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summary, geNeral discussioN aNd coNclusioNs

the main objective of this thesis was to examine the role of the dopaminergic brain reward 

system in obesity. the primary questions to be answered were:

 » do high-caloric diets that induce obesity affect striatal dopamine d
2/3

 receptor (drd
2/3

) 
availability?

 » do anti-obesity medications affect striatal drd
2/3

 availability?
 » Which parts of the striatal dopaminergic system are affected in obesity: the post-

synaptic side with receptors, the pre-synaptic side with transporters, and/or the 
reactivity of the dopaminergic neurons?

secondary questions included the relation of the striatal dopaminergic system to craving 

and food intake and the relation between the striatal dopaminergic system and metabolic 

parameters in obesity. 

another objective of this thesis was to study the role of the presynaptic serotonin 

transporter (sert) availability in relation to behavior, cognition, and body mass index (bmi). 

a final objective was to test the hypothesis that the function of brain regions involved in 

inhibitory control is affected in obesity.

summary

part i: introduction
Chapter 1 briefly described obesity and its neurobiology and finished with an outline of this thesis.

the extensive review on the results of neuroimaging studies in obesity in Chapter 2 provided 

an overview of the current state of knowledge in molecular, functional, and structural imaging 

in obesity. it showed that molecular processes, brain functions and structural differences are 

all involved in the development of, or affected by, obesity. the most robust findings were that 

the striatal drd
2/3

 availability was lower in obesity, that obese people showed higher activations 

of several brain regions in response to visual food stimuli than normal weight subjects, and 

that obese subjects had smaller brain volumes, probably due to smaller gray matter volumes. 

although preliminary, some results suggested that the molecular, functional and structural 

changes may be reversible by dieting or other weight loss procedures.

part ii: animal research on the dopaminergic system in obesity 
and the effects of anti-obesity medication
to answer the question whether high-caloric diets that induce obesity can affect striatal drd

2/3
 

availability, we assessed the effects of different high-caloric diets on striatal drd
2/3

 availability 

in diet-induced obese rats. 

in Chapter 3, we compared the effects of a free-choice high-fat (Hf) diet and no-choice Hf 

diet to a standard diet. only the free-choice Hf diet led to lower drd
2/3

 availability in the dorsal 

striatum compared to the standard diet. another interesting outcome was the higher caloric 

intake of the rats on the free-choice Hf diet compared to the no-choice Hf diet, showing that the 

choice for high-fat food and not just the consumption of high-fat food leads to overconsumption.

another type of diet that we studied was a free-choice high-fat high-sugar (HfHs) diet 

(Chapter 4). based on the previous observation that striatal drd
2/3

 availability is lower in rats 
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on a free-choice Hf diet, but not on a free-choice HfHs diet in general (unpublished), we 

hypothesized that it is the high fat intake that is responsible for the lower striatal drd
2/3

 availability. 

this hypothesis was confirmed since the rats with high percentage fat intake had lower drd
2/3

 

availability in the nucleus accumbens than the rats with high percentage sugar intake. the drd
2/3

 

availability was even negatively correlated with the percentage calories from sugar intake, which 

suggests that it is the high fat/low carbohydrate ratio that is associated with reduced striatal 

drd
2/3

 availability. thus, different obesity-inducing diet types indeed seem to affect striatal drd
2/3

 

availability and both a choice element as a high fat/carbohydrate ratio are important factors.

the exact working mechanisms of anti-obesity medications are not yet disentangled. 

Hypothetically, increasing striatal drd
2/3

 availability could underlie improved functioning of the 

brain reward system leading to less food intake. in this thesis, we therefore studied the effects 

of the cannabinoid-1 receptor antagonist rimonabant and the triple monoamine inhibitor 

tesofensine on striatal drd
2/3

 availability. in Chapter 5, we showed that rimonabant indeed 

dose-dependently increased the drd
2/3

 availability in the dorsal striatum. the highest dose 

tested also increased drd
2/3

 availability in the nucleus accumbens and resulted in less weight 

gain. these results were found in non-obese rats and demonstrate the interaction between the 

cannabinoid and dopaminergic systems and the potential underlying mechanism of action of 

rimonabant. However, contrary to the findings for rimonabant, we found a decrease in drd
2/3 

availability in both nucleus accumbens and dorsal striatum in diet-induced obese rats treated 

with tesofensine (Chapter 6). at the same time, tesofensine indeed reduced caloric intake and 

weight gain. the decrease in drd
2/3 

availability in this study was most likely a compensatory 

down-regulation due to increased synaptic dopamine levels because of dopamine transporter 

(dat) inhibition by tesofensine. in short, both rimonabant and tesofensine effectively reduce 

weight gain in rats and both medications affect the striatal dopamine system. However, their 

effects on striatal drd
2/3 

availability are opposite.

it is notable that we generally did not find correlations between striatal drd
2/3 

availability and 

food intake or adiposity measures in our studies with diet-induced obese rats (Chapters 3, 4, and 
6). there is one exception, which is a correlation between percentage energy intake from sugar 

and drd
2/3 

availability in the rats on HfHs diet in Chapter 4. furthermore, we found no correlations 

between striatal drd
2/3

 availability and glucose, insulin, or leptin in our studies (Chapters 3, 4, and 
6). this lack of correlations suggests that the direct effect of food intake or metabolic parameters on 

striatal drd
2/3 

availability and vice versa is limited. this might support the notion that the peripheral 

homeostatic regulation of food intake is a different process from central regulation.

part iii: imaging the striatal dopaminergic system and its 
relation to obesity in humans
part iii started with Chapters 7 and 8 about the effect of polymorphisms in the dat gene 

(slc6a3) on striatal dat expression. We showed that the 9r allele for the dat VNtr in the 

3’ untranslated region was associated with higher in-vivo striatal dat availability in young 

healthy adults, in particular when this allele was combined in a specific haplotype with two 

polymorphisms in the 5’ end of the gene (Chapter 7).  However, polymorphisms linked to a 

newly identified splice variant of exon 3 did not affect striatal dat expression (Chapter 8).

to assess whether striatal dat availability plays a role in obesity, we tested whether striatal 

dat availability was associated with bmi in a large sample of 127 healthy subjects with a broad 
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range of bmis (Chapter 9). there was no association between dat availability and bmi and there 

was no difference in dat availability between the obese and normal-weight subjects in this 

sample. thus, the pre-synaptic side of the striatal dopamine system, regulating intrasynaptic 

dopamine levels, does not seem to be affected in obesity.

the post-synaptic side of the striatal dopamine system is affected, though. We confirmed 

the previous finding that striatal drd
2/3 

availability is lower in obese women (1) in Chapter 10. 

this was once again confirmed in an independent sample of obese and age-matching normal-

weight women in Chapter 11. in this sample we also measured striatal dopamine release 

following a dexamphetamine challenge in order to assess the reactivity of the dopaminergic 

neurons. We hypothesized that a lower dopamine release in response to a dexamphetamine 

challenge would probably also mean a lower dopamine release on food and thus a deficient 

reward experience from food. However, the striatal dopamine release in obese women was not 

significantly lower than in normal-weight women and dopamine release was not correlated 

with measures of craving for food. thus, we could not confirm the hypothesis that impaired 

reward experience due to lower dopamine release plays a role in obesity.

combining the results of the studies on dat and drd
2/3 

availability shows that the striatal 

dopamine system in obesity is out of balance in obesity. the lower striatal drd
2/3 

availability 

reflects a lower signal transduction capacity. this is not compensated by an increase in synaptic 

dopamine due to lower dat availability, i.e. lower capacity transporting synaptic dopamine 

back into the cell. as a consequence, the dopamine signal is less well transmitted in obesity, 

which could lead to an impaired reward experiences.

part iV: imaging the serotonergic system and its relation to 
obesity in humans
in Chapter 12, we showed that the radioligand [123i]adam is selective for the sert, as binding 

only decreased after blocking sert with the selective sert blocker paroxetine and not after 

blocking the dat and the norepinephrine transporter with methylphenidate. 

serotonin has been implicated in mood, cognition and personality, but its role in healthy 

people is not clearly disentangled. therefore, we assessed the associations between in-vivo 

subcortical sert (n = 177) and dat (n = 79) availability and neuropsychological and subjective 

measurements of memory function, depression, and impulsivity in healthy controls. We found 

no significant associations though (Chapter 13), suggesting that only in the case of pathological 

situations underlying neurotransmitter systems seem to have predictive value with respect 

to personality traits and neuropsychological functioning. in the case of normally functioning 

systems it seems not possible yet to directly link the levels of sert or dat expression to the 

level of behavior with the current techniques.

to improve insight on the relation between sert and obesity, we examined whether bmi and 

subcortical sert are related in healthy subjects. We found higher sert availability in the thalamus, 

but not the midbrain, at higher bmis and in the subgroup of obese subjects (Chapter 14). as 

higher sert may lead to lower synaptic serotonin levels, and low serotonin levels are associated 

with hyperphagia and weight gain (2), this finding seems relevant for understanding obesity.
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part V: functional imaging of the brain in obese humans
in a pilot experiment comparing fmri with an open bore 1.0t mri scanner to a conventional 

3.0t mri scanner with a cylindrical bore, we showed that an open bore 1.0t mri scanner can be 

used for fmri to perform group studies, although the conventional 3.0t mri scanner is superior 

(Chapter 15). this provides the opportunity to perform fmri in morbidly obese persons that 

exceed the size restrictions of the conventional 3.0t mri.

in an fmri study on the neural correlates of impulsivity in obesity, we found that obese 

subjects have impaired function of the orbitofrontal cortex on the delay discounting 

task, suggesting impaired decision making (Chapter 16). in addition, we reported gender 

differences in brain activation on both the delay discounting task and the stop signal task, 

in which obese women tended to be more susceptible for impaired response inhibition and 

impulsive decision making. finally, we identified an obese subgroup with eating binges that 

had impaired impulsive decision making, correlating with impaired function of the inhibitory 

prefrontal cortex (inferior frontal gyrus) and regions involved in value attribution (striatum and 

cingulate gyrus). although, we did not find impaired function of the prefrontal cortex in obesity 

in general, we observed neural correlates of impaired decision making and impaired inhibitory 

control in obese subgroups.

geNeral discussioN

lower striatal drd
2/3

 availability in obesity: cause or 
consequence?
both human and animal studies showed that striatal drd

2/3 
availability is lower in obesity and this 

has become a robust finding (Chapters 3, 4 10, 11). this also leads to the question whether lower 

striatal drd
2/3 

availability is a cause or a consequence of overeating/obesity, or a combination of 

both? animal data in this thesis and in the literature suggests that Hf and cafeteria diets can induce 

a decrease in striatal drd
2/3 

availability (Chapter 3). We showed that a high fat/carbohydrate ratio 

could drive the underlying mechanism (Chapter 4). in this respect, it is interesting that Hf diets 

(>30%) also induce obesity in humans (3;4), whereas a low fat/high carbohydrate diet leads to 

weight reduction (5). in epidemiological studies the prevalence of obesity increases when the 

average amount of fat in the diet increases (6;7). However, whether obese subjects have higher 

percentages energy intake from fat than normal-weight subjects has not been clearly established 

(8;9). We cannot exclude that our finding on high fat/carbohydrate ratio reflects a preference for 

high fat intake due to low striatal drd
2/3 

availability, instead of low striatal drd
2/3 

availability due to 

food intake with high fat/carbohydrate ratio. to test this, we would need to image striatal drd
2/3 

availability in rats before and after they are on the free-choice HfHs diet, which is possible with 

special spect and pet scanners developed successfully for animal research. 

it has been hypothesized that the lower striatal drd
2/3 

availability could be a down-

regulation due to repetitive dopamine release induced by excessive food intake (10). on the 

other hand, the low striatal drd
2/3 

availability is thought to increase craving and food intake 

due to a reward deficiency by lower signal transduction capacity (11). in our animal studies we 

found no support for a direct relation between food intake and striatal drd
2/3 

availability, as we 

found no correlations (except for a positive correlation with percentage energy intake from 
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sugar in rats on HfHs diet) (Chapters 3, 4). also, the rats on HfHs diet with high sugar intake 

had the highest caloric intake but not lower striatal drd
2/3 

availability, thus, total energy intake 

is clearly not related to drd
2/3 

availability (Chapter 4). the opposite effects of rimonabant and 

tesofensine on striatal drd
2/3 

availability, whereas both reducing weight gain and food intake, 

also suggest that no direct relation exists. in our human study, there were no correlations 

between food craving measures and drd
2/3 

availability/dopamine release either (Chapter 11). 

the only indication for a potential relation in the literature so far is the finding of increased food 

binging, but no change in total food intake, after viral knock-down of dopamine d
2
 receptors in 

the (dorsal) striatum (12). therefore, the hypothesized direct relations between craving or food 

intake and the striatal dopaminergic system can be questioned. 

if food intake is not directly related to striatal drd
2/3 

availability, which other factors could 

be involved as an underlying mechanism? an emerging interest in literature is the relation 

between metabolic parameters and striatal drd
2/3 

availability with associations found between 

the striatal dopaminergic system and insulin resistance, leptin, and ghrelin in animals (13-16) 

and in humans (17). However, we did not find correlations with insulin resistance or leptin in our 

animal and human studies in this thesis (Chapters 3, 4, 11). future studies will need to prove 

whether peripheral metabolic parameters are related to the striatal dopaminergic system. this 

can be done for example by administering insulin, leptin or ghrelin peripherally or centrally (i.e. 

directly in to brain into a specific region or intracerebroventrically) and measuring its effects 

on the striatal dopaminergic system (e.g. with microdialysis, pet/spect, or autoradiographic 

techniques). reversely, we can measure the effects of manipulating the striatal dopaminergic 

system (e.g. with deep brain stimulation) on peripheral metabolic parameters.

another clue that might help to disentangle the question whether low drd
2/3 

availability is 

a cause or consequence of obesity is whether there would be an upregulation in case of weight 

loss. in case of an upregulation, it is more likely that low drd
2/3 

availability is a consequence than 

a pre-existing condition. in the review in Chapter 2, some studies indeed suggest that dieting 

could reverse some abnormalities in the brain in obesity. However, the literature on drd
2/3 

availability after acute weight loss by bariatric surgery is conflicting (18;19) and a new study shows 

no significant changes in drd
2/3 

availability at six weeks after surgery (unpublished data).

a final argument why low striatal drd
2/3 

availability could be a pre-existing condition for 

obesity is that a polymorphism close to the drd2 gene, the taq1a allele, has been associated 

with both obesity (20) and lower striatal drd
2/3 

availability (21). However, the association 

between the taq1a allele and obesity has not been replicated and no associations were found 

in two independent samples (unpublished data). on the other hand, associations with reward 

sensitivity for food were found (22-24). 

in conclusion, the question whether low striatal drd
2/3 

availability is a cause or a 

consequence of obesity and what the underlying mechanism could be is complex and cannot 

yet be answered. the effects of Hf diets and a high fat/carbohydrate diet ratio in animal 

research support the notion that it is a consequence. However, a role for low striatal drd
2/3 

availability as a vulnerability factor for the development of obesity cannot be refuted.

gender differences in the neurobiology of obesity
the prevalence of obesity is quite similar for males and females in the Western world (25). 

However, there are gender differences in normal-weight people in brain processes involved in 
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inhibition of hunger (26) and in response to food stimuli (27). this raises the question whether 

gender differences play a role in obesity. the study on neural correlates of impulsivity in obesity 

indeed showed gender differences. the results of this study suggested that obese women are 

more susceptible for impulsive behavior, because brain regions involved inhibitory control (e.g. 

prefrontal cortex) activated differently compared to healthy women whereas this is not the 

case in obese men (Chapter 16). 

furthermore, in the study on sert availability and bmi, a trend for higher sert availability 

in the midbrain in men was found (Chapter 14). previous literature also demonstrated a gender 

effect in the relation between sert and bmi in humans (28) or adiposity in rats (29). there was 

also a gender effect on dat availability in Chapter 9, although this was not related to bmi. 

gender differences in sert and dat availability were not found in the sample of young healthy 

subjects in Chapter 13 (although they have previously been reported (30)), but in this sample 

men performed better on visuo-spatial functioning than women. in the other chapters, gender 

differences were or could not be evaluated.

other studies already highlighted the role of gender in topics related to this thesis, e.g. 

in the control of fat ingestion (31), in neural correlates related to food stimuli (26;27) and in 

striatal dopamine release (32). in addition, the prevalence of binge eating tends to be higher in 

obese women than in obese men (33), which is of interest as obese subjects with eating binges 

seem to be a subgroup within the obese population with higher impulsivity (Chapter 16). many 

neuroimaging studies in obesity only included women (see Chapter 2) and animal research on 

obesity often included only males. therefore, extrapolation of results of one-gender studies to 

the other gender should be done with caution and attention to gender differences should be 

paid in mixed gender studies.

similarities and differences between obesity and addiction
obesity has been compared to addiction in different aspects of behavior and in neurobiological 

mechanism (34). although obesity has not been directly compared to addiction in the studies 

in this thesis, some of the hypotheses are based on the findings in addiction research, e.g. the 

hypothesis of a hypodopaminergic striatum in obesity and the hypothesis of impaired inhibitory 

control. thus, it is still worth to shortly compare results of this thesis with the findings in addiction. 

With respect to the dopaminergic system, the low striatal drd
2/3 

availability in obesity is a striking 

similarity with addictions to drugs of abuse (35). However, a lower striatal dopamine release has been 

repeatedly reported in substance use disorders (36-39), but we did not find this for obesity (Chapter 
11). We also found no different dat availability in obesity, whereas studies in substance abuse 

have regularly found lower dat availability (40-42), although no difference or an increase in dat 

availability have also been reported (43;44). a possible explanation for the differences could be that 

the dopamine release by food is lower than by most drugs of abuse leading to less adaptations of the 

dopaminergic system. also, eating is a necessity in everyday life (although this does not necessarily 

apply to palatable high-caloric food), whereas intake of drugs of abuse is not. 

comparing the results of sert availability and bmi to substance abuse is more difficult. 

psychostimulants such as ecstasy and methamphetamine have neurotoxic effects leading to 

lower sert availability (45;46). for alcohol dependence also lower sert availability has been 

reported (47), but not for heroin dependence (48). these findings are not in line with our 

finding of increased sert availability in the thalamus at higher bmi (Chapter 14), although the 
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literature is still not conclusive about the direction of the association between sert and bmi 

(28;49). obese subjects with binge eating seem to have lower sert availability though (50), 

which might support similarities between this obese subgroup and addiction. 

furthermore, our results on neural correlates of impulsivity show that obese subjects in 

general are not more impulsive and do not have a dysfunctional prefrontal cortex. in drug 

addictions, it is more consistently found that both impulsive decision making and behavioral 

inhibition are impaired (51-53), which is supported by findings on neural mechanisms (54-56). 

thus, this shows a difference. However, we identified a subgroup of obese subjects with eating 

binges that are more impulsive and have dysfunction of the prefrontal cortex. this subgroup has 

previously been described as a ‘food addiction’ subtype (57). several types of drugs of abuse, 

in particular stimulants, are often consumed in binges, which could support the notion that 

obesity with binging might be closer related to addiction than obesity without binging. obese 

subjects without eating binges are possibly more similar to the subtype of late onset alcoholics 

as opposed to early onset alcoholics (and other drugs abusers), who are more impulsive and 

have binge behavior (58;59).

in conclusion, there are similarities between obesity and addiction, but findings in obesity 

tend to be more subtle than in addiction in general and are best comparable to the late onset 

alcohol dependence. obese subjects with binge eating may form a subgroup within the obese 

population that is more closely related to addiction.

strengths and limitations
the strengths and limitations of the individual studies are described per chapter, but some 

general points will shortly be mentioned here. important strengths of the majority of the 

human studies in this thesis are the use of large sample sizes and well-validated techniques. a 

limitation of the human studies though is that they are all cross-sectional, which hampers the 

possibility to study causal mechanisms.

furthermore, the spect studies on the striatal dopaminergic system, in particular the [123i]

ibZm studies on drd
2/3 

availability, are limited by the fact that we can only measure binding 

accurately in the whole striatum (drd
2/3 

availability) or in the caudate nucleus and putamen 

(dat availability) due to the spatial resolution and available counts (sensitivity) of the scans. it 

would have been interesting if we could have analyzed data for specific striatal subregions, in 

particular the ventral striatum, because this region is the location of the nucleus accumbens 

which has been directly implicated in reward-related dopamine release. future studies on the 

role of the dopaminergic system and reward deficiency in obesity could assess these subregions 

with pet imaging, which improves the sensitivity and the possibility to find associations 

between behavior and the dopaminergic system.

another limitation of the studies of the dopaminergic system in this thesis is that they 

measure only one component of the dopaminergic system at a time, i.e. drd
2/3 

and dat 

availability are not measured simultaneously in the same animals or subjects. this is due to the 

ex vivo (animal studies) and in vivo (human studies) imaging techniques that were used. by 

applying other techniques, e.g. autoradiography or is situ hybridization, it is possible to measure 

different components of the dopaminergic system in the brain of the same animal, although 

these techniques measure slightly different aspect of drd
2/3 

and dat expression. theoretically, it 

is also possible to measure different radioligands in the same subject with spect imaging, when 
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labeled with different isotopes. simultaneous measurements of different aspects of the striatal 

dopaminergic system can further clarify (impaired) balance of the system in obesity.

With respect to the animal research in this thesis, it is difficult to translate the results one-

to-one to humans due to inter-species differences and, for example, controlled environments 

in animal research or different measures for obesity (i.e. abdominal fat mass and body weight 

gain in rats versus bmi in humans). the four weeks duration of the diets in the animal studies 

does not provide information yet on long-term effects of the diets. However, the functions of 

the mesolimbic dopaminergic system are largely comparable in both species. furthermore, our 

measures of the drd
2/3

 availability use the same radioligand ([123i]ibZm) and reflect binding to 

synaptic drd
2/3

, both in the animal and human studies. therefore, we think that the studies in 

this thesis provide complementary information.

in Chapter 7, we showed that dat genotype affects striatal dat availability, which is an 

important outcome for future imaging studies on striatal dat availability. However, we were 

not able to take this factor into account in Chapter 9, when studying the association between 

striatal dat and bmi. it would have been interesting to do so, but we were limited by the fact 

that dNa of the subjects in Chapter 9 was not available.

furthermore, there are some studies which included only one gender, i.e. only male rats in 

the animal studies and only women in the study on dopamine release in obesity (Chapter 11). 

these studies showed interesting results, but extrapolating these to the other gender should 

be done with caution, as previously discussed.

finally, it would have been interesting to combine spect imaging of the dopamine (or 

serotonin) system and fmri in the same subjects. this would have allowed the assessment of 

correlations and subsequently a better understanding of the underlying mechanisms. New 

developments in the field of pet-mri might facilitate these combinations in future.

clinical implications
the low striatal drd

2/3 
availability and imbalance in the dopaminergic system in obesity are 

potential targets for treatment. first of all, it can be targeted with anti-obesity medication. part 

of their working mechanism could be related to increasing drd
2/3 

availability (e.g. rimonabant; 

Chapter 5; or the α4β2-nicotinergic acetylcholine receptor partial agonist varenicline (60)) or 

to a direct increase in dopamine levels (e.g. as in tesofensine which subsequently decreased 

drd
2/3 

availability; Chapter 6). due to side effects, many anti-obesity drugs, including 

rimonabant, have been removed from the market. a new drug that partly targets the dopamine 

system and is likely to be approved by the food and drug administration (fda) soon, is a 

phentermine/topiramate combination, in which phentermine induces increased striatal 

dopamine concentrations.

other ways to target the striatal dopamine system are repetitive transcranial magnetic 

stimulation (rtms) and deep brain stimulation (dbs). rtms can induce higher dopamine levels 

in the striatum by inducing changes in brain activity through rapidly changing electromagnetic 

fields (61-64). deep brain stimulation is a method that is used in parkinson’s disease and 

sometimes in psychiatric disorders, such as treatment resistant major depression, obsessive 

compulsive disorder (ocd) and addiction (65). given the role of the nucleus accumbens in 

reward from food, this could be a potential target for treatment of refractory morbid obesity. 

there is one case report showing that dbs of the nucleus accumbens can lead to remission of 
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obsessive compulsive symptoms accompanied by successful weight loss (bmi from 37 to 25) 

and lasting cessation from smoking without any cravings or withdrawal symptoms (66).

the association between sert availability and bmi (Chapter 14) shows that the serotonergic 

system could also be a treatment target. although there is currently no anti-obesity drug on the 

market that targets sert, a new serotonergic anti-obesity drug has recently been approved in 

the united states, i.e. lorcaserin, a serotonin 2c receptor agonist. this drug activates serotonin 

2c receptors, which are amongst others located on mesolimbic dopamine neurons, therewith 

inhibiting dopamine release and reducing appetite (67).

the study in Chapter 16 shows that obese subjects in general are not more impulsive, 

but it also indicates that there is impaired value attribution in obesity. apart from individual 

treatment for this issue, changing the environment by reducing the excessive availability of 

palatable high-caloric food could probably prevent people with impaired value attribution to 

food to become obese. in addition to that, methods from the field of behavioral economics, 

e.g. subpackaging of food in smaller units, could aid (68). However, these measures need to be 

organized by society instead of at an individual level.

the previously discussed similarities with addiction also suggest that treatment strategies 

used in addiction could be helpful in obesity. one such strategy could be cognitive therapy or 

cue exposure treatment (69). However, pharmacotherapy applied in addiction, in particular in 

alcoholism, could also be interesting for treatment of obesity, e.g. acamprosate (an N-methyl-

d-aspartate receptor antagonist and gaba type a receptor agonist) or disulfiram (which 

prevents dopamine breakdown). combination therapy also receives increasing attention for 

the treatment of obesity including drugs that have been used for addiction treatment (70), e.g. 

the previously mentioned combination phentermine/topiramate and naltrexon/bupropion 

(opioid receptor antagonist/dat and norepinephrine transporter inhibitor). given that obesity 

in general is only partial similar to addiction, these strategies are probably most useful for obese 

subgroups that are more closely related to addiction, such as subjects with eating binges. this 

subgroup might require a different treatment than obese subjects without eating binges.

finally, the gender differences in obesity could also have consequences for treatment by 

recognizing that different behavior, e.g. in impulsivity, or neurobiology could require different 

treatment strategies.

future directions
as mentioned under the section ‘Lower striatal DRD

2/3
 availability in obesity: cause or 

consequence?’, the exact mechanism underlying lower striatal drd
2/3 

availability and how it 

is related to eating behavior is not yet clear. longitudinal imaging studies in animals on an 

obesity-inducing diet, imaging striatal drd
2/3 

availability before and after obesity induction 

with spect of pet, could help answer the question whether it is a pre-existing condition or 

a consequence or a combination of both. a similar paradigm has been applied in monkeys 

on cocaine self-administration and showed that baseline drd
2/3 

availability was associated 

with the rate of cocaine reinforcement, but also that drd
2/3 

availability decreased by cocaine 

self-administration (71). also, longitudinal imaging studies in humans on a diet, e.g. a low fat/

carbohydrate diet that leads to weight loss (5) (instead of ethically controversial weight gain 

with a Hf diet), could help to gain insight in this issue.
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apart from that, there are still questions to be answered about the extent to which the 

striatal dopaminergic system is affected in obesity. Whereas the lower striatal drd
2/3 

availability 

in obesity is a robust finding, the literature on dat availability in obesity is still less conclusive 

(i.e. we show no association with obesity although previously a negative correlation with 

bmi was shown (72)). furthermore, our work on striatal dopamine release in obesity needs 

replication, before final conclusions can be drawn. other aspects of the dopamine system 

have rarely or not yet been studied. for example, the presynaptic dopamine synthesis capacity 

has been assessed only once and seems to be reduced in obesity (73). dopamine d
1
 receptors 

have not yet been studied in obesity. they have been implied in amongst others inhibitory 

control from the prefrontal cortex. it could thus be interesting to study these receptors 

with pet in relation to impulsivity and eating binges. the synaptic dopamine concentration 

has also not yet been studied in humans, although animal research shows lower extracellular 

dopamine concentrations in the nucleus accumbens (74). in humans, this can be measured 

with a dopamine depletion study using alpha-methyl-para-tyrosine (ampt), which temporarily 

blocks tyrosine hydroxylase and therewith inhibits dopamine synthesis. it is also possible now 

to more specifically assess the dopamine d
3
 receptors in the striatum with the radioligand [11c]-

(+)-pHNo and pet instead of only studying the combined striatal drd
2/3 

availability (75). the 

dopamine d
3
 receptor has been linked to motivation and could be important in obesity with 

respect to motivation for food. currently, new drugs selectively targeting the dopamine d
3
 

receptor are developed. altogether, a full picture of the striatal dopamine system could tell us, 

where the imbalance in the system is in order to better understand the mechanism.

as a direct effect of low striatal drd
2/3 

availability on eating behavior or vice versa has not yet 

been proven, this still needs more attention, as well as the relation with peripheral metabolic 

parameters such as insulin resistance and leptin. one of the systems that is increasingly studied 

in relation to food intake is related to glucagon like peptide 1 receptors (glp1r). glp1r inhibitors 

are drugs for treatment of type 2 diabetes mellitus, but also reduce appetite and reward from 

food and might have an effect on the dopaminergic system (76-78). the effects of this drug on 

the dopaminergic system are worth investigating.

also for the serotonergic system, a lot of knowledge is still to be gained. the results on sert 

are still not conclusive, with the study in this thesis and another one from the literature (28) 

supporting an increase of sert availability in the thalamus, whereas another study found the 

opposite (49). the fact that the radioligands used in the first two studies are not selective for 

sert as opposed to the one used in the last study, could possibly explain the different results. a 

few studies on the availability of different serotonin receptors in obesity have been performed 

(79;80), showing positive associations between bmi and the serotonin 2a receptors in the 

cerebral cortex and the serotonin 4 receptors in the nucleus accumbens, ventral pallidum, 

hippocampus and orbitofrontal cortex. these studies need replication though. also, serotonin 

release (by fenfluramine challenge, e.g. as in (81)) or synaptic serotonin levels (using depletion 

with tryptophan or para-chlorophenylalanine (82)) have not yet been studied. similar to the 

issues for the dopamine system, it is still unknown whether differences in the serotonergic 

system are a cause or a consequence of obesity, as well as, how they are exactly related to 

eating behavior or metabolic parameters.

apart from imaging the dopaminergic and serotonergic systems, other neurotransmitter 

systems are interesting to study in obesity, as well. for example, radioligands are available for 
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the cannabinoid type 1 receptor and the m-opioid receptor, which have both been implied 

in food intake regulation (83). in addition, imaging the effects of anti-obesity medication in 

humans can help to understand mechanisms and can improve treatment, e.g. by studying the 

effects of medication on the dopaminergic system (such as rimonabant, see Chapter 5) or by 

measuring occupancy rates of medication to help determine effective dose.

in the functional imaging field, many studies have focused on the reaction of the brain to 

food cues and reward related activation in obesity and also structural imaging has repeatedly 

been performed. However, other brain functions (such as inhibitory control), network 

connectivity, resting state networks, or white matter connectivity have been rarely studied so 

far still require more attention. this thesis made a contribution to this field with a study on neural 

correlates of impulsivity. functional imaging has also been used to assess effects of peripheral 

metabolic parameters on the brain response to food stimuli (e.g. peptide yy (84); glucose (85)). 

pharmacological mri could also assess direct, non-task-related effects of peripheral metabolic 

parameters on the brain, which could help to clarify their communication with the brain. 

furthermore, functional imaging can be applied to examine effects of potential appetite reducing 

medication on brain function (e.g. as with rimonabant (86); citicoline (87); or citalopram (88)).

finally, the role of genetic factors in obesity is clearly established and results from genome-

wide association studies (gWas) support that neural factors are involved (89). the number of 

studies that examine the effects of genetic polymorphisms on the brain in obesity is still very 

limited. effects of the polymorphisms linked to the dopamine d
2
 and dopamine d

4
 receptor genes 

could influence brain function in response to food stimuli (23;90). furthermore, the association 

between the fto gene and obesity has been strongly confirmed and this gene is associated with 

brain volume (91). although this type of studies often requires large subject samples, it is of interest 

for future studies to study the relation between loci from the gWas studies or polymorphisms in 

candidate genes (e.g. dopaminergic genes) and brain function and structure.

coNclusioNs
in this thesis, we have shown that lower striatal drd

2/3
 availability in obesity is a robust finding, 

which is possibly related to a high fat/low carbohydrate ratio in the diet. We found no differences 

in striatal dat availability and striatal dopamine release in obesity, though. this suggests that 

there is an imbalance in the striatal dopaminergic system in obesity with low post-synaptic 

drd
2/3

 availability, but no compensatory or related change in pre-synaptic dat binding and 

dopamine reactivity. the exact relation between the striatal dopaminergic system and food 

intake is not yet elucidated and also potential relations with peripheral metabolic parameters 

need further investigation.

in the serotonergic system, we found increased sert availability in the thalamus at higher 

bmi supporting the role of the serotonergic system in obesity. 

furthermore, we have shown that obese subjects in general do not show prefrontal cortex 

function deficits related to inhibitory control. However, our results suggest impaired value 

attribution in obesity. it is clear that gender differences in obesity are important, in neural 

correlates of impulsivity and beyond. moreover, a subgroup of obese subjects with eating 

binges requires attention as a group with more impulsive behavior and impaired neural function 
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and should be recognized in future studies. possibly, the obese subjects with eating binges 

form a subgroup that is closely related to addiction in behavior and neurobiology.

independent from the focus on obesity, we have shown that when imaging striatal dat 

availability, it is important to assess dat genotype. this is a factor that should be taken into 

account when analyzing and interpreting dat availability in group studies.

finally, the future of neurobiology research in obesity ideally includes prospective studies 

on the effects of obesity induction or weight loss on the striatal dopaminergic system and 

vice versa, including both translational animal studies and human studies. this can help us to 

understand underlying mechanisms and to improve treatment for obesity.
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