivariable model for diencephalic SERT binding, including all varia-
bles with p<0.1 in the univariate analysis, predicted 45% of the variability in diencephalic SERT 
binding (p=0.005; r=0.67, r2=0.45) and visual attention bias for food was the only significant in-
dependent predictor (p=0.006).  
 
MULTIVARIABLE PREDICTION MODEL FOR VISUAL ATTENTION BIAS 
To detect independent associations with visual attention bias we performed multivariable analysis 
with diencephalic SERT binding, striatal DAT binding and BMI as independent variables. Visual at-
tention bias for food in general was for 40% predicted by this model (p=0.009; r=0.63; r2=0.40) 
however none of the variables showed independent predictive value (SERT p=0.06, DAT p=0.20, 
BMI p=0.69). Subsequently we tested predictive value of the above-mentioned 

Figure 1.  
Visual attention bias for food (i.e. re-
sponse time to a visual food stimulus cor-
rected for response time to a neutral 
picture) correlates with (A) striatal DAT 
binding (p=0.004; F=9.98) and (B) di-
encephalic SERT binding (p<0.001, 
F=13.22). Data are presented as indi-
vidual data and 95% confidence interval. 
DAT = dopamine transporter; SERT = 
serotonin transporter. 
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variables on visual attention bias for low caloric and high caloric food pictures.  Visual attention 
bias for low caloric food was for 41% predicted by this model (p=0.007; r=0.64; r2=0.41) and 
only striatal DAT binding was independently correlated with visual attention bias for low caloric 
food (p=0.045) corrected for diencephalic SERT binding (p=0.22) and BMI (p=0.48). Visual at-
tention bias for high caloric food was for 30% predicted by this model (p=0.038 r=0.55; r2=0.30) 
and only diencephalic SERT binding was independently correlated with visual attention bias for 
high caloric food (p=0.030) corrected for striatal DAT binding (p=0.83) and BMI (p=0.72). 
 
 

DISCUSSION 
 
We show that striatal DAT binding and diencephalic SERT binding significantly correlated with at-
tention bias for visual food stimuli in lean, healthy men on a eucaloric ad libitum diet. Lower striatal 
DAT and diencephalic SERT binding corresponded with a faster response to a visual food stimulus. 
In addition, attention bias for visual food stimuli correlated with total food and individual macronu-
trient intake while striatal DAT and diencephalic SERT binding did not independently correlate with 
food intake. Taken together, our findings point to a physiological role for DA and 5-HT signaling in 
attention for food, whereas factors in addition to DA- and 5-HT signaling are involved in the actual 
food intake. 
 
The positive correlation between striatal DAT binding and visual attention bias for food, indicates 
that lower striatal DAT binding is associated with a high visual attention bias. DATs are located 
presynaptically in dopaminergic neurons and facilitate reuptake of DA from the synaptic cleft (38) 
and thus lower DAT binding could reflect higher available extracellular concentrations of DA sug-
gesting that more available dopamine induces a higher visual attention bias for food in the fasting 
condition. In line, mice in which DAT expression is genetically downregulated to 10% of expres-
sion levels in wild type mice have increased extracellular DA concentrations in the striatum and 
hypothalamus (39;40). Interestingly the mice with lower DAT (and thus higher extracellular DA) 
show higher intake when the cost for food was increased reflecting higher motivation and willing-
ness to work (39). In addition, upon striatal DA depletion animals do not feed at all demonstrating 
that DA is essential for motivation for food in general (41). Translating these data from rodents to 
the findings in our lean subjects suggest that the increased visual attention for pictures of food 
could reflect higher motivation for food through higher striatal dopamine. In contrast to lower DAT 
binding reflecting higher extracellular DA, striatal DAT binding is reduced after long term systemic 
DA depletion (42;43) and therefore we cannot draw firm conclusions on striatal extracellular do-
pamine concentrations in relation to our measured outcomes. Moreover, our results may only ap-

ply to a non-obese condition and non-pathological feeding behavior since in obesity striatal DA 

Figure 2. Correlations between total ca-
loric intake (kCal/day) and (A) visual at-
tention bias for food in general 
(p=0.001; F=19.44), (B) visual attention 
bias for high caloric food (p<0.001; 
F=23.48) and (C) visual attention bias 
for low caloric food (p=0.002; 
F=11.20). Data are presented as indi-
vidual data and 95% confidence interval. 
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release is reduced in response to a food-related stimulus, resulting in a higher motivation to eat 
while DAT binding was not shown to be altered in the obese state (12;44). 
 
Interestingly, when analysing visual attention bias for food in more detail, striatal DAT binding was 
related to visual attention bias for low caloric and not high caloric food. Given the role of DA in 
reward pathways and the direct effects of eating fat on striatal DA receptor binding in male 
Wistar rats (45), this finding is unexpected and suggests that the striatal DA system relates more to 
preferred foods and not to palatability of food.  
 
Visual attention bias for food also correlated with diencephalic SERT binding, showing that sub-
jects with the lowest SERT binding responded fastest to a visual food stimulus. Similar to striatal 
DAT binding, lower SERT binding could reflect higher or lower extracellular 5-HT levels. It has 
been shown that SERT knockout mice have increased striatal extracellular 5-HT and greater depo-
larization-induced increases in striatal 5-HT (46), as well as reduced food intake (47). However, 
these mice also have reduced serotonin 2A/C receptors, suggesting that there may be reduced 
5-HT signaling (48). In humans short term inhibition of SERT with selective serotonin reuptake inhibi-
tors (SSRIs) and thus increased extracellular serotonin levels, results in reduced food intake (26). 
However, long term SSRI use results in body weight (re)gain (49;50) and in obese subjects, rep-
resenting a chronic state of  excessive food intake and a high visual attention bias for food (8-10), 
SERT is reduced (21;22) suggesting that chronically low SERT availability is associated with de-
creased extracellular 5-HT. This is in line with our finding showing that in weight stable healthy, 
lean humans visual attention bias for food positively correlates with food intake and inversely with 
diencephalic SERT binding and our previous findings on lowering of SERT binding after a hyperca-
loric high fat high sugar snacking diet (20). In summary, although most data point towards lower 
SERT binding reflecting reduced 5-HT signaling, this remains speculative and further mechanistic 
studies in rodents are needed to elucidate the relation between SERT (and also DAT) binding and 
extracellular neurotransmitter concentrations under different conditions.  
 
Further, SERT binding was specifically correlated with visual attention bias for high but not low ca-
loric food pointing to relation with rewarding rather than homeostatic aspects of food. Indeed, 
SERT binding was measured in the diencephalon which contains both the hypothalamus and thal-
amus, and while the hypothalamus exerts homeostatic control on hunger and satiety, the (para-
ventricular nucleus of the) thalamus is considered a relay between the hypothalamus and limbic 
structures involved in reward behavior and receives dense 5-HT projections (51;52). We thus 
speculate that the correlation between SERT binding and visual attention bias for high caloric food 
relates to 5-HT’s involvement in reward behavior. Due to limited spatial resolution of current avail-

able neuroimaging techniques, it is not possible to disentangle SERT binding in the paraventricular 
nucleus of the thalamus from SERT binding in the surrounding structures. 
 

 

Finally, we show that visual attention bias for food (both high caloric and low caloric) correlates 
with actual food intake. The correlation is the strongest for total caloric intake, but the three main 
macronutrients (fat, carbohydrates and protein) also correlate with visual attention bias for high ca-
loric food, whereas only fat intake correlates with visual attention bias for low caloric food. 
Werthmann et al previously showed that a high visual attention bias for chocolate leads to higher 
chocolate intake (53) but to our knowledge we are the first to show a more general relationship 
between visual attention bias for food and recorded food intake. Our study was conducted in 
healthy, young, Caucasian men and therefore the results might be different for older subjects, fe-
male subjects or subjects of other ethnicities.  
 
 

CONCLUSION 

 
We show that striatal DAT binding and diencephalic SERT binding correlate with measures of mo-
tivational feeding behavior in non-obese, healthy conditions, in line with a key role for dopamine 
and serotonin in the motivation to eat. At present it is unknown how SERT and DAT binding in imag-
ing studies under fasting conditions relate to extracellular concentrations of 5-HT and dopamine, 
respectively. Therefore further experimental studies are needed to elucidate their respective roles 
in feeding behaviour in humans. In addition, changes in SERT and striatal DAT might predispose to 
disturbed feeding behaviour and might be a target for eating disorders, obesity included.  
 

ACKNOWLEDGEMENTS 
 
We wish to acknowledge Lynne S. Wolbert and Elsmarieke van de Giessen for their assistance 
with the computer tasks and questionnaires. 
 
 
 
 
 
 
 
 
 
 

 
 
 

90 91

Brain DAT and SERT correlate with visual attention bias for foodChapter 5

1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10



 

REFERENCES 
 
(1)  Berridge KC. The debate over dopamine's 

role in reward: the case for incentive 
salience. Psychopharmacology (Berl) 2007 
April;191(3):391-431. 

(2)  Kelley AE, Baldo BA, Pratt WE, Will MJ. 
Corticostriatal-hypothalamic circuitry and 
food motivation: integration of energy, 
action and reward. Physiol Behav 2005 
December 15;86(5):773-95. 

(3)  Tindell AJ, Berridge KC, Zhang J, Pecina S, 
Aldridge JW. Ventral pallidal neurons code 
incentive motivation: amplification by 
mesolimbic sensitization and amphetamine. 
Eur J Neurosci 2005 November;22(10): 
2617-34. 

(4)  Baldo BA, Sadeghian K, Basso AM, Kelley 
AE. Effects of selective dopamine D1 or D2 
receptor blockade within nucleus accum-
bens subregions on ingestive behavior and 
associated motor activity. Behav Brain Res 
2002 December 2;137(1-2):165-77. 

(5)  Small DM, Jones-Gotman M, Dagher A. 
Feeding-induced dopamine release in 
dorsal striatum correlates with meal 
pleasantness ratings in healthy human 
volunteers. Neuroimage 2003 August;19 
(4):1709-15. 

(6)  Berridge KC. 'Liking' and 'wanting' food 
rewards: brain substrates and roles in 
eating disorders. Physiol Behav 2009 July 
14;97(5):537-50. 

(7)  Derryberry D. Effects of goal-related 
motivational states on the orienting of spa-
tial attention. Acta Psychol (Amst) 1989 
December;72(3):199-220. 

(8)  Nijs IM, Muris P, Euser AS, Franken IH. 
Differences in attention to food and food 
intake between overweight/obese and 
normal-weight females under conditions of 
hunger and satiety. Appetite 2010 
April;54(2):243-54. 

(9)  Castellanos EH, Charboneau E, Dietrich 
MS, Park S, Bradley BP, Mogg K et al. 
Obese adults have visual attention bias for 
food cue images: evidence for altered 
reward system function. Int J Obes (Lond) 
2009 September;33(9):1063-73. 

(10)  Tetley A, Brunstrom J, Griffiths P. Individual 
differences in food-cue reactivity. The role of 
BMI and everyday portion-size selections. 
Appetite 2009 June;52(3):614-20. 

(11)  de Weijer BA, van de Giessen E, van 
Amelsvoort TA, Boot E, Braak B, Janssen IM 
et al. Lower striatal dopamine D2/3 
receptor availability in obese compared 
with non-obese subjects. EJNMMI Res 
2011;1(1):37. 

(12)  Wang GJ, Volkow ND, Logan J, Pappas 
NR, Wong CT, Zhu W et al. Brain 
dopamine and obesity. Lancet 2001 
February 3;357(9253):354-7. 

(13)  van de Giessen E, Celik F, Schweitzer DH, 
van den Brink W, Booij J. Dopamine D2/3 
receptor availability and amphetamine-
induced dopamine release in obesity. J 
Psychopharmacol 2014 April 30. 

(14)  Nathan PJ, O'Neill BV, Mogg K, Bradley 
BP, Beaver J, Bani M et al. The effects of 
the dopamine D(3) receptor antagonist 
GSK598809 on attentional bias to 
palatable food cues in overweight and 
obese subjects. Int J Neuropsychophar-
macol 2012 March;15(2):149-61. 

(15)  Volkow ND, Wang GJ, Fowler JS, Logan J, 
Jayne M, Franceschi D et al. "Nonhedonic" 
food motivation in humans involves 
dopamine in the dorsal striatum and 
methylphenidate amplifies this effect. 
Synapse 2002 June 1;44(3):175-80. 

(16)  Luquet S, Magnan C. The central nervous 
system at the core of the regulation of 
energy homeostasis. Front Biosci (Schol Ed) 
2009;1:448-65. 

(17)  Breisch ST, Zemlan FP, Hoebel BG. 
Hyperphagia and obesity following 
serotonin depletion by intraventricular p-
chlorophenylalanine. Science 1976 April 
23;192(4237):382-5. 

(18)  Saller CF, Stricker EM. Hyperphagia and 
increased growth in rats after intraven-
tricular injection of 5,7-dihydroxytryptamine. 
Science 1976 April 23;192 (4237):385-7. 

(19)  Waldbillig RJ, Bartness TJ, Stanley BG. 
Increased food intake, body weight, and 

 

adiposity in rats after regional neuroche-
mical depletion of serotonin. J Comp Physiol 
Psychol 1981 June;95(3):391-405. 

(20)  Koopman KE, Booij J, Fliers E, Serlie MJ, la 
Fleur SE. Diet-induced changes in the Lean 
Brain: Hypercaloric high-fat-high-sugar 
snacking decreases serotonin transporters in 
the human hypothalamic region. Mol 
Metab 2013;2(4):417-22. 

(21)  Erritzoe D, Frokjaer VG, Haahr MT, 
Kalbitzer J, Svarer C, Holst KK et al. 
Cerebral serotonin transporter binding is 
inversely related to body mass index. 
Neuroimage 2010 August 1;52(1):284-9. 

(22)  Borgers AJ, Koopman KE, Bisschop PH, 
Serlie MJ, Swaab DF, Fliers E et al. 
Decreased serotonin transporter immunore-
activity in the human hypothalamic infundi-
bular nucleus of overweight subjects. Front 
Neurosci 2014;8:106. 

(23)  Kring SI, Werge T, Holst C, Toubro S, 
Astrup A, Hansen T et al. Polymorphisms of 
serotonin receptor 2A and 2C genes and 
COMT in relation to obesity and type 2 
diabetes. PLoS One 2009;4(8):e6696. 

(24)  Pooley EC, Fairburn CG, Cooper Z, Sodhi 
MS, Cowen PJ, Harrison PJ. A 5-HT2C 
receptor promoter polymorphism (HT. Am J 
Med Genet B Neuropsychiatr Genet 2004 
April 1;126B(1):124-7. 

(25)  Rosmond R, Bouchard C, Bjorntorp P. 
Increased abdominal obesity in subjects 
with a mutation in the 5-HT(2A) receptor 
gene promoter. Ann N Y Acad Sci 2002 
June;967:571-5. 

(26)  Halford JC, Harrold JA, Boyland EJ, Lawton 
CL, Blundell JE. Serotonergic drugs : effects 
on appetite expression and use for the 
treatment of obesity. Drugs 2007;67(1):27-
55. 

(27)  Smith SR, Weissman NJ, Anderson CM, 
Sanchez M, Chuang E, Stubbe S et al. 
Multicenter, placebo-controlled trial of 
lorcaserin for weight management. N Engl J 
Med 2010 July 15;363(3):245-56. 

(28)  Koopman KE, Caan MW, Nederveen AJ, 
Pels A, Ackermans MT, Fliers E et al. 
Hypercaloric diets with increased meal 
frequency, but not meal size, increase 

intrahepatic triglycerides: A randomized 
controlled trial. Hepatology 2014 March 
26. 

(29)  Fairburn CG, Beglin SJ. Assessment of 
eating disorders: interview or self-report 
questionnaire? Int J Eat Disord 1994 
December;16(4):363-70. 

(30)  Luce KH, Crowther JH. The reliability of the 
Eating Disorder Examination-Self-Report 
Questionnaire Version (EDE-Q). Int J Eat 
Disord 1999 April;25(3):349-51. 

(31)  Booij J, Hemelaar TG, Speelman JD, de BK, 
Janssen AG, van Royen EA. One-day 
protocol for imaging of the nigrostriatal 
dopaminergic pathway in Parkinson's 
disease by [123I]FPCIT SPECT. J Nucl 
Med 1999 May;40(5):753-61. 

(32)  Koopman KE, la Fleur SE, Fliers E, Serlie 
MJ, Booij J. Assessing the optimal time point 
for the measurement of extrastriatal 
serotonin transporter binding with 123I-FP-
CIT SPECT in healthy, male subjects. J Nucl 
Med 2012 July;53(7):1087-90. 

(33)  Wittmann M, Leland DS, Paulus MP. Time 
and decision making: differential 
contribution of the posterior insular cortex 
and the striatum during a delay discounting 
task. Exp Brain Res 2007 June;179(4):643-
53. 

(34)  Myerson J, Green L, Warusawitharana M. 
Area under the curve as a measure of 
discounting. J Exp Anal Behav 2001 
September;76(2):235-43. 

(35)  van Strien T., Frijters J.E., Bergers G.P., 
Defares B.P. Dutch eating behaviour 
questionnaire for assessment of restrained, 
emotional and external eating behaviour. 
Int J Eat Disord 1986;5:295-315. 

(36)  Patton JH, Stanford MS, Barratt ES. Factor 
structure of the Barratt impulsiveness scale. J 
Clin Psychol 1995 November;51(6):768-
74. 

(37)  Nijs IM, Franken IH, Muris P. The modified 
Trait and State Food-Cravings Question-
naires: development and valida-tion of a 
general index of food craving. Appetite 
2007 July;49(1):38-46. 

(38)  Schmitt KC, Reith ME. Regulation of the 
dopamine transporter: aspects relevant to 

92 93

Brain DAT and SERT correlate with visual attention bias for foodChapter 5

1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

psychostimulant drugs of abuse. Ann N Y 
Acad Sci 2010 February;1187:316-40. 

(39)  Beeler JA, Frazier CR, Zhuang X. Dopa-
minergic enhancement of local food-seek-
ing is under global homeostatic control. Eur 
J Neurosci 2012 January;35(1):146-59. 

(40)  Zhuang X, Oosting RS, Jones SR, 
Gainetdinov RR, Miller GW, Caron MG et 
al. Hyperactivity and impaired response 
habituation in hyperdopaminergic mice. 
Proc Natl Acad Sci U S A 2001 February 
13;98(4):1982-7. 

(41)  Palmiter RD. Dopamine signaling in the 
dorsal striatum is essential for motivated 
behaviors: lessons from dopamine-deficient 
mice. Ann N Y Acad Sci 2008;1129:35-
46. 

(42)  Gordon I, Weizman R, Rehavi M. 
Modulatory effect of agents active in the 
presynaptic dopaminergic system on the 
striatal dopamine transporter. Eur J Phar-
macol 1996 February 29;298(1):27-30. 

(43)  Kilbourn MR, Sherman PS, Pisani T. 
Repeated reserpine administration reduces 
in vivo [18F]GBR 13119 binding to the 
dopamine uptake site. Eur J Pharmacol 
1992 May 27;216(1):109-12. 

(44)  van de Giessen E, Hesse S, Caan MW, 
Zientek F, Dickson JC, Tossici-Bolt L et al. 
No association between striatal dopamine 
transporter binding and body mass index: a 
multi-center European study in healthy 
volunteers. Neuroimage 2013 January 
1;64:61-7. 

(45)  van de Giessen E, la Fleur SE, de BK, van 
den Brink W, Booij J. Free-choice and no-
choice high-fat diets affect striatal dopamine 
D2/3 receptor availability, caloric intake, 
and adiposity. Obesity (Silver Spring) 2012 
August;20(8):1738-40. 

(46)  Mathews TA, Fedele DE, Coppelli FM, 
Avila AM, Murphy DL, Andrews AM. Gene 
dose-dependent alterations in extraneuronal 

serotonin but not dopamine in mice with 
reduced serotonin transporter expression. J 
Neurosci Methods 2004 December 30; 
140(1-2):169-81. 

(47)  Chen X, Margolis KJ, Gershon MD, 
Schwartz GJ, Sze JY. Reduced serotonin 
reuptake transporter (SERT) function causes 
insulin resistance and hepatic steatosis 
independent of food intake. PLoS One 
2012;7(3):e32511. 

(48)  Dawson N, Ferrington L, Lesch KP, Kelly PA. 
Cerebral metabolic responses to 5-
HT2A/C receptor activation in mice with 
genetically modified serotonin transporter 
(SERT) expression. Eur Neuropsychopha-
rmacol 2011 January;21(1):117-28. 

(49)  Fava M, Judge R, Hoog SL, Nilsson ME, 
Koke SC. Fluoxetine versus sertraline and 
paroxetine in major depressive disorder: 
changes in weight with long-term treatment. 
J Clin Psychiatry 2000 November;61(11) 
:863-7. 

(50)  Raeder MB, Bjelland I, Emil VS, Steen VM. 
Obesity, dyslipidemia, and diabetes with 
selective serotonin reuptake inhibitors: the 
Hordaland Health Study. J Clin Psychiatry 
2006 December;67(12):1974-82. 

(51)  Varnas K, Halldin C, Hall H. Autoradio-
graphic distribution of serotonin transporters 
and receptor subtypes in human brain. Hum 
Brain Mapp 2004 July; 22(3):246-60. 

(52)  Parsons MP, Li S, Kirouac GJ. The 
paraventricular nucleus of the thalamus as 
an interface between the orexin and CART 
peptides and the shell of the nucleus 
accumbens. Synapse 2006 June 15;59(8): 
480-90. 

(53)  Werthmann J, Field M, Roefs A, 
Nederkoorn C, Jansen A. Attention bias for 
chocolate increases chocolate consumption 
--an attention bias modification study. J 
Behav Ther Exp Psychiatry 2014 March; 
45(1):136-43 

 
 
 
 
 
 

94 95

Brain DAT and SERT correlate with visual attention bias for foodChapter 5

1

2

3

4

5

6

7

8

9

10

1

2

3

4

5

6

7

8

9

10


