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regulating their own energy balance. Energy balance regulation is for a significant part under au-
tonomic control and is not merely a conscious process. Although it is a semi-voluntary decision to 
eat or to exercise, feelings of hunger, satiety and motivation to eat are complex processes that 
cannot be influenced by decision-making.  The regulation of hunger and satiety as well as ‘liking’ 
and ‘wanting’ of food is orchestrated by the brain and it is a generally accepted view that 
dysregulation of brain systems involved in regulation of food intake contributes to obesity (20). 
Homeostatic as well as rewarding components of feeding result in complex behavioural adapta-
tions in response to actual caloric need. Apparently these adaptations seem to fail in at least one 
third of the adult population living in the Western world. This might be explained by either dysfunc-
tional homeostatic control mainly regulated by the hypothalamus or by dysfunctional reward con-
trol mainly orchestrated in corticolimbic areas, or a combination of both. Because overall feeding 
behaviour results from a partially elucidated complex interplay between these major pathways, in 
depth studies are needed to disentangle the perturbations occurring in individuals that overeat. In 
humans, parts of these pathways can be studied by combining neuroimaging techniques and 
questionnaires on feeding behaviour before and after an intervention, either intra-individually or be-
tween groups. Subsequent unravelling of the molecular mechanisms is mainly based on data from 
studies in rodents. Interestingly, evidence exists for a role of the brain in the metabolic conse-
quences of obesity, such as insulin resistance and dyslipidaemia (21). Brain areas involved in ho-

Figure 1.  
Hormones, such as insulin released by the pancreas, leptin se-
creted by adipocytes and ghrelin produced by the stomach, and 
gut-peptides, like glucagon-like peptide 1 (GLP-1), peptide YY 
(PYY) and cholecystokinin (CCK) act on peripheral nerves and in 
the brain to signal energy balance.  
 
Reprinted with permission. Adapted from: From neuroanato-
my to behavior: central integration of peripheral signals regulat-
ing feeding behavior”.  KW Williams & JK Elmquist. Nature 
Neuroscience 15, 1350–1355 (2012).  

 

I. GENERAL INTRODUCTION 
 
THE OBESITY EPIDEMIC 
Obesity is defined by the World Health Organisation (WHO) as a BMI > 30 kg/m2 and is a 
worldwide problem of pandemic proportions (www.who.int Fact sheet N°311, May 2014). In 
the USA one third of the population is obese (1;2) while in the Netherlands 31.5 % of the adult 
population is overweight (BMI ≥ 25 kg/m2 and < 30 kg/m2) and 10.1% obese (statline.cbs.nl). 
Obesity increases the risk for the development of the metabolic syndrome (3) and is associated 
with co-morbidities, such as cardiovascular disease, type 2 diabetes mellitus (T2DM), non-
alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH) and a number of  ma-
lignancies (4-6). The health care costs related to obesity in the USA have recently been estimated 
at $147 billion per year, which is almost 10% of the National Health Care budget (7) while in the 
Netherlands estimated expenses on obesity-related health care approximated 505 million Euros 
yearly in 2002 (8) highlighting the societal relevance of obesity as a disease. Indeed, obesity has 
been recognized as a disease by the Obesity Society Council (9). Obesity-related costs are ex-
pected to rise with 10-20% in the next two decades, while a reduction in average BMI in the 
population could result in large financial benefits (7). 
 
The question on ‘why do we become obese’ has engaged many researchers. Excess body fat is 
accumulated when energy intake (i.e. food) exceeds energy expenditure, and therefore excessive 
food intake and lack of physical exercise are considered major causes of obesity. Indeed, recent 
data from the WHO show that the prevalence of adults with insufficient physical activity is increas-
ing in many countries around the world (www.who.int Fact sheet N°385, February 2014). The 
rise in the prevalence of obesity occurred simultaneously with the increase in availability and in-
take of high caloric palatable food rich in sugars and fat (10). Not only is excessive consumption 
of this type of food associated with obesity, but also with the development of fatty liver (11), ab-
dominal obesity (12) and T2DM (13). Besides excessive fat and sugar consumption, meal pattern 
has changed over the last decades showing a trend for increasing meal frequency (i.e. snacking 
behavior). American children consume up to 27% of their caloric intake from snacks (14) and 
snacking has been suggested to contribute to obesity as well as to its metabolic consequences 
(15-17). Thus, a reduction in physical activity and an increase in calorie dense food and snacking 
behaviour all result in weight gain. The key question is why individuals do not reduce caloric intake 
to match their caloric need. 
 
Although educational level is inversely related to BMI (18;19), most adults are aware of the un-
healthy aspects of foods rich in sugars and fat and of the fact that obesity increases the risk for 

diseases such as T2DM. Interestingly, in spite of this general awareness, the prevalence of obesity 
reaches epidemic proportions, thus showing that at least part of the population is not capable of 
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meostatic control of energy balance, and brain circuitries involved in reward were recently shown 
involved in glucose and lipid metabolism (21-23). Most data so far are from studies in rodents 
while translation to humans is urgently needed to understand the mechanisms with the ultimate aim 
to combat obesity and its metabolic consequences. This thesis describes results of studies in hu-
mans and focuses on serotonin transporters in the hypothalamic region and on dopamine trans-
porters in the striatum, which are both known to play a central role in regulating energy balance.   
 
NEUROBIOLOGICAL REGULATION OF FOOD INTAKE  
To control food intake and energy balance, the brain receives and integrates peripheral signals 
from different organs (figure 1) involved in energy metabolism. This integration involves a complex 
network of nuclei within brainstem, hypothalamus and mesocorticolimbic areas. The hypothalamus 
serves as the homeostatic control centre regulating energy metabolism and it consists of many nu-
clei with different functions.  Concerning the regulation of food intake the hypothalamic arcuate 
nucleus (ARC), also referred to as the infundibular nucleus (IFN) in humans, plays a prominent role. 
The blood-brain-barrier in the ARC is considered  ‘leaky’ and therefore hormones can easily enter 
and activate ARC neurons to regulate energy metabolism (for review: (24)). Within the ARC, orex-
igenic neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons when activated stimulate 
food intake, whereas anorexigenic proopiomelanocortin (POMC)/ cocaine amphetamine related 
transcript (CART) neurons when activated inhibit food intake. ARC neurons project to several hypo-
thalamic nuclei such as the ventromedial hypothalamic (VMH), dorsomedial hypothalamic (DMH) 
and lateral hypothalamic (LH) nuclei, all nuclei involved in maintaining energy homeostasis. In ad-
dition, the ARC also projects to the paraventricular nucleus (PVN), a nucleus centrally located with-
in the hypothalamus and considered a control centre for integration of a variety of signals from 
within and outside the hypothalamus to regulate anterior pituitary function, energy expenditure and 
food intake (25). The PVN additionally integrates information from gut signals via vagal afferents 
and the nucleus of the solitary tract (NTS) in the brainstem (26) (27), thereby contributing to eating 
behavior.  
 
Hypothalamic areas such as the PVN and ARC receive dense projections from serotonergic neu-
rons originating in the dorsal raphe nuclei. The neurotransmitter serotonin (5-hydroxytryptamine,5-
HT) acts as a modulatory neurotransmitter to coordinate numerous cognitive, autonomic, and other 
functions to maintain homeostasis and therefore plays an important role in the regulation of energy 
balance (28). Hypothalamic serotonin administration potently reduces food intake, and it has 
been shown that the integrity of the hypothalamus is required for normal responsiveness to sero-
tonergic drugs (for review (29)).  Although the initial focus was on the role of the PVN in seroto-
nin’s effects on feeding behavior (29), more recently serotonin’s involvement in the ARC has 

become evident (figure 2). 5HT fibres contact NPY neurons in the ARC (30) and a 5HT antago-
nist has been shown to increase the activity of NPY neurons in the ARC-PVN projection (31), 

however it is yet unknown whether this involves direct effects of serotonin on NPY neurons in the 
ARC. For anorexigenic neurons, however, it was shown that the serotonin reuptake inhibitor d-FEN 
increases the spontaneous firing rate of POMC neurons in the ARC which also express the 5HT2c 
receptors, while increasing the release of α-melanocyte stimulating hormone (MSH; cleavage 
product of POMC) thus providing a mechanism via which direct action of serotonin in the ARC in-
hibits food intake (32). 
 
In human studies it has been shown that drugs that increase whole-body serotonergic signalling, 
such as the serotonin 2C receptor agonist lorcaserin and fenfluramine, exert hypophagic effects 
suggesting that, in line with the studies in rodents, serotonin plays a similar role in the regulation of 
food intake in humans (33-35). In addition, subcortical serotonin transporter binding is negatively 
related to BMI in humans (36). 
 
Taken together, the hypothalamus integrates incoming information on feeding status and energy 
stores via a complex network of orexigenic and anorexigenic cell populations and the neuro-
transmitter serotonin is involved in this complex regulatory system. Manipulating several intermedi-
ates of this network changes certain aspects of feeding behavior. It should be emphasized that 
most of the data on brain circuitries involved in feeding behaviour are derived from studies in ro-
dents, because the human brain is not easily accessible for in vivo studies. Interestingly, in contrast 
to the aforementioned neuropeptides in the ARC, the serotonin system can be visualized in vivo in 
the human brain using techniques like single photon emission computed tomography (SPECT), us-
ing a radioligand that binds to the serotonin transporter (SERT) providing a method to study the 
role of brain serotonin in human obesity.  
 

Figure 2.  
Serotonin in the arcuate nucleus (ARC).  
5-HT = serotonin, 5-HT1BR -= serotonin 1B re-
ceptor; 5-HT2CR -= serotonin 2C receptor; 
POMC = proopiomelanocortin; GABA = γ-
amino butyric acid; NPY = Neuropeptide Y, 
AgRP = agouti related peptide; MC4R = mela-
nocortin 4 receptor; MSH = melanocortin stimu-
lated hormone.  
 
Reprinted with permission. Serotonin & energy 
balance: molecular mechanisms and implications 
for type 2 diabetes. DD Lam & LK Heisler Exp 
Rev Mol Med. 9 (5), pp 1-24, 2007.  
Cambridge University Press.  
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Food intake is not only influenced by homeostatic control, but also by the rewarding properties of 
food (figure 3), either through the internal drive to eat, learned associations with food or the he-
donic properties of food itself (37). Brain areas involved in reward range from the midbrain (ven-
tral tegmental area; VTA) to limbic structures (ventral striatum, amygdala, hippocampus, and parts 
of the (pre)frontal cortex)  and are part of the mesocorticolimbic pathway or ‘reward pathway’ 
(38). Reward is often described to have two distinguishable components, namely wanting and lik-
ing, which refers to food-motivation and hedonic aspects, respectively. It has been postulated that 
separate neural substrates are involved in these two components, i.e. dopamine in wanting and 
opioids in liking (39). Within the striatal nucleus accumbens (NAc), parallel interconnecting circuits 

Figure 3.  
Overview of hypothalamic nuclei involved in appetite regulation and their relationship with the corticolim-
bic reward circuit. Reprinted with permission. From: Unraveling the brain regulation of appetite: lessons 
from genetics. Giles S H Yeo & Lora K Heisler. Nature Neuroscience15, 1343–1349 (2012).  

 

exist, involving these two substrates. Although dopamine was considered traditionally as the mas-
ter regulator of hedonism, it is now believed that the ‘liking’ of food, or the hedonic sensation of 
pleasure when eating something, involves the striatal opioid system (e.g. enkephalin, β-endorphins) 
(40). In contrast, the ‘wanting’ of food, also called the motivation to obtain food or ‘incentive sali-
ence’ is attributed specifically to the striatal dopamine system (41;42). Food in itself and food-
related cues (smell, sight) induce a striatal dopamine release which triggers the ‘wanting’ or pursuit 
of food (43). However, studies have also shown a relationship between striatal dopamine levels 
and meal pleasantness ratings in humans (44), suggesting that dopamine might play a role in lik-
ing as well, and  that ‘liking’ and ‘wanting’ systems may  not be completely separable.  
 
Finally, the hypothalamic and mesocorticolimbic pathways are highly integrated to guarantee ad-
equate feeding behaviour in response to caloric needs. This is reflected by direct and indirect ana-
tomical connections between the hypothalamus and the striatum, and between the hypothalamus 
and the VTA (38;40) (Figure 3). NPY infusion in the lateral hypothalamus, nucleus accumbens as 
well as in the VTA results in altered motivational behavior (45;46) and striatal opioid injections in-
duce palatable feeding which can be blocked by inhibiting the activity of the latera hypothalamus 
(47;48), demonstrating the involvement of all these brain areas and the functionality of connec-
tions between these structures to regulate feeding behavior. 
 
SEROTONERGIC – AND DOPAMINERGIC SIGNAL TRANSMISSION 
As stated, serotonin and dopamine are modulatory neurotransmitters in the integrated network of 
hypothalamus and mesocorticolimbic pathways that regulate energy balance. Serotonin is synthe-
sized from tryptophan in the brainstem raphe nuclei and dopamine (DA) from phenylalanine in the 
midbrain VTA and substantia nigra. Ascending serotonergic fibers assemble in the medial fore-
brain bundle and project to a wide variety of brain regions: cortex, hippocampus, thalamus, hypo-
thalamus, striatum, amygdala and nucleus accumbens (49). The VTA dopaminergic projections to 
the nucleus accumbens (NAc), medial prefrontal cortex, hippocampus and amygdala are mainly 
involved in the regulation of reward/motivation (50) whereas projections from the substantia nigra 
to the striatum, globus pallidus, and subthalamic nucleus play important roles in motor control (for 
review see: (51)).  
 
From their production sites, the neurotransmitters are transported to presynaptic neurons where 
they are stored in vesicles and released in the synaptic cleft upon activation of the specific neuron 
with subsequent binding to the respective receptors. There are 5 dopamine receptor subtypes in 
mammals (D1R – D5R) (52) and 18 serotonin receptor subtypes of which several receptor sub-
types have been implicated to play a role in the regulation of energy balance (28). Extracellular 

serotonin and dopamine concentrations are regulated by the serotonin (SERT) and dopamine 
(DAT) transporter respectively, that reside on the presynaptic cell surface (Figure 4). These trans-
porters facilitate the re-uptake of unbound serotonin or dopamine into the presynaptic neuron for 
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The striatal dopamine system is inextricably linked to motivation and reward, although it should be 
emphasized that most work has been done in rodents. Obese subjects show increased motivation 
for food (68-70), which implies a different striatal response in obese subjects compared to lean 
controls. Two different theories on how the striatal dopamine system might lead to increased moti-
vation for food and obesity have been developed. The ‘reward deficiency theory’ proposes that 
obese subjects are in a hypodopaminergic state, i.e. obese subjects experience less reward from 
food leading to a compensatory increase in food intake and eventually obesity (71). Indeed, 
when food is consumed or consumption is imagined, obese humans show less striatal activation 
compared to lean individuals (72;73), which is in line with decreased striatal dopamine D2/3 re-
ceptors (74-76) and a reduced amphetamine induced dopamine release in obese humans (76). 
In addition, individuals with a short Taq1a allele, which is associated with attenuated striatal do-
pamine signalling, are more susceptible to become obese (72;77) indicating that reduced dopa-
mine signalling might contribute to developing obesity. Contrarily, the “reward-surfeit model” of 
obesity proposes hyper-responsiveness of the reward circuitry leading to overeating and subse-
quently obesity (78). Indeed, fMRI studies have shown that obese women show greater responses 
in gustatory and oral somatosensory regions as well as in the striatum compared to lean individu-
als when expecting and consuming food (79-81). Moreover, lean adolescents at risk for obesity 
by carrying the Taq1 allele (i.e. compromised striatal dopamine signalling) showed increased 
caudate response to food (82). So far, most studies indicate that the assumed reward deficiency 
in obesity is a consequence of overeating or obesity rather than a cause. This is in line with rodent 
studies showing that eating high fat diets or diets with an increased fat/carbohydrate ratio de-
creases striatal D2/3 receptor availability in the absence of obesity (83-85). Knockdown of stria-
tal D2 receptors rapidly accelerates the development of addiction-like reward deficits and the 
onset of compulsive-like food seeking in rats (86) indicating that decreased striatal D2/3 receptor 
levels might in turn contribute to overeating. As there are currently no studies available on the ef-
fect of overeating on the striatal dopamine system in humans, it remains speculative whether these 
rodent data can be translated to the human situation. 
 
As previously stated, DATs are important regulators of the available amount of extracellular do-
pamine (53) and therefore potentially contribute to a hypo- or hyperdopaminergic striatum in obe-
sity. At present it is unknown whether extracellular dopamine concentrations in food intake 
regulatory pathways are increased or decreased in humans. DAT levels could reflect available ex-
tracellular dopamine as long term systemic DA depletion results in reduced striatal DAT binding 
(87). However mice with a 90% reduction in DAT have have increased extracellular DA concen-
trations in the striatum and hypothalamus (88;89), indicating that downregulation of DATs could 
indeed contribute to high extracellular dopamine levels in the striatum. Interestingly, these mice 

show increased motivation to work for food (89). Similarly, diet-induced obese mice have lower 
DAT, lower D2/3 receptors and higher extracellular dopamine levels and show higher motivation 
for food (90). Since obese humans also have higher motivation for food (68-70) as well as re-

re-storing in vesicles and re-use. Because of their function, the transporters are important regulators 
of dopaminergic and serotonergic signal transmission (53). In this thesis, we focus on the brain 
serotonin and dopamine transporters (SERT and DAT) because of their established roles in feeding 
behaviour. Besides, unlike the melanocortins and neuropeptides, SERTs and DATs can be visual-
ized in vivo in humans using SPECT (54;55). 
 
OBESITY AND THE SEROTONIN AND DOPAMINE SYSTEM 
Many of the food intake regulatory pathways, including those using serotonin and dopamine as 
neurotransmitter, are affected by obesity or by hypercaloric diets leading to obesity. With regard 
to serotonin, earliest studies from the 1970’s and 1980’s showed that depleting hypothalamic 
serotonin results in hyperphagia and obesity in rodents (56-58) and infusion of serotonin in the hy-
pothalamus results in weight loss (59). In addition, knocking out whole body SERT in female rats 
leads to increased abdominal fat and obesity (60;61) but it is unknown whether this is a purely 
hypothalamic effect. In humans, fenfluramine, a drug that increases serotonergic transmission, re-
sults in weight loss and reduced appetite (62), while several other serotonergic drugs such as se-
lective serotonin reuptake inhibitors (SSRI’s) and the serotonin 2C receptor agonist lorcaserin result 
in reduced food intake and weight loss (63;64) although long term SSRI use is associated with 
(re)gain of weight (65;66).  Moreover, a genetic study in humans demonstrated that the short al-
lele of the SERT gene promoter, associated with reduced transcription of the gene, is a risk factor 
for obesity (67). All of the pharmacological and genetic human studies mentioned above, howev-
er, involve the whole body serotonin system and as 80% of serotonin is located outside the CNS, 
the effects cannot be simply attributed to the brain only. An in vivo study demonstrated an inverse 
relationship between BMI and SERT availability in the subcortical region (36) indicating that in 
humans too, the brain serotonin system is, potentially involved in body weight regulation and might 
be affected in obesity. However, papers on the relationship between brain SERT in relation to 
body weight are limited.  

Figure 4.  
Neurotransmission.  
 
Reprinted with permission. From: The 
American National Institute of Health, 
Teachers Guide “Information about men-
tal illnesses and the brain”.  
http://science.education.nih.gov. 
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duced D2/3 receptors (74-76), one would expect lower DATs in human obesity as well. Human 
studies indeed showed an inverse association between striatal DAT binding and BMI (90;91), alt-
hough this finding was not reproduced by others (92;93).  
 
Summarizing, most data indicate that reduced serotonergic signalling and low SERT availability 
are associated with hyperphagia and obesity. Furthermore, obese subjects have increased motiva-
tion for food and decreased D2/3 receptor binding and they might have lower DAT binding. It is 
unknown whether in humans, like in rodents, dopamine signalling is related to motivation for food, 
whether it is affected by food overconsumption and whether changes in the central dopamine sys-
tem in human obesity are related to altered motivation for food. 

 
DIETARY HABITS AND OBESITY 
Obesity results from either a reduction in energy expenditure and/or an increase in caloric intake. 
Total caloric intake has increased over the last decades and surveys and studies on dietary habits 
report an increased intake of highly palatable fat and sugary food (10). Caloric excess itself in-
creases body weight and reduces insulin sensitivity even in healthy, non-obese individuals (94). In 
addition, both increased fat and increased sugar consumption have been associated with weight 
gain and insulin resistance in humans (95-99). Interestingly, rodent studies from our research group 
showed that a high fat high sugar diet, but not sugar or fat alone, resulted in an obese phenotype 
within a week and this was accompanied by an increase in gene expression of NPY and a de-
crease in POMC in the ARC, a setting favouring hyperphagia (100). This indicates that ingesting 
a combination of fat and sugar might independently contribute to obesity through direct effects on 
gene expression in the hypothalamus regulating food intake. In addition, the specific combination 
of fat and sugar, but not fat or sugar alone, caused glucose intolerance and this was not ex-
plained by the gain in body weight (101). Thus, in a hypercaloric setting, besides the caloric in-
take itself, the macronutrient content of the diet has independent effects on the development of 
obesity and disturbances in glucose metabolism. In daily life, humans rarely consume high amounts 
of fat or sugar only because most highly palatable food contains a combination of fat and sugar 
and sugar-sweetened softdrinks are often combined with a high-fat snack. Besides higher food in-
take in general, there is an increase in the consumption of snacks, defined as food intake in be-
tween the 3 major meals. A study in children showed that 27% of their daily caloric intake comes 
from snacks and in adults snacking behavior is increasing (14;102). Furthermore, snacks in be-
tween meals have a poor satiating effect and are rarely compensated for in the next meal, result-
ing in a positive energy balance (103).  Moreover, rats consuming a free choice high fat high 
sugar diet consume excessive calories by increasing their meal frequency and not their meal size 
(104). In addition, these animals become obese and insulin resistant (105). In humans, too, snack-

ing behavior is associated with obesity and insulin resistance (15-17)., however, randomized stud-

ies investigating the effect of snacking on metabolic parameters and the brain in humans are cur-
rently not available. 
 
GLUCOSE METABOLISM 
Obesity and hypercaloric feeding affect peripheral glucose metabolism by modulating insulin ac-
tion also referred to as insulin sensitivity. This is a direct effect of the molecular consequences oc-
curring in insulin sensitive tissues in the obese and hypercaloric state but might also be caused 
through changes in brain circuits known to regulate glucose metabolism. Glucose is a major fuel 
for many organs and in the fasting state, the majority of circulating glucose is taken up by the 
brain. Glucose concentrations are tightly regulated by peripheral hormones and by the autonomic 
nervous system. In short, blood glucose levels rise after a meal, which results in pancreatic insulin 
release that facilitates the uptake of glucose in insulin sensitive tissues via the glucose transporter 
subtype 4 (GLUT4). Besides the ingested glucose, gut hormones affect insulin secretion in a glu-
cose dependent manner (106). After a meal, most of the ingested glucose is disposed in skeletal 
muscle, besides uptake in adipose tissue (107).  After cellular uptake, glucose is either oxidized or 
stored. The amount of insulin-stimulated peripherally disposed glucose is  a measure of peripheral 
insulin sensitivity. During hyperinsulinemia, glucose production by the liver is reduced and the abil-
ity of insulin to suppress endogenous glucose production by the liver is referred to as hepatic insu-
lin sensitivity. In contrast, during periods of fasting, the plasma insulin concentration is low and 
glucagon, cortisol and growth hormone levels rise resulting in an increase in glycogenolysis and 
gluconeogenesis thereby preventing hypoglycemia. Besides the aforementioned hormones, the 
autonomic nervous system plays a role in glucose homeostasis. Already in 1855, Claude Bernard 
demonstrated a connection between the brain and peripheral glucose metabolism by showing a 
peak in plasma glucose levels after puncturing the fourth ventricle floor in a rabbit (108). Since 
then, it has been discovered that the brain senses energy status through peripheral hormones and 
nutrients/substrates and modulates glucose production and uptake through the sympathetic and 
parasympathetic nervous system (21;109). Retrograde tracing studies have described anatomical 
connections projecting between the hypothalamus, the liver, adipose tissue and the pancreas 
(110;111), and different studies in several rodent models have shown that these connections are 
functional in terms of regulating glucose metabolism (112;113). In fact, rodent studies have shown 
that part of the effect of insulin on glucose metabolism is through its signalling in the hypothalamus 
(114;115) although a recent study in dogs challenged this view (116). Several nuclei within the 
hypothalamus contain glucose sensitive neurons and POMC and AgRP/NPY neurons of the ar-
cuate nucleus have been shown to be involved in regulating glucose metabolism in rodents 
(21;117;118). Currently, it is unknown how hypercaloric feeding and obesity affect the interaction 
between the brain and peripheral glucose metabolism in humans and whether this contributes to 

insulin resistance.   
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Insulin resistance is defined as a reduced biological effect of insulin on insulin sensitive metabolic 
pathways in a variety of tissues. In the setting of obesity, the underlying mechanisms of insulin re-
sistance are complex and still not fully elucidated. Insulin resistance increases the risk for T2DM 
(119). Besides genetic factors (120), low grade inflammation in adipose tissue (121), ER-stress, 
mitochondrial dysfunction and lipotoxicity/ectopic lipid accumulation all play a role in reducing 
insulin signalling and, thereby,  insulin action (122). In addition, specific macronutrients contribute 
to the development of insulin resistance independently of body weight gain. Thus, total intake of 
both dietary fat and sugars are involved in the development of insulin resistance (123-126), and in 
rodent studies it has been shown that consuming the combination of fat and sugar induces glucose 
intolerance within a week (105)  in association  with snacking feeding behaviour (104). Whether 
in humans, specific macronutrients and eating patterns independently contribute to insulin re-
sistance and nutrient handling is unclear. So far, it has been reported that obese women who fre-
quently snack have a higher homeostatic model assessment for insulin resistance (HOMA-IR) 
compared to obese women with a non-snacking diet pattern (17). As described above, insulin ac-
tion and glucose metabolism are under control of the brain and therefore it seems likely that insulin 
resistance in obesity is partly mediated through obesity-induced changes in glucose regulating 
brain circuitries, such as the hypothalamus. Whether this is the consequence of the obese state or 
the ingested nutrients and eating patterns per se is difficult to dissect. Rats on a free choice high fat 
and high sugar diet show changes in hypothalamic POMC and NPY expression (100), neurons 
known to be involved in glucose homeostasis, as well as glucose intolerance (101), although it is 
not certain whether these effects can be linked (127). Hypothalamic POMC and NPY cells are 
insulin sensitive and antagonizing hypothalamic insulin action by locally blocking the insulin recep-
tor, results in hyperinsulinemia and hepatic insulin resistance with increased glucose production 
(115;128). To summarize, insulin resistance has a multifactorial etiology and rodent research indi-
cates that the brain might contribute to its development.  
 
SEROTONIN AND DOPAMINE IN GLUCOSE METABOLISM 
Several lines of evidence exist showing a relationship between central serotonin and dopamine 
and peripheral glucose metabolism. In rodents, extracellular serotonin levels in the hypothalamic 
suprachiasmatic nucleus (SCN) are associated with glucose intolerance (129) and agonizing 
serotonin 2C receptors improves insulin sensitivity  while knockout of serotonin 2C receptors results 
in hepatic insulin resistance (130;131). Moreover, the latter could be reversed by re-expressing 
these receptors specifically in hypothalamic POMC neurons (132). Besides, SERT deficient mice 
are hyperglycemic and hyperinsulinemic and have reduced insulin signalling in liver prior to the 
onset of obesity (60). In humans, genetic studies have indicated a link between the whole body 
serotonin system and insulin resistance as relationships were shown with polymorphisms in the 

SERT promoter region (133) and in the serotonin 2C receptor promoter region (134). Also, phar-
macologically antagonizing serotonin 2C receptors in humans deteriorates insulin sensitivity (135) 
while pharmacologically agonizing the serotonin 4 receptor improves insulin sensitivity in T2DM 

patients (136), and long-term pharmacological inhibition of SERT with SSRI’s causes hyperglyce-
mia and a trend towards diabetes (66;137). Whether these effects can be attributed to the hypo-
thalamic serotonin system remains to be studied. 
 
In conclusion, rodent studies point towards a strong link between hypothalamic serotonin and pe-
ripheral glucose metabolism and pharmacological and genetic studies seem to confirm this inter-
action to be functional in humans. In humans, it remains unclear whether hypothalamic 
serotonergic pathways independently contribute to insulin resistance. i.e. through a direct effect on 
glucose metabolism or indirect through its effect on body weight regulation. 
 
Dopamine has also been linked to glucose metabolism (138). Dopamine D2 receptor knockout 
mice are glucose intolerant (139) and conversely, agonizing dopamine D2 receptors with bro-
mocriptine improves insulin sensitivity in rodents (140) and improves glycemic control and glucose 
tolerance in humans (141). Moreover it was shown that drug-naive schizophrenic patients, charac-
terized by central dopaminergic dysregulation display disturbed glucose metabolism (142), point-
ing to involvement of extra-hypothalamic dopamine signalling in glucose metabolism. Indeed, a 
recently published study from our group showed that deep brain stimulation in the NAc of rats re-
sulted in an intensity-dependent increase in plasma glucose and glucagon that could not be at-
tributed to stress (23). Moreover unpublished data, also from our group, show improved 
peripheral insulin sensitivity during deep brain stimulation targeted at the NAc in humans with ob-
sessive-compulsive disorder with insulin sensitivity being correlated with striatal dopamine release 
in those patients. Another recent unpublished observation from our group shows that depleting 
dopamine reduces insulin sensitivity in healthy lean men. These results suggest a link between stria-
tal dopamine release in those patients, pointing to a link between striatal dopamine and insulin 
sensitivity. In addition, clinical studies have shown a positive relationship between Parkinson’s dis-
ease, a condition with degeneration of nigrostriatal dopamine neurons, and T2DM (143), alt-
hough deep brain stimulation of the subthalamic nucleus did not result in changes in glucose 
metabolism in those patients (144). Finally, we earlier reported a trend for a positive correlation 
between peripheral insulin sensitivity and striatal dopamine D2/3 receptor binding in obese 
women while another study showed a positive correlation between an insulin sensitivity index and 
availability of these receptors (145;146).  Also in rodents a negative correlation was found be-
tween striatal dopamine release and HOMA-IR (147). 
 
In summary, dopamine signalling in different areas in the brain may be related to glucose metabo-
lism and modulating extracellular dopamine affects insulin sensitivity, but more detailed studies are 
needed to elucidate which dopamine signalling pathways in which brain areas are involved in 

glucose homeostasis / insulin resistance in humans.  
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II. AIM AND OUTLINE OF THE THESIS 
 
The general aims of this thesis were to study: 

 Brain serotonin- and dopamine transporters in different metabolic conditions 

 The effect of hypercaloric diets with different macronutrient compositions and consumed at dif-
ferent time points on brain serotonin and dopamine transporters and metabolism 

 
PART I: BRAIN SERT AND DAT IN LEAN AND OBESE HUMANS. 
Part 1 contains four studies describing measures of central SERT and DAT in lean and obese hu-
mans. We measured both striatal DAT and diencephalic SERT binding availability in vivo using the 
radiotracer 123I-FP-CIT and SPECT. Visualizing diencephalic SERT binding availability with this radio-
tracer is relatively new, and in chapter 2 we describe the optimal time point for this measurement 
after bolus injection of the radiotracer. In chapters 3 and 4 we study the differences in hypotha-
lamic SERT content and diencephalic SERT binding between lean and obese humans, in post-
mortem hypothalamic tissue and in vivo respectively. In addition, in chapter 4 we describe the rela-
tionship between in vivo diencephalic SERT and striatal DAT binding availability and insulin sensi-
tivity in obese women. Chapter 5 describes the relationships between striatal DAT and 
diencephalic SERT binding availability, food related behavioural outcomes and food intake in lean 

men. 
 
PART II: NEURAL AND METABOLIC EFFECTS OF HYPERCALORIC DIETS IN LEAN HUMANS. 
Part 2 contains three studies that demonstrate the neural and metabolic effects of hypercaloric di-
ets in healthy lean men. In chapter 6 we investigate the effect of hypercaloric diets with different 
macronutrient compositions and consumed either with or in between the meals on diencephalic 
SERT availability. Chapter 7 describes the effects of these different hypercaloric diets on hepatic- 
and abdominal fat and on insulin sensitivity. Finally, in chapter 8 we report the effects of a hyper-
caloric diet on striatal DAT availability and the autonomic nervous system activity. 
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